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ABSTRACT: We investigate the effect of surface modification of CdSe/ZnS quantum dots (QDs) with bis(imino)pyridine (BIP) 
ligands. BIPs are a class of redox non-innocent ligands known to facilitate charge transfer in base metals on the molecular scale, but 
their behavior in nano- to meso-scale systems has been largely unexplored. Using electron microscopy, crystallography and 
ultrafast spectroscopy, we reveal that structure specific π-π stacking of the BIP molecules alters inter-dot separation in QD films, 
thereby leading to changes in optical and electronic properties. The three variations used are unsubstituted (BIP-H), dimethyl (BIP-
Me) and diisopropyl (BIP-Ipr) bis(imino)pyridine, and when compared with the native octadecylamine (ODA) ligand, we find that 
both energy and charge transfer efficiencies between QDs are increased post-ligand exchange, the highest achieved through BIP-
Ipr, despite its larger unit cell volume. We further investigate charge transfer from QD films to conducting (indium tin oxide, ITO) 
and semiconducting (zinc oxide, ZnO) substrates using time-resolved spectroscopy, and determine that the influence of the ligands 
is QD band gap dependent.  In QDs with large band gap (2.3 eV) the BIP ligands facilitate charge transfer to both ITO and ZnO 
substrates, but in dots with small band gap (1.9 eV) they pose a hindrance when ZnO is used, resulting in reduced recombination 
rates. These results highlight the importance of investigating multiple avenues in order to optimize surface modification of QDs 
based on the end goal. Finally, we verify that BIP ligands hasten the rate of QD photo brightening under continuous illumination, 
allowing the ensemble to achieve stable emission faster than in their native configuration. Our study sets the stage for novel charge 
transfer systems in the meso and nanoscale, yielding a diverse selection of new surface ligands for applications such as conductive 
materials and energy production/storage devices employing QDs.
KEYWORDS: Quantum dots, bis(imino)pyridine, charge transfer, time-resolved spectroscopy, surface functionalization

INTRODUCTION
Semiconducting quantum dots (QDs) are widely 

implemented in a variety of applications that leverage their 
size-tunable optical and electronic properties1–3. These include 
opto-electronic devices, such as, photodetectors4–6, light-
emitting diodes7, and photovoltaics8 among others, as well as 
devices for biomedical sensing9,10 and diagnostics11,12. In order 
to optimize performance in these platforms, the treatment of 
QD surfaces is of critical importance, given the dots’ large 
surface-to-volume ratios, and the one effective approach to 

surface passivation is via the use of organic ligands13–15. The 
most common among these are long chain aliphatic 
hydrocarbons, which have proven very successful in 
passivating surface defect-related trap states, thereby 
suppressing non-radiative recombination and stabilizing the 
QD core from photo-induced degradation, such as photo-
darkening and photo-oxidation16–19. However, as they 
insulating molecules they hinder transport of charge carriers 
within QD films, reducing the conductivity, and consequently, 
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the performance in opto-electronic applications. Aromatic 
hydrocarbon molecules have facilitated inter-dot charge 
transport in QD films when used for surface functionalization 
owing to the presence of delocalized electrons, but these have 
occasionally altered the bandgap by reducing the excitonic 
confinement, especially when used in conjunction with metal 
complexes20–23. But heterogenous charge transfer is a subject 
that garners interest not only in QD-based systems but across 
the scientific spectrum, from photovoltaics to electrodes 
systems in batteries.24 A specific type of charge transfer using 
organic ligands being heavily explored is for the purpose of 

advancing base metal catalysis and lowering the dependency 
on noble metals (palladium, rhodium, etc). That area is 
dominated by a class of organic molecules referred to as 
“redox non-innocent ligands” (RNI). These ligands have the 
capability to perform reversable charge transfers between a 
chelated metal and itself. This ability to participate in charge 
transfer allows metals like iron and cobalt to perform like 
rhodium and palladium, respectively, in catalytic reactions, 
through the process of acting as electron reservoirs.25,26 This 
principle of RNI molecules acting as electron

