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ABSTRACT

There is significant demand for the conversion of hydrophobic nanoparticles (NPs) into
water-soluble NPs, particularly for the transfer of photoluminescent quantum dots (QDs)
synthesized in organic solvents into water-based settings. However, these transfer processes are
often inefficient, with only a fraction of the QDs transferred into water, and typically result in
decreases in photoluminescence quantum yield (PLQY). Here, we demonstrate a straightforward
technique to efficiently transfer oleic acid (OA)-coated CdSe/CdS core-shell QDs into water
without the addition of any new reagents. In contrast to the decrease in PLQY that is usually
observed when QDs are transferred into water, this process in fact leads to an increase of the PLQY
after transfer in basic water (pH 8). The process is highly reproducible and can be applied to other
oleic acid-coated NPs. Density-functional-theory (DFT) calculations indicate that the QD transfer
into water is enabled by the rearrangement of OA ligands at the surface of the QDs. This discovery
allows for widely available, hydrophobic OA-coated QDs to be used in water media without any

further modification and with enhanced fluorescence.
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INTRODUCTION

Nanoscale semiconductor crystals, or quantum dots (QDs), possess unique optical and
electronic characteristics resulting from size-dependent quantum confinement, which makes them
superior candidates for a wide range of applications.'® As fluorophores, QDs offer numerous
advantages over organic dyes, including high photostability, broad excitation spectra, narrow and
bright emission, long fluorescence lifetime, and size-tunable optical properties,®® which allow for
multiplex imaging and tracking of biological species with enhanced accuracy and sensitivity.> ’ In
addition, QDs are playing a significant role in photonics, optoelectronics, and quantum
computing.®** Among many types of QDs, CdSe-based QDs are the most frequently utilized
owing to their extensive development history and capacity to provide bright, size-tunable emission

across the visible spectral range.'? 1

CdSe QDs are most commonly synthesized using an organic solvent-mediated approach in
which highly controlled reaction conditions (e.g., the hot injection method) lead to uniform size
distribution, well-defined shape, and high crystallinity of the synthesized QDs.'?> While this
conventional preparation of CdSe QDs in organic solvents leads to lipophilic QDs, there is a need
for water-soluble QDs, not only for biomedical imaging, but also in the domain of photonics, where
CdSe QDs are combined with metal nanoparticles (NPs) such as gold NPs (natively prepared in
aqueous media) for the development of novel hybrid materials.}* Therefore, it is crucial to be able
to efficiently transfer CdSe QDs that were synthesized in an organic solvent into water media in a
way that can preserve their high quality, especially their high photoluminescence quantum yield

(PLQY).
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Two main approaches have emerged as dominant strategies for transferring QDs from
organic solvents to aqueous media, namely ligand exchange and encapsulation.'*® Ligand
exchange relies on replacing the original hydrophobic ligands on the surface of QDs with
hydrophilic ligands, resulting in the QDs becoming water-soluble.'* 1-1° A significant drawback
of the ligand exchange process is that the exchange reaction is often incomplete or inefficient,
leading to poor exchange yield and/or QD aggregation.'* By contrast, encapsulation methods use
a protective shell or coating material that surrounds the QD core and provides stability in an
aqueous environment.** Encapsulation materials include silica shells,'® 2% 2! polymer coatings,*®
2223 and micelles'* 2 2 and solid—lipid structures.?® However, these techniques also suffer from
some limitations in that the PLQY and stability of QDs can be significantly decreased due to
limited control over the thickness, uniformity, and composition of the shell around the QDs. In
addition, the overall dimensions of QDs can be significantly increased by encapsulation methods,
which can impose constraints on their potential applications.'® 2’ Moreover, multiple steps are
required to purify and isolate the QDs from excess coating materials or byproducts. Despite these

deficiencies, ligand exchange and encapsulation strategies remain the most effective ways to date

for transferring QDs from organic solvents to aqueous media.

