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We report modulation of exciton dissociation dynamics in quantum dots (QD) connected with photochromic molecules. Our

results show that switching the configuration of photochromic molecules changes the inter-QD potential barrier height

which has a major impact on the charge tunnelling and exciton dissociation. The switching of the dominant exciton decay

pathway between the radiative recombination and exciton dissociation results in switchable photoluminescence intensity

from QDs. Implications of our findings for the optical memory and optical computing applications are discussed.

Introduction
Quantum dots (QDs) are scientifically intriguing and
technologically promising nanoscale building blocks for

hierarchical materials with tunable emergent properties.17 A
wide range of tunable properties of QDs has been
demonstrated, the most prominent being the size-tunable
optical properties from programmable atomic-like energy
levels’? from which the view of QDs as 'designer atoms'
originates. Moreover, in assemblies of multiple QDs, the
electronic interaction between adjacent QDs can be viewed as
programmable 'designer bonds' because of the tunable inter-
QD distances and electronic coupling strengths. Considering
that manipulating the structure of QD assemblies is possible by
controlling the rich self-assembly behaviors of QDs,19-15> one can
imagine building 'designer QD solids' that give rise to novel
properties.16 17

Previous studies have shown that the length of the molecules
that inter-connect QDs and their end group moieties can have
major influence over charge conduction,1827 exciton
dissociation?28 29 and surface trap densities.2> 27 Most of studies
so far have been focused on achieving strong electronic
coupling required for optoelectronic device applications. To this
end, a variety of short organic molecules such as
ethanedithiol,28 3032 penzenedithiol,3®* mercaptopropionic
acid?® and thiocyanate3% 35 has been employed. Also, short
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metal chalcogenide complex ligands3¢ have been shown to
result in extremely strong inter-CQD electronic coupling.3”
Atomic anions, as the ultimate short ligands, have been
demonstrated in CQD solar cells?5> and field-effect transistor
devices.38

Large Potential Barrier
(Radiative recombination )

Molecular Switch “Open”

Small Potential Barrier
(Charge transfer and
exciton dissocation)

Molecular Switch “Closed”

Fig. 1 A schematic showing a mechanism of modulating charge transfer and exciton
dissociation in QD assemblies by optically switching the configuration of bridge
molecules to change the inter-QD potential barrier heights.

Despite progress in achieving large electronic coupling using
short ligands, the microscopic understanding of the impact of
physical and electronic structure of bridge molecules on charge
transfer and exciton dynamics in QD assembilies is still lacking.
To effectively leverage the large library of possible bridge
molecules and realize the full potential of QD 'designer solids',
a deeper understanding that goes beyond merely tuning the
length of bridge molecule is required. Specifically, the effect of
changing potential barrier heights through different molecular
structure on charge transfer and exciton dynamics in QD
assemblies is still poorly understood. This is challenging to study
because employing a set of bridge molecules designed to
provide different potential barrier height in general will also
introduce differences in other key factors such as molecule
length and binding groups that have major impact on charge
transfer. Moreover, comparing charge transfer behavior in
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Fig. 2 (a) Absorbance spectra of PCM in methanol solution after light irradiation at 300 nm or 541 nm to induce configuration switch. (b) Normalized absorbance
spectra and (c) PL spectra of PbS QDs with different sizes (2.9 nm, 3.6 nm, and 4.7 nm) used for this study. 750 nm was used as an excitation wavelength. (d) The
HOMO-LUMO energy levels of QD with different sizes and PCM with “closed” or “open” configuration.

multiple samples with different molecular structures will
introduce variability in charge donors and acceptors due to
inhomogeneities in QD populations such as different sizes,
shapes, and different bonding with molecules.