Cell Volume: 1667 Å3 2099 Å3 2900 Å3

Figure 1. (A) The basic BIP scaffold (B) The three modular units used to design the ligands: BIP-H (unsubstituted BIP), BIP-Me 
(Dimethyl BIP), and BIP-Ipr (Diisopropyl BIP) (C) Unit cell structures formed by the ligands on crystallization.
reservoirs is highly intriguing and has yet to be applied on 
systems outside of the molecular scale. In this paper we 
demonstrate that RNI ligands can be utilized to modulate the 
opto-electronic properties of non-molecular scale systems 
such as semiconducting QDs through enhanced inter-dot 
charge and energy transfer. 

We focus on a highly recognizable and well-behaved class 
of RNI ligands, the bis(imino)pyridine (BIP) scaffold 
(Figure 1A). The BIP scaffold is used for traditional 
organometallic chemistry27–29 where they function as single-
electron reservoirs to facilitate two-electron processes with 
base metal catalysts. We use three variations of BIPs, 
unsubstituted (BIP-H), dimethyl (BIP-Me) and diisopropyl 
(BIP-Ipr) bis(imino)pyridine (Figure 1B) to displace the 
native ligand, octadecylamine (ODA), of CdSe/ZnS 
core/shell QDs. Single crystals of each BIP are obtained to 
provide insights into how these ligands may orient/pack on 

the surface of the QDs. Then, using electron microscopy and 
ultrafast spectroscopy, we reveal that structure specific π-π 
stacking of the BIP ligands alters inter-dot separation in QD 
films, which correlates to crystal lattice features of BIPs in 
the solid state (Figure 1C, unit cells of single-crystal data 
shown). This change in inter-dot separation leads to 
remarkable changes in both optical and electronic properties 
of the BIP-QD film in comparison to the native ligand. 
These include increases of both energy and charge transfer 
efficiencies between QDs post-ligand exchange, the highest 
achieved with BIP-Ipr. We further investigate charge transfer 
from QD films to conducting (indium tin oxide, ITO) and 
semiconducting (zinc oxide, ZnO) substrates using time-
resolved spectroscopy and determine that the influence of the 
BIP ligands is QD bandgap dependent.  In QDs with large 
band gap (2.3 eV) the BIP ligands facilitate charge transfer 
to both ITO and ZnO substrates, but in dots with small band 
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gap (1.9 eV) they pose a hindrance when ZnO is used, 
resulting in reduced recombination rates. Surface states also 
play a significant role in the photo-stability of colloidal 
QDs30,31. Photo-induced changes include photo brightening, 
photo darkening and photo-oxidation, all of which result in 
changes in spectral emission intensity and wavelength over 
time. These shorten the shelf-life of QD samples and affect 
performance. The presence of ligands passivates the surface 
states and arrest these processes to varying degrees18,32,33, 
and therefore, it is important to investigate this aspect 
following a ligand exchange. We verify that BIP ligands 
hasten the rate of QD photo brightening under continuous 
illumination, allowing the ensemble to achieve stable 
emission faster than in their native configuration.
RESULTS AND DISCUSSION

To investigate intermolecular packing and size properties 
of QDs bound with organic BIP ligands, single crystal x-ray 
analyses were performed on each un-bound ligand shown in 
Figure 1. Substitution at the 2- and 6-position of the aniline 
sub-units produced solid-state molecular geometries that 
minimize steric interaction between the aniline and central 
pyridine units, causing an out of plane tilt of aromatic rings 
that increases with substituent size (molecular geometries 
shown in 1B, i-Pr > CH3 > H for degree of out of plane 
aromatic tilt). These results are consistent with previous 
reports of BIP ligands when chelated to a central metal in a 
Lewis basic fashion.34 Although the geometric configuration 
of an single BIP ligand may be unsurprising, analysis of 
unit-cell packing is likely more informative for considering 
the bulk properties of numerous ligands creating a surface 
layer on the exterior of QDs. Due to the size disparity 
between QDs and BIP ligands, direct binding of the central 
pyridine to the QD surface is unlikely. Alternatively, induced 
dipole interactions between BIP -systems and the QD 
surface could provide electrostatic attraction to promote an 
alternative mode of binding. Subsequent layers of BIP 
ligands extending from the QD surface would depend on 
intermolecular forces between BIP ligands to determine the 
overall size of the BIP-ligated QDs.