Here, we report the transfer of CdSe/CdS core-shell QDs coated with oleic acid (OA) from
hexane into aqueous media through a facile, one-step method using ultrasonic assistance, without
addition of any further reagent or surface modification. Surprisingly, instead of the decrease of
PLQY typically found when QDs are transferred from organic to aqueous phase, an enhancement
of PLQY was observed after transfer into basic water. We also found that the same process can be

used for other OA-coated NPs, such as OA-coated magnetite NPs. This finding will allow for
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conventional hydrophobic OA-capped NPs to be readily handled in aqueous media while

maintaining superior optical quality.

The novelty of this work resides in the fact that this reported water-transfer process is a
new process that does not rely on encapsulation nor on ligand exchange reaction, since we do not
introduce any new ligands (including any additional OA ligands) during transfer into water. We
hypothesize that water solubility is enabled by a rearrangement of some of the original OA ligands
at the surface of QDs that results in a mixed monolayer in which some of the OA ligands remain
with their carboxylic acid heads attached to the QD surface while the remaining OA ligands have
their carboxylic acid groups facing the surrounding water. We investigated this hypothesis using
first-principles density functional theory (DFT) modeling. These models showed that the ligand
rearrangement is an energetically favorable configuration and results in the creation of a new
hydrogen bonding network. Moreover, DFT was used to extend the experimental work by
investigating adsorption of i) trans-alkene isomers and ii) a mix of cis and trans-alkene isomers to
understand the influence of isomerism and isomer packing on carboxylic acid surface adsorption
energies. To the best of our knowledge, this work is the first study involving the transfer of

nanoparticles into water through the rearrangement of ligands already present on the nanoparticles.

This paper is comprised of two main sections: experimental studies and DFT calculations

for the presented aqueous transfer of OA-coated NPs.
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RESULTS AND DISCUSSION

Single-Phase Strategy for Hydrophobic NP Transfer into Aqueous Solution

We developed a straightforward, single-phase method for the efficient transfer of OA-
coated NPs from organic to aqueous media. The NPs are removed from the organic solvent,
forming either a pellet (in the case of QDs) or a dried powder (in the case of FesO4 magnetic NPs).
Water (either Millipore water or basic water) is directly added to the pellet or powder, followed
by sonication. The NPs progressively form a stable suspension in the aqueous media (4 hours for

QDs and 3 days for magnetite NPs).

Efficient Transfer of QDs into Aqueous Solution

The majority of our study focuses on OA-coated CdSe/CdS QDs. In this case, the QDs
were centrifuged in order to concentrate them into a pellet and to remove the organic solvent. The
addition of water to the QD pellet first resulted in a cloudy solution. This initial cloudiness is
attributed to a temporary aggregation, which is caused by the original lack of water solubility of
the QDs. By sonicating for 2 minutes every hour over a total of 4 hours, the QDs solution in
aqueous media became clearer over time with ultimately no cloudiness remaining. In contrast with
previously reported water-transfer methods, in our study no additional ligands or surfactants were
added to the aqueous solution. Therefore, the transfer of QDs into water can only be due to a
rearrangement of OA at the surface of the QDs. We hypothesize that some of the OA ligands invert
at the surface of the QD, now exposing the carboxylic heads to the aqueous environment, rendering
the QDs hydrophilic. It is important to note that, while the inverted OA ligands may not be
coordinated to metal atoms through their carboxylic acid ends anymore after transfer into water,

the resulting water solubility of the QDs implies that the flipped OA remain at the QD surface. In
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addition, our DFT studies show that the methyl ends of the flipped OA ligands interact with the
QD surface through outer sphere adsorption, and that the flipped OA ligands are further stabilized
at the QD surface through interaction with neighboring ligands (vide supra). Figure 1 illustrates

the hypothesized OA ligand rearrangement.

Water

Centrifugation K 4 h.atRT
\ Sonication every hour

Supernatant

Figure 1. lllustration of nanoparticle transfer from hexane to water through the rearrangement of

oleic acid capping molecules.