Here, we report a study that tests a hypothesis that optically
switching the configuration and the energy levels of the
photochromic bridge molecules will enable tuning of the
potential barrier height between the QDs and therefore the
charge transfer rate and exciton dynamics (Fig. 1). QDs
connected with a configuration of photochromic molecules
with large energy gap between highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) will provide a larger potential barrier height and smaller
electronic coupling between the QDs compared a
configuration with a smaller energy gap. A direct consequence

to

of changing inter-QD electronic coupling and the degree of
exciton delocalization is different rates of exciton
dissociation.28 22 Qur results indeed show that the changing the
photochromic molecules’ configuration and its associated inter-
QD potential barrier height can switch the dominant pathway
for the excitons in QDs between radiative recombination or
tunnelling induced exciton dissociation (Fig. 1). Our approach of
exploiting configuration
molecules while keeping other key factors constant (exactly
identical charge donor-acceptor QD pairs, identical binding at
contacts between the molecules and QD surface, etc.) is an
advantageous method to isolate and study how changing
potential barrier height impact inter-CQD exciton dissociation
and charge transfer. The switching of the dominant exciton

switching of the photochromic

This journal is © The Royal Society of Chemistry 20xx

decay pathway between the radiative recombination and
exciton dissociation results in switchable photoluminescence
(PL) intensity from QDs which can be exploited in optical
memory and optical computing applications.

Results and discussion

Dithienylethenes derivatives were chosen as the photochromic
molecules in this study for the following reasons: (1) reversible
configuration change with visible light
irradiation,3%43 (2) minimal differences in molecular length
between the configurations (~1 A),%° (3) a large change in
HOMO-LUMO energy gap upon configuration change (~2 eV)**
and (4) fast switching speeds of a few picoseconds.*> As for the
QDs, PbS QDs were selected because of their high degree of
electronic coupling and low exciton binding energy.28 This will

ultraviolet or

enable more sensitive detection of change in exciton
dissociation.?® Also importantly, the near-IR absorbance and PL
of PbS QDs will allow monitoring of the exciton dynamics in QD
assemblies in the range of light wavelength regions that do not
disturb the configuration of the dithienylethene molecules.

Specifically, dithienylethenes derivatives with carboxylic acid
functional groups (compound 6 in Scheme S1 of the Electronic
Supplementary Information) employed for the
experiments in this study. From this point on, we will refer to
the compound 6 simply as PCM (photochromic molecule). The
PCM undergoes a photo-induced transition between

were

its
unconjugated open-ring isomer (referred to as an “open” state)
and the conjugated closed-ring isomer (a “closed” state) (Fig.
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Fig. 3 PL spectra of (a) 2.9 nm, (b) 3.6 nm, and (c) 4.7 nm QD assemblies after the configuration of PCM bridge molecules is switched between “closed” and “open”
states. lllumination with 300 nm and 541 nm wavelength light was empIoYed to close and open the PCM configuration, respectively. As a function of repeated cycles

of PCM configuration switching, the ratio of PL intensity to the first cyc
assemblies.

1).42 The change in electronic transition energies upon the
configuration switch can be observed in the absorbance spectra
of PCM shown in Fig. 2a. As the configuration switch in the PCM
populations progresses, the absorbance spectra show an
isosbestic point at 320 nm. Upon exposure at 300 nm
wavelength light, the absorbance peaks at 541 nm and 360 nm
increase as more PCMs switch to the “closed” configuration. In
contrast, irradiating the molecules with 541 nm wavelength
light switches PCMs to the “open” state and therefore the
absorbance peaks at 541 nm and 360 nm decrease. Based on
these results, we selected 300 nm and 541 nm wavelength light
to switch the configuration of the PCM to “closed” and “open”
state respectively throughout this study.

Three different sizes of PbS QDs were employed for this study
(see the Electronic Supplementary Information for synthesis
method). The size dependent energy gaps of QDs result in
different energy levels of HOMO and LUMO, allowing us to
systematically tune the potential barrier height with respect to
the PCM’s energy levels. The absorbance and PL spectra of the
synthesized PbS QDs are shown in Fig. 2b and 2c. Based on the
first excitonic peak energy of 1.39 eV, 1.03 eV, and 0.90 eV in
the absorbance spectra (Fig. 2b), the diameter of PbS QDs were
estimated to be 2.9 nm, 3.6 nm and 4.7 nm respectively, using
a sizing curve in the literature.*® The corresponding PL emission
wavelengths for each size are located at 1020 nm, 1200 nm, and
1380 nm, respectively. Fig. 2d shows a plot of corresponding
HOMO and LUMO energy levels of PbS QDs and PCM according
to the literature.** As the QD diameter gets smaller from 4.7 nm
to 2.9 nm, the LUMO energy level increases from -4.0 eV to -3.6
eV with respect to the vacuum while the HOMO energy level
decreases from -4.9 eV to -5.0 eV. The energy levels of the
LUMO in the “closed” and “open” state of PCM are -3.4 eV and
-2.1 eV, respectively. Based on these values, the potential