As shown in Figure 1C, the unsubstituted BIP-H ligand 
interacts primarily through the pre-existing dipole of the 
central pyridine unit, resulting in a tightly packed unit cell 
with the smallest observed volume and less than 3-angstroms 
between repeating pyridine units.  The reduced steric size of 
BIP-H renders it the only ligand studied that packed in this 
fashion.  Unit cells for the remaining ligands showed 
primarily - interactions between aniline subunits on 
neighboring ligand molecules, resulting in larger values for 
distance of inter-ligand spacing and overall unit cell volume 
for BIP-Me (3.7 Å spacing, 2099 Å3 volume) and BIP-Ipr 
(4.5 Å spacing and 2900 Å3 volume) ligands. Such 
difference in packing and inter-ligand distance affects the 
physical and electronic properties of QDs ligated with the 
different BIP ligands, resulting in unique structure-activity 
relationships for the QDs depending on their environment 
(vide infra). 

We summarize the basic spectroscopic characterization of 
QDs post ligand-exchange in Figure 2, along with results of 
the ODA-ligated control dots for comparison. This is an 
important check because surface functionalization can cause 
changes in quantum confinement, which result in an 
emission red-shift, or proliferation of surface defects, which 

may accelerate core photo-oxidation and darkening. 
Photoluminescence (PL) of CZ640 and CZ500 nm QDs 
dispersed in solution shown in Figure 2A and 2B confirm 
that there are no significant changes to any aspect of the 
emission spectra after the ODA ligands are exchanged by the 
three variations of BIP. Photoluminescent quantum yield 
(PLQY) is another critical parameter that directly reflects the 
impact of ligand exchange. Our measurements do not reveal 
a significant difference in PLQY between the different QD 
populations. For ODA, H, Me and IPr the measured PLQYs 
are 35%, 30%, 36% and 32%, respectively. Time-resolved 
PL measurements of the QDs in a dilute solution further 
reveal no distinction between dots functionalized with ODA, 
BIP-H, BIP-Me and BIP-Ipr, with the recombination time for 
all four populations being 40 3 ns. Figure 2C plots the 
time-resolved PL curves for QD films deposited on a glass 
substrate, and the charge recombination lifetimes are 

calculated by first using a bi-exponential fit 𝐼𝑃𝐿 = 𝐴1𝑒
―𝑡 𝜏1

 and then using the results to extract the average + 𝐴2𝑒
―𝑡 𝜏2

lifetime . These values are 𝜏 = (𝐴1𝜏2
1 + 𝐴2𝜏2

2) (𝐴1𝜏1 + 𝐴2𝜏2)
plotted in the inset and show a clear variation between the 
native ODA and the BIP ligands, where  decreases from 30 
ns for ODA-QDs to 11 ns for BIP-Ipr. Faster lifetimes are 
the norm when comparing QDs in films versus isolated QDs 
in dilute solutions, as inter-dot interactions allow additional 
routes of charge recombination. These mechanisms, the 
resultant timescales and associated effects are strongly 
dependent on surface states and the subsequent 
modifications, a good overview of which has been 
previously describe.35–37The most common mechanism is 
Forster resonant energy transfer (FRET), a dipole-dipole 
coupling where the efficiency , r being the inter-dot 𝜀~1 𝑟6

separation35. This data would therefore suggest that the 
distance between QDs in the films, on average, decreases in 
ODA, BIP-H, BIP-Me and BIP-Ipr functionalized QDs.