Although other mechanisms may be considered, the hypothesis of micelle formation being
responsible for QD transfer into water has been excluded because OA does not form micelles at
pH< 9,28 which is the case of our study (5.5<pH<8). Similarly the formation of oil-in-water
droplets is not being considered as the reason for QD transfer into water because the size of OA
oil-in-water droplets is very large compared to our QDs (> 1000 nm versus 13 nm):? if such
droplets were forming in our study, we would observe large groups of QD per droplet,?® but instead

we mostly see dispersed single QDs (vide supra: Fig. 3a).
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Figure 2a shows the absorption spectra of CdSe/CdS QDs after redispersion into basic
water (pH 8) as a function of time. As can be seen, the initially high absorbance background due
to the scattering of aggregates gradually decreases during the solubilization of the QDs in water
media, and it stabilizes close to zero after about 4 h. This means that the initial aggregation of QDs
after addition of water decreases with time and the QDs become more and more soluble in water.
A similar behavior is observed when using Millipore water as the transfer medium (Figure S1a).
Furthermore, Figure 2b demonstrates that the absorption spectrum of the QDs recovered in water
media is very similar to the spectrum of the QDs redispersed in hexane, with the first exciton
staying at the same wavelength. This indicates that the QD core is unchanged by the transfer
process. In addition, the difference in absorbance at 450 nm shows that a high yield of QD recovery

in basic water (about 80%) is obtained through this transfer method.

The same ability to disperse QDs in aqueous media was obtained for over fifty independent
experiments, indicating a high degree of reproducibility for this transfer method. The
reproducibility of the QD transfer process is ensured by preventing pellet from drying before
adding basic water, by starting the first sonication cycle immediately after the water addition, and

by adjusting the pH of water when it is added to the QDs pellet.
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Figure 2. (a) Absorption spectra of oleic-acid (OA)-capped quantum dots (QDs) after redispersion
into aqueous media (pH 8) as a function of time. (b) The comparison of QD absorbance in hexane
versus after complete redispersion into basic water (pH 8). (c) Emission spectra of OA-capped
QDs in hexane and after transfer into basic water. (d) Photographs of QDs under UV light

illumination (365 nm) in hexane (left) and in pH 8 water (right).
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Photoluminescence Enhancement of QDs after Transfer into Aqueous Media

The photoluminescence (PL) spectra of CdSe/CdS QDs in hexane and basic water (pH 8) are
presented in Figure 2c, and photographs of the samples under UV illumination are displayed in
Figure 2d; all sample volumes were adjusted to have an absorbance of 0.1 at the excitation
wavelength (470 nm). In contrast to most previous studies, which have typically reported a
significant decrease in QD photoluminescence (PL) intensity following transfer from organic
solvents to aqueous media, in this study a significant increase in PL intensity was observed upon
QDs transfer into basic water while a stable PL intensity was observed upon QD transfer into

Millipore water (Figure S1b).

In addition, fluorescence lifetime measurements were carried out (Figure S2) and only a very small

change was observed between the PL decay of QDs before and after transfer into water.

In general, the fluorescence quenching typically occurring in water has been attributed to
high-energy vibrations of functional groups (i.e., hydroxyl moieties or other heteroatom-
containing groups) and high polarity of the solvent, which can cause non-radiative and
intramolecular energy transfer.?® % However, in our study, no net quenching of PL is observed,
even when using Millipore water. Following our hypothesis of OA ligand rearrangement, one
reason for the higher than usual PL in water media could be a decrease in the number of carboxylic
acid heads coordinated to the surface of QDs. The carboxylic acid heads of the OA molecules can
act as electron-withdrawing functional groups, lowering the number of photons emitted;
reorienting the OA molecules can reduce the electron-withdrawing effects and ultimately leads to

an increase in fluorescence efficiency.®

10
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Fluorescence quenching can also occur upon transfer into water due to partial aggregation
of the QDs. When QDs are transferred into basic water using our method, the proposed OA ligand
rearrangement leads to the formation of a significant number of carboxylate anions at the surface
of each QD; this interpretation is supported by the highly negative zeta potential value (-69 mV)
of the QDs in basic water. This large surface charge stabilizes the QD colloid through electrostatic
repulsion, minimizing particle aggregation. In Millipore water, the surface charge is lower, and a
certain degree of aggregation may occur, resulting in somewhat lower fluorescence intensity as

compared to QDs in basic water.