This journal is © The Royal Society of Chemistry 20xx

e “open”

configuration intensity is plotted for (d) 2.9 nm, (e) 3.6 nm, and (f) 4.7 nm QD

barrier height formed by the difference in LUMO energy levels
with a closed state of PCM varies from 0.6 eV to 0.2 eV
depending on the QD sizes. Additionally, it should be noted that
the HOMO-LUMO energy levels of both closed and open state
of PCM form type-l alignment** with respect to all three QD
sizes, indicating that the direct charge transfer4’” from band
edge states in QD to the PCM is not likely to occur in either
configuration.

The PCM bridged QD assembly samples were prepared in a
nitrogen environment glovebox through spin-coating as-
synthesized QDs on a cleaned glass slide and performing ligand
exchange procedure to replace the native ligands, oleates, with
the PCM (see the Electronic Supplementary Information for
details of the sample preparation method). The carboxylic acid
functional groups on both ends of the PCM readily exchange
with oleates on the PbS QD surface.*® After getting bridged and
cross-linked by PCMs, the QD assemblies were no longer
dispersible in solvents such as hexane or toluene. The cross-
ligand
exchange procedures to be repeated multiple times with the

linking induced solvent orthogonality allowed the

samples being thoroughly washed in between to remove excess
ligand molecules. Raman spectroscopy measurements were
performed on the samples to monitor the extent of the ligand
exchange. As shown in Fig. S6, peaks at 1425 cmand 1550 cm-
1 correspond to oleate molecules as native ligands on PbS QD
surface. As the number of ligand exchange procedure increases,
the intensity of these peaks gradually decreases. The sample
with three cycles of ligand exchange shows almost a complete
elimination of these peaks, indicating that most of the oleate
molecules in the QD assembly sample has been exchanged with
PCM (Fig. S6).

PL measurements were performed to monitor the effect of
switching PCM configuration on exciton recombination in QD

J. Name., 2013, 00, 1-3 | 3
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assemblies (Fig. 3). Samples with QD sizes of 2.9 nm, 3.6 nm,
and 4.7 nm were prepared and encapsulated with two glass
slides and epoxy around all edges to avoid any potential
complications exposure during the
measurement. First, the samples were irradiated with 300 nm
light to switch PCMs to the “closed” state and then PL spectra
was taken using 750 nm light irradiation which excites the QDs

from ambient air

only without disturbing the PCM state. Afterwards, the samples
were exposed to 541 nm light to switch the PCMs to the “open”
state after which PL spectra were taken with 750 nm light
excitation. It should be noted that 750 nm light employed for PL
not get absorbed by PCMs and
photoexcites QDs only. This process was repeated multiple
times to check for cyclability. Additional details of this
experimental procedure are described in the Electronic
Supplementary Information. Fig. 3a-c show that PL intensities
from all samples show reversible decrease and increase with
the “closed” and “open” PCM state respectively. For 2.9 nm
sized QDs, the PL intensity is ~46% higher with “open” PCM
state compared to the “closed” state (Fig. 3a and 3d). The
differences in the PL intensity are considerably smaller for
bigger QDs with ~25% higher for 3.6 nm QDs (Fig. 3b and 3e)
and ~23% higher for 4.7 nm QDs (Fig. 3c and 3f) for the “open”
PCM state. These results suggest that the different potential
barrier heights formed by the offset in energy levels of PCM
with QDs of different sizes may be influencing the fractions of
excitons that go through inter-CQD dissociation. However, since
other key factors such as size dependent properties of QDs,
inter-QD distances, etc. that influence exciton recombination
dynamics are also different in these samples, further studies are
required to delineate them. Repeating the PL measurement
cycle results in an alternating PL intensity from QDs indicating
that the response in the fraction of excitons undergoing
radiative recombination to switching the PCM configurationis a
reversible and non-destructive process. The absorbance spectra
of the samples with the PCM in “closed” and “open” states (Fig.
S7) show that there is no noticeable difference due to the
configuration switching. Therefore, we conclude that the
reversible switching of PL intensity observed in Fig. 3 is not due
to irreversible changes in QDs such as degradation and other