Figure 2. PL emission of (A) CZ640 and (B) CZ500 CdSe/ZnS 
QDs functionalized with ODA and the three BIP variations.  (C) 
Time-resolved PL for all four populations of QD films deposited 
on an insulating glass substrate. (Inset) Recombination lifetime 
 extracted from exponential fits to the data in the main part.
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In an ensemble, FRET occurs as a result of the size 
inhomogeneity of the QDs, and the roles of donors and 
acceptors are satisfied by the smaller and larger dots in the 
population. As a result, the extent of FRET varies with 
wavelength of the emission spectrum. We verify this in 
Figure 3. Time-resolved PL curves for ODA-QDs with 
spectral resolution are plotted in Figure 3A, and the 
recombination can be seen to get faster as the emission 
wavelength at which the data is taken decrease. Figure 3B 
shows the extracted  across the emission spectrum for all 
four differently ligated QDs. For ODA-QDs, we notice the 
expected variation of  with wavelength, as well as the fact 
that at the long wavelength end  approaches the lifetime 
measured in solution. For the BIP-functionalized QDs the 
trend is the same, but the shorter lifetimes even at the reddest 
end of the spectrum imply that the recombination is much 
faster than the solution values. This would indicate that there 
is some other route in addition to FRET, and the nature of 
aromatic ligands would suggest that to be charge transfer. 

Figure 3. (A) Time-resolved PL curves at different spectral 
bands of the emission curve for ODA functionalized QD film. 
Lifetimes decrease with decreasing emission wavelength. (B) 
Spectrally-resolved recombination times  for all four QD films 
superposed on the corresponding spectral region over which 
they are evaluated.

There remains the possibility that some of the difference 
in recombination between the ODA-QDs and the BIP-QDs 
may be due to differences in inter-dot separation. To 
investigate that, we analyze transmission electron 
microscopy (TEM) images of close-packed QD films, such 
as those shown in Figure 4A and 4B, for ODA and BIP-H 
functionalized QDs, respectively. For each type of QD, we 
generate a pair-distribution function (PDF) of its TEM 
image, as shown in Figure 4C, which plots the probability of 
finding a QD at a separation r from another QD.  The first 
peak of this PDF is the average nearest-neighbor distance 
between the dots, and from this main figure which shows the 

PDF of ODA functionalized QDs, that distance is 8.3 nm. 
Similar analyses of the other QDs return varying QD 
separations and are plotted in the inset as a function of 
volume of the ligand unit cells. The inverse relation provides 
an interesting insight into the packing efficiency of the 
different ways the three BIP ligands stack,. But it also 
implies there is a variation in FRET efficiency based on the 
ligand on the QDs. As shown in Figure 1C, the shape of the 
packing units (unit cells) is not uniform across the three BIPs 
studied. This shape disparity likely affects the mode of 
ligand stacking on QD surfaces, which should directly 
impact inter-dot separation.

We return to the averaged lifetimes of the QD films in the 
inset of Figure 2C and using  of ODA-QDs in film and 
solution, calculate an efficiency 39 𝜀𝑇𝑜𝑡𝑎𝑙 = 1 ― 𝜏𝑓𝑖𝑙𝑚 𝜏𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
As ODA is insulating, it is reasonable that energy transfer is 
the only inter-dot interaction among these QDs, and given 
that, we extract the FRET constant Ro using 𝜀𝑇𝑜𝑡𝑎𝑙 = 𝜀𝐹𝑅𝐸𝑇 =

.  Ro is defined as the separation where 
1

1 + (𝑟
𝑅𝑜

)
6

𝜀𝐹𝑅𝐸𝑇

and is  theoretically calculated using the overlap = 50% 
integral of the donor emission spectrum with the acceptor 
absorption spectrum and their mutual molecular orientation. 
Here, we evaluate it by equating the two expressions of 

  and estimate Ro = 7 nm, which is very close to the 𝜀𝐹𝑅𝐸𝑇
rigorously calculated value of ~ 6.8 nm. Then, we calculate 

for the QDs ligated with the BIP ligands using this 𝜀𝐹𝑅𝐸𝑇 
distance dependent relation and the same Ro and when 
plotted in Figure 4D, it highlights that FRET does increase 
in case of the BIP-functionalized QDs. However, when we 
calculate  for the BIP-QDs using the formulation 𝜀𝑇𝑜𝑡𝑎𝑙
involving recombination times, those values are significantly 
greater than what is accounted for by FRET. For example, 