The electrostatic stabilization of QDs in basic water is also supported by their high degree
of colloidal stability. Indeed, the PL intensity of the QDs was not measurably changed for two

weeks after transfer into basic water and decreased by only 10% over two months (Figure S3).

A significant improvement in the photoluminescence quantum yield (PLQY') was observed
in the red-emitting QDs upon transfer into pH8 water (PLQY calculations were done using
Equation S1). A batch of QDs with a low initial PLQY (QDs 1) was first used: in this case, the
PLQY improved from 17% in hexane to 38% upon transfer to basic aqueous media (Table 1). A
second batch of red-emitting QDs with higher initial PLQY of 46% in hexane (QDs 2), displayed
a PLQY of 63% upon transfer to pH8 water (Table 1). The absorbance and emission spectra of

QDs 2 in hexane and after transfer to basic water are shown in Figure S4.

It is important to note that the goal of this study is not to report the highest possible PLQY
of CdSe/CdS QDs in water. Instead, it focuses on demonstrating that OA ligands can rearrange
around NPs to enable efficient transfer of QDs from organic to aqueous media, with PLQY higher

than for the same QDs in their original organic solvent. Typically, even QDs with very high PLQY

11
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(>90%), such as those synthesized using Bawendi's well-known method,® experience a substantial
drop (around 20%) in PLQY upon transfer to water using common ligand exchange strategies.
Considering this drop, a final PLQY of 63%, as reported here, is thus comparable to the best
reported values for red-emitting QDs in water. This result is achieved using a facile method,

without the need for any further surface modifications.

Table 1. Photoluminescence quantum yields (PLQY) of two different batches of oleic-acid-capped
CdSe/CdS quantum dots (with different initial PLQY) redispersed in hexane and basic water (pH

8). The PLQY were quantified using tetraphenylporphyrin (TPP) as a reference, with PLQY (TPP)

=7%.
PLQY (%)
Solvent Hexane Basic water (pH8)
QDs 1 17 38
QDs 2 46 63

Characterization of Transferred QDs in Basic Water

Transmission electron microscopy (TEM) images, such as the one shown in Figure 3a,
demonstrate that the transferred QDs were effectively redispersed in water media while
maintaining their individual, single QD structure and overall morphology. An average size of
13.4£1.7 nm was determined by TEM analysis (400 particles counted). Additionally, the QDs were
analyzed by Dynamic Light Scattering (DLS), which indicated an average hydrodynamic diameter
of approximately 19 nm in solution, including the length of OA ligands (Figure S5). However, due
to the QDs' red emission closely aligning with the 633 nm laser wavelength used in the DLS

system, there is potential for interference that could affect the accuracy of the reported size

12
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distribution. The formation of an electric double layer at the nanoparticle surface in water can also
contribute to the increase in the hydrodynamic diameter. Importantly, despite the high sensitivity

of DLS to aggregation, no peak corresponding to aggregation or agglomeration of QDs was

observed after transfer to water.

In addition, a diluted solution of the QDs transferred in water was deposited onto a
substrate, and bright PL was readily observed from single QDs. For single-QD PL measurements,
the QDs were deposited on a glass substrate at a concentration much lower than that used to prepare
the TEM grids. Several single-QD spectra were measured, and a representative result is shown in
Figure 3b. Each individual QD exhibits a narrow, single peak, and the width of this peak
corresponds to the homogeneous linewidth expected for a single QD at room temperature. The

observed QDs also all exhibited blinking, characteristic of single, isolated nanocrystals.

(@ (c)

i i i v vi ii ii i
2 OH
1 n n n vi v n i v
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*
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800 J
0
‘e 750
=
£
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Figure 3. (a) Representative TEM image of oleic-acid (OA)-capped quantum dots (QDs)
transferred to basic water (Inset: higher magnification image of QD-OA). (b) Sample
photoluminescence spectrum of a single QD deposited on a substrate after being dispersed in basic
water. (c) *H NMR spectra of pure OA and OA-