measurements does

processes but instead is governed by the structural changes in
the PCMs that bridge QDs. It should be noted that some drifting
in PL intensities is observed after repeated cycles of switching
PCM state between “open” and “closed” (Figure 3). This may
have been caused by slightly different fraction of switched
PCMs in each cycle or degradation of QDs over longer time
scale. However, these differences do not change our conclusion
as they are significantly smaller compared to the large switches
in PL intensity within each cycle due to the PCM configuration
change. The precise mechanisms for the slow drift in PL
intensity after each cycle are currently being investigated in our
laboratories.

To further investigate the nature of the reversible PL intensity
performed (TR-PL)
measurement to gain insights into the exciton decay pathway.

switching, we time-resolved PL

Based on the mechanism of exciton delocalization and
dissociation through tunneling?® 2° |ower potential barrier

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 Time-resolved PL results from (a) 2.9 nm QD, (b) 3.6 nm QD, and (c) 4.7
nm QD assemblies with “open” or “closed” configuration of PCM bridges.

between QDs due to “closed” PCM state would lead to faster
exciton dissociation and decreased PL lifetime. Fig. 4a-c show
that PL lifetimes are indeed shorter in QDs when the PCM is in
the “closed” state compared to the “open” state. To quantify
the lifetimes, bi-exponential decay functions were fitted, and
the lifetime values were calculated through weighted averaging
of the two terms.*® Our results show that the 2.9 nm QD
assembly shows the biggest differences in the PL lifetimes of 31
ns and 61 ns when the PCMs are in the “closed” and “open”
state respectively. The differences in the PL lifetimes in 3.6 and
4.7 nm QD assemblies also show the same trend but to a smaller
degree compared to the 2.9 nm QD sample. These trends in PL
lifetimes are consistent with the differences in PL spectra
intensity as a function of PCM state and QD size (Fig. 3).

The shorter PL lifetime and lower PL intensity of QD assembly
with the “closed” PCM state are consistent with our proposed
inter-QD exciton dissociation mechanism?% 30 due to lower
inter-QD potential barrier height. It is possible that the change
in the PL behavior may also draw contributions from any
changes in inter-QD distances due to the PCM configuration
switch. However, based on the molecular structure of the

J. Name., 2013, 00, 1-3 | 4
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dithienylethene backbone, the PCM employed in this work is
expected to have a difference of only ~1 A in lateral length upon
configuration change. To experimentally quantify inter-QD
distances with different PCM configurations, we performed
grazing incidence small angle x-ray scattering (GISAXS)
measurements at the National Synchrotron Light Source Il at
Brookhaven National Laboratory (see the Electronic
Supplementary Information for detailed GISAXS measurement
method). The GISAXS scattering plots of 2.9 nm QD assemblies
with the “open” and “closed” PCM states are shown in Fig. S8a-
b and their azimuthally integrated scattering X-ray intensities
show peaks that correspond to the periodicity in inter-QD
spacing (Fig. S8c-d). The inter-QD distance values with the
“open” and “closed” PCM state in samples with different QD
sizes are summarized in Table S1. The amount of change in
measured inter-QD distance between the “open” and “closed”
PCM states varies from 0.07 A to 1.4 A across different samples.
It is likely that the small change of ~1.0 A in the inter-QD
distance change is not the major cause for the observed PL
behavior. However, further studies are needed to quantify and
delineate contributions from various parameters.