 for BIP-H QDs but . We attribute 𝜀𝑇𝑜𝑡𝑎𝑙 = 54% 𝜀𝐹𝑅𝐸𝑇 = 33%
this difference to charge transfer, and calculate that 
efficiency   to be 21% (BIP-H), 28% (BIP-𝜀𝑇𝑜𝑡𝑎𝑙 ― 𝜀𝐹𝑅𝐸𝑇 =
Me) and 30% (BIP-Ipr) functionalized QDs. The increase of 
 between the different BIP ligands follows the trend of 

 in them, both getting larger as inter-dot separation 𝜀𝐹𝑅𝐸𝑇
decreases in the QD films. To identify the nature and 
mechanism of charge transfer, we note that the BIP ligands 
are photogenerated hole-acceptors as their highest occupied 
molecular orbital (HOMO) aligns above the QD valence 
band. BIPs share similar structural elements with a well-
known high efficiency hole acceptor, Triazatruxene (TAT). 
The similarities between TAT and BIPs is significant with 
both molecules comprising of primarily SP2 hybridized 
carbons and nitrogens, as well as having extensive π 
character. This extensive π character is known to facilitate 
hole mobility and stabilize charged states through a 
reduction in the energy gap between the HOMO and LUMO 
bands. Along with extensive π pi character, various hetero 
atoms (nitrogens) also facilitate charge stabilization.40 
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Figure 4. TEM images of drop-cast QD films with (A) ODA 
and (B) BIP-H ligands. Scale bar: 50 nm. (C) Radial distribution 
of inter-dot separation r obtained from TEM images and (inset) 
r values of the BIP variations plotted with unit cell volume. 
Arrow indicates r for ODA functionalized QDs. (D) Energy and 
charge transfer efficiencies for the four QD populations.

. 
While inter-QD charge transfer is important or optimal 

device performance, efficient and fast charge extraction at 
electrodes or other interfaces is also a necessity. With this in 
mind, we investigate the recombination dynamics of the QD 
films when deposited on metallic and semiconducting 
substrates. The four differently ligated QDs are spin coated 
onto indium tin oxide (ITO) coated glass and on optically 
polished n-type zinc oxide (n-ZnO) single crystalline sample. 
The recombination time  for both sized QDs on the two 
substrates are shown in Figure 5A and 5B. For CZ500 (the 
smaller QDs with the larger bandgap) charge recombination 
times when ligated with ODA, while expectedly shorter than 
on glass, are nearly 

Figure 5. Recombination times  for (A) CZ500 and (B) CZ640 QD films functionalized with ODA and the BIP ligands, when deposited 
on conducting indium tin oxide (ITO) and semiconducting n-ZnO substrates. (C, D) Schematics sketching the charge transfer routes for the 
differently sized QDs.

the same (12.6 and 13 ns) on ITO and ZnO. When 
functionalized with BIP variations, recombination does get 

faster for both substrates, which may be attributed to the 
charge delocalization of the aromatic rings resulting in a 
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narrowing of the band gap between the QDs and 
substrates.41-44The schematics in Figure 5C demonstrates the 
relative band alignments of ITO and ZnO with the QD. The 
positional advantage of the QD conduction band makes 
electron transfer to either substrate energetically favorable 
when functionalized with ODA (Figure 5C, left). But the 
hole-accepting nature of the BIP ligands allows both 
electrons and holes to be transferred away from the QD core, 
resulting in the of faster recombination in the BIP-QDs 
(Figure 5C, right) 