Other possible mechanisms responsible for the observed
changesin PL intensity and lifetime are surface charge trapping,
Forster resonant energy transfer (FRET)1>4 to some energy
acceptors, and direct charge transfer4’. 55 56 from QD to PCM
Based on the fact that the PL and TR-PL
measurements were performed on the

molecules.
identical sample
wherein the only difference was in the history of light exposure
sequence to switch the PCM configuration, we argue that
changes in charge trapping amount being responsible for the
reversible changes in PL as observed in this work are highly
unlikely. As for the FRET mechanism, which is an energy transfer
process through dipole—dipole interaction, occurs when there is
a resonance in energy between the electronic transitions in the
donor and the acceptor. As such, the PL spectra of the QDs need
to overlap with the absorption energy of any suitable acceptors
nearby. Possible energy acceptors are surface ligands>7->° and
nearby QDs that have not been photoexcited?® 0. 61, As shown
in Fig. 2a and 2c, the light absorption by the PCM occurs in the
UV-visible spectrum range which is significantly higher in energy
than the near-IR PL of the QDs, indicating that FRET from QDs
to PCM is not responsible for the observed PL changes. Also, in
our samples, neighbouring QDs are exactly identical before and
after the PCM configuration change and therefore changes in
FRET between QDs, if any, will be insignificant. Another
possibility is direct charge transfer from QDs to PCM in the
“closed” state being responsible for the reduction in PL intensity
and lifetime observed in this work. Based on the information
shown in Fig. 2d, the type-l energy alignment between QD and
PCM would not facilitate direct charge transfer from the QD to
the PCM. Moreover, previous studies in the literature show that
direct charge transfer from PbS QD to surface ligands typically
occur in the picosecond to few nanosecond time scale>” which
is more than an order of magnitude faster than the PL lifetimes
observed in this work, suggesting distinctive mechanisms.
Lastly, there is a possibility that the QDs were charged after
accepting charges from the excited PCMs during the

This journal is © The Royal Society of Chemistry 20xx
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ultraviolet/visible illumination for configuration switching. We
argue that this is not likely because we did not observe any time
dependent transient changes in PL intensity within the few
hours experiment time periods and our PL results were
obtained using near infrared excitation light that does not excite
PCMs.

In order to confirm the absence of direct charge transfer from
PbS QD to the PCM more directly, we performed a control
experiment by employing a mono-esterified PCM (also referred
as compound 7 in Scheme S1 of the Electronic Supplementary
Information) that has the identical chemical structure to the

Fig. 5 PL spectra of 3.6 nm QDs with mono-esterified PCMs (compound 7) ligands
in “closed” or “open” configuration.

PCM except for an esterified group on one end of the
dithienylethene (Fig. 5). Since binding to PbS QD surface occurs
through a deprotonated carboxylate by replacing native
oleates*8, the mono-esterified PCM molecule will not cross-link
two QDs, thereby eliminating the possibility of inter-QD exciton
dissociation mechanism. If the direct charge injection from the
QD to the PCM is indeed the dominant non-radiative pathway,
then a significant PL quenching from QDs should occur when
bound with mono-esterified PCM. The control experiment was
conducted using the solution-state QD sample in which the
mono-esterified PCMs were added to the QD solution (see the
Electronic Supplementary Information for the detailed
preparation procedure). Conducting the PL measurements with
solution samples, instead of solid-state thin film samples,
further ensures that the QDs are isolated from each other to
better isolate the effect of charge transfer from QDs to surface
ligands, if any. Our result (Fig. 5) shows that there is no
difference in PL intensity when the mono-esterified PCM is
switched between “open” and “closed” state. For direct
comparison of this control experiment result with the case of
QDs inter-connected with the PCM (compound 6 with
carboxylic acid groups on both ends instead of the mono-
esterified PCM used in the control experiment), we also
performed experiments with solution form samples with
addition of PCM at same concentration. In contrast to the
mono-esterified PCM experiment, we observed switchable PL
intensity from the QD solution samples with PCM depending on

J. Name., 2013, 00, 1-3 | 5
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the PCM configuration (Fig. S10). These results indicate that,
with PCM addition, some fractions of QDs become cross-linked
by PCMs into dimers, trimers and etc. that maintain colloidal
stability and the inter-QD exciton dissociation becomes
enhanced with the “closed” PCM configuration in those cross
linked QD species in solution. In contrast, mono-esterified PCM
cannot bridge multiple QDs with each other and the exciton
dissociation is not influenced by the configuration of the mono-
esterified PCMs. Therefore, these control experiments show
that the direct charge transfer from QD to PCM does not occur
in these systems but instead the changes in PL intensity
observed in this work is due to changes in the amount of
excitons going through inter-QD tunnelling and dissociation. In
addition, we conclude that, considering the similar physical,
chemical and photophysical interactions of the PCM and mono-
esterified PCM molecules with PbS QD due to their identical
switchable molecular structure and carboxylic acid binding
group, various other possibilities such as reversible PbS QD
surface modification due to ligand configuration changes and a
variety of different energy or charge transfer mechanisms
between the ligand molecules and PbS QDs®% 83 are likely not
responsible for our results reported in this study.

Conclusions

In summary, this study shows that lowering the inter-QD
potential barrier height increases the exciton delocalization and
dissociation through tunnelling. This work demonstrates that
exploiting the configuration changes of photochromic
molecules can provide fertile future directions for QD,
molecular electronics and nanoscale charge transfer research
communities. For application, the switchable PL intensity from
QD found in this work can provide unique opportunities for
optical memory and computing technologies. The major
challenges facing the current state-of-the-art non-volatile on-
chip compatible optical memory materials, such as phase
change materials and photochromic molecules, are that phase
change materials require large energy light excitations to induce
melting®® and photochromic molecules lack non-destructive
readout capabilities due to the readout operation itself causing
the switch because both operations use the same wavelength
light*% 42, In contrast, our PCM bridged QD assemblies exhibit
near-IR light emission that can be increased or decreased with
UV and visible light exposure. The “read” operations can be
performed all in near-IR region that does not cause flipping of
PCM configuration. Therefore, the findings in this study can lead
to solving the photochromic materials switching their
configuration during the “read” operation and provide a new
class of materials for non-volatile optical memory and
computing applications.

Experimental Section

General method and procedure for the photochromic molecules
syntheses.

All reactions were carried out under anhydrous conditions at 1 atm,
these were typically carried out in flame dried glassware under

This journal is © The Royal Society of Chemistry 20xx

nitrogen or argon atmosphere. All reagents and solvents were
obtained from commercial suppliers such as Sigma-Aldrich, VWR,
and Fisher and used directly without any purifications. All reactions
unless otherwise noted were carried out in flame dried glassware
under nitrogen or argon atmosphere. All purification was conducted
by flash chromatography using 230-400 mesh silica gel using gradient
solvent systems. Details on the synthesis procedure of molecules are
included in the ESI.

Thin-layer chromatography (TLC) analysis was performed with
aluminum backed TLC plates with UV and fluorescence indicator and
visualized using UV lamp at 254 nm, then stained with PMA solution.
1H NMR and proton-decoupled 3C NMR spectra were obtained with
Bruker 400 MHz spectrometers in DMSO-ds or CDCls. The chemical
shifts were reported using CDCl3/DMSO-dg as internal standard at
7.26/2.50 ppm and at 77.0/39.5 ppm, respectively. 2D NMR
experiments (HSQC, COSY) were also conducted to assist the
compound characterizations.