The same measurements for CZ640 QDs, which are larger 
and therefore have a smaller bandgap, have different results. 
For ODA,  is again very similar on ITO and ZnO (14.7 and 
15.3 ns, respectively). As the left schematic in Figure 5D 
shows, electron transfer to ITO is clearly favorable. 
Although the conduction band of ZnO ~ 0.1 eV above that of 
the QD, stochastic electron transfer is allowed. BIP-QDs 
show minor increase in electron transfer to ITO, driven again 
by the delocalized charges of the ligands. However, the 
change in recombination rate when BIP-QDs are deposited 
on ZnO is both significant and unexpected. Recombination 
lifetimes of BIP-QDs are approximately 30% longer than 
that of ODA-QDs, indicating that functionalization by the 
BIP ligands, while facilitating hole transfer, somehow 
prevents electron transfer from the QD. As the excitation 
energy used in our studies is smaller than the wide bandgap 
of ZnO, the presence of oxygen vacancies makes as-grown 
ZnO highly n-doped. Therefore, a possibility is that the 
delocalized electron cloud of the BIP ligands not only 
interacts with the photogenerated electrons in the QD core, 
but also with those in the conduction band of ZnO. This has 
no consequence for the smaller QDs, where the difference 
between the energy levels of the QD core and ZnO drives 
electrons from the former to the latter. The near alignment of 
conduction bands in the case of the larger QDs and ZnO 
removes the advantage of this driving potential and 
concludes with the BIP ligands preventing electron 
extraction, while still allowing hole transfer. As a result, the 
recombination rate drops. This modulation of charge carrier 
transfer based on band alignment between the QDs and the 
substrates mediated by the BIP ligands is an interesting find, 
as it opens up the possibility of tailoring functionalization 
based on specific needs of an application. An important point 
to note here is that while the charge transfer efficiency  in 
the QD films is ligand dependent, as shown in Figure 4D, in 
this demonstration of charge transfer from QDs to ITO and 
ZnO, there is little variation of the same with the different 
BIP ligands. We attribute this distinction to the fact that 
while charge transfer in the former is determined by inter-
QD separation, for the latter the energetics control the 
efficiency. A second look at Figure 4D shows that  in 
ascending order is IPr > Me > H, and as the inset in Figure 
4C confirms, inter-dot separation follows H > Me > IPr. This 
is also the reason that no charge transfer is observed when 
the QDs are in solution. Transfer to substrates is nearly 
independent of which BIP ligand is used as the HOMO 
levels of all three are within 0.5 eV of each other and are 
therefore all nearly equivalently aligned with the QD valence 
band. 

But as mentioned earlier, the influence of ligands extends 
beyond that of transient charge transfer. Modification of QD 
surfaces may adversely affect long term photo stability of the 

QDs, and in Figure 6 we compare how functionalization 
with BIP ligands alter photo induced effects. Figure 6A 
plots the spectrally-integrated PL intensity for ODA-QDs 
over time under continuous photo excitation. It increases 
rapidly for the first 20 min and then continues to rise at a 
slower rate. This photo-brightening is a sign that there exist 
trap states within the bandgap of the core, most likely at the 
core-shell interface. Photo-generated carriers saturate these 
states, effectively de-activating non-radiative recombination 
centers, resulting in increasing PL.  But over the same time 
frame, the FWHM of the QD ensemble increases, which, 
coupled with a small blue-shift of the emission wavelength, 
suggests there is photo-oxidation of the QD core. As this 
reduces the core diameter, the size inhomogeneity of the 
ensemble is worsened, and the spectral width enhanced. In 
contrast, the photo-brightening of BIP-H QDs stabilize much 
faster and there is no observable increase in the emission 
FWHM over time. It is known that hole-accepting ligands 
can passivate QD surfaces more effectively than insulating 
ones41 and our results confirm that here. It is also an 
important result as it demonstrates there are no detrimental 
long-term stability effects as a result of the BIP ligands.

Figure 6. (A) Spectrally-integrated PL intensity and (B) FWHM 
of emission spectra for ODA-functionalized QDs under constant 
photoexcitation as functions of illumination time. (C) 
Spectrally-integrated PL intensity and (B) FWHM of emission 
spectra for BIP-H-functionalized QDs measured under the same 
conditions.
CONCLUSIONS