PbS QD synthesis

3 mmol of lead (l1) oxide (PbO) (99.999%, Alfa Aesar), 6 — 96 mmol of
oleic acid (HOA) (90%, Sigma Aldrich), and 1-octadacene (90%, Alfa
Aesar) were added to make 30 mL total volume in a three-neck flask.
To synthesize different sizes of QD (2.9 — 4.7 nm in diameter), the
molar ratio between PbO and HOA was varied from 2:1 to 32:1. The
solution was stirred in a vacuumed flask at 130 °C for 1 hr until PbO
was fully dissolved. Under Argon flow, the temperature was adjusted
to 90 — 95 °C and stabilized prior to the precursor injection. In the
N,-filled glovebox, 0.1 M of hexamethyldisilathiane ((TMS),S)
solution was prepared by mixing 378 uL of (TMS),S in 18 mL of 1-
octadacene (ODE). 15 mL of 0.1 M (TMS),S solution was taken out of
the glovebox and quickly injected into the three-neck flask. After 60
s, the reaction flask was put in an ice bath to quicky quench the
temperature of the reaction solution. During the purification
process, unreacted species were removed by a series of centrifuge
steps after cleaning the product with methyl acetate and hexane. The
final QD was stored in a solid form in the N; glovebox.

PCM treated PbS QD assembly preparation

Solutions of 10 mg/mL concentration of PbS QD in
tetrachloroethylene (TCE) and 1.8 mM of PCM in methanol (MeOH)
were prepared and stirred overnight in the N; glovebox prior to use.
The glass substrates were sequentially cleaned by sonicating in
Hellmanex soap solution, deionized water, iso-propanol and then
acetone. Subsequently, the clean substrates were UV-ozone treated
for 10 min. In the glovebox, 100 uL of PbS QD solution was statically
dispensed onto the glass substrate, followed by a spin-coating at
2000 rpm for 60 s. Ligand exchange was done by placing 100 pL of
the PCM solution onto the QD thin film for 60 s. The process was
repeated two more times. The film was rinsed with MeOH to remove
any unbound excess ligands. The film was encapsulated with a glass
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slide using epoxy curing to prevent any complications from exposure
to ambient air.

Absorbance, photoluminescence (PL), time-resolved
photoluminescence (TR-PL) and Raman spectroscopy
measurements

Absorbance measurement was performed using PerkinElmer
Lambda 950S spectrophotometer equipped with an integrating
sphere. PL measurements were taken using PTI Quantamaster 400
system. Time-resolved PL was taken with a time correlated single
photon counting set-up with a pulsed 633 nm laser diode as the
excitation light source. Time-resolved PL measurements were taken
at the peak PL emission wavelength of the QD samples (1080 nm,
1200 nm, 1380 nm for 2.9 nm QD, 3.6 nm QD and 4.7 nm QD
respectively). Raman spectroscopy measurement was performed
using Renishaw Raman microscope with 514 nm laser as an
excitation source and a 50x objective to focus the laser on the
sample.

PL measurements on PCM treated QD samples

The encapsulated PCM treated QD thin film samples were placed on
the stage in the spectrofluorometer. The light wavelength was
changed to 300 nm or 541 nm to induce the configuration change of
PCM. After inducing the configuration change of PCMs, without
changing the position of the sample or any other parts of the setup,
the excitation light wavelength was changed to 750 nm to obtain the
PL spectra from QDs. All instrumental parameters such as slit widths,
detector voltage, stage angle and etc. were kept constant
throughout the measurements.

GISAXS measurement

GISAXS characterizations were performed at the 11-BM Complex
Materials Scattering (CMS) beamline at the National Synchrotron
Light Source Il (NSLS-I1) in the Brookhaven National Laboratory. Thin
film samples were measured at incident angles from 0.10 to 0.25°
with a 200 pm (H)*50 um (V) beam at 13.5 keV (wavelength A =
0.9184 A). 2D scattering patterns were obtained using Dectris
Pilatus2M at 2 m downstream the samples.

Solution-state PCM and mono-esterified PCM treated PbS QD
sample preparation

10 mg/mL concentration of PbS QD in tetrachloroethylene (TCE) and
1.8 mM of PCM or mono-esterified PCM in methanol (MeOH) were
prepared and mixed to yield a molar ratio of 1 QD:100 PCM. The
prepared solution was then stirred in a N, glovebox environment
overnight. The solution was transferred to a 10 mm cuvette with an
air-tight cap to minimize ambient

exposure for optical

measurements.
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