Heterogenous charge transfer has continued to be a critical 
area of advancement in science due to the increase in 
demand of society on technology that predicates itself off 
interfacial charge movement. The role of heterogenous 
charge transfer in modern conveniences such as smart 
phones to energy infrastructure cannot be underrepresented. 
This importance on understanding heterogenous charge 
transfer has set the stage for this work and has shown both a 
novel and nuanced approach in which to modulate the 
kinetics of meso-scale heterogenous charge transfer. This 
was accomplished through the functionalizing semi-
conducting quantum dots with redox non-innocent (RNI) 
ligands as hole acceptors. Through non-standard application 
of these RNI ligands, controlled modulation of the charge 
transfer dynamics has been achieved on meso-scale material. 
Moreover, this study has illuminated an intriguing band gap 
dependence on the photoluminescent recombination 
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lifetimes, which can be observed across both deposited 
substrates of ITO and ZnO. While interesting, further work 
is needed in terms of characterizing the complex charge 
transfer dynamics as well as the effect of other RNI type 
ligands through tuning of the band gap.
METHODS

Representative Ligand Synthesis: Bis(imino)pyridine 
ligands were synthesized through azeotropic distillation of 
2,6-diacetylpyridine in toluene with the corresponding 
aniline. 2,6-diacetylpyridine (3 mmols), the aniline 
derivative (12 mmol), and p-toluenesulfonic acid (0.3 mmol) 
were added to a flame-dried 250ml round bottom flask. Dry 
toluene (100 ml) was added and the resulting mixture was 
refluxed using a Dean-Stark apparatus for 24 hours. The 
reaction mixture was cooled to room temperature and 
aqueous saturated sodium bicarbonate (100 ml) was added. 
This mixture was transferred to a separatory funnel the 
organic layer was extracted. The aqueous layer was washed 
3-4 times with dichloromethane and the organic layers were 
combined, dried with sodium sulfate, and concentrated. The 
resulting concentrate was dissolved in 15-20 ml of methanol 
and placed at –20 Celsius for approximately 12 hours. The 
resulting yellow solid was vacuum filtered and washed with 
cold methanol. 1H-NMR was used to assess purity and 
recrystallization in cold methanol was performed if 
impurities were detected. Single crystals were grown through 
solvation in hot methanol and allowed to cool over night at 
room temperature.

Ligand Exchange: ODA-capped CdSe/ZnS QDs CZ640 
(bandgap 1.91 eV) and CZ500 (bandgap 2.3 eV) were 
purchased from NN-Labs. CZ640 QDs have a core diameter 
of 4.8 nm (5-10% size inhomogeneity) and CZ500, a 2.0 nm 
core diameter (10-15% size inhomogeneity). Their surfaces 
were modified using BIP-H, BIP-Me, and BIP-Ipr. Surface 
exchange was carried out under inert conditions by adding 
the QDs to a hexane solution containing an excess of the 
modifying ligands relative to the native ODA. This solution 
is incubated for at least 5 minutes and then purified with 
acetonitrile (MeCN) and chloroform (CHCl3). The QDs are 
then separated by centrifugation and dispersed in hexanes for 
optical measurements. 

Sample preparation:  For analysis in solution, the QDs 
were housed in 2.5 mL glass vials. For measurements of QD 
films, the dots were spin-coated onto glass, ITO (indium tin 
oxide), and n-ZnO (zinc oxide) substrates at 4500 rpm for 15 
s, followed by annealing in an oven for 50o C for 30 minutes. 

Spectral characterization: For static spectroscopy we use 
a Princeton Instruments SP2300i spectrometer coupled to a 
thermo-electrically cooled deep depletion and low noise 
charge coupled detector, with a spectral resolution of 0.18 
nm. An NKT Photonics Super-K laser tuned to 430 nm is 
used for excitation. For time-resolved measurements, the 
Super-K is set to a repetition rate of 26 MHz and the 
collected signal is first dispersed by the spectrometer, and 
then directed onto a  single photon avalanche diode (SPAD) 
coupled to a PicoHarp 300 time-correlated single photon 
counting system (TCSPC) with an instrument response 
function of 28 ps. 

Transmission Electron Microscopy (TEM): QD solutions 
were pipetted onto Pure C on 300 mesh Cu grids and left to 

dry overnight in an oven at 50oC, then imaged in Thermo 
Fisher’s Talos F200C G2 TEM.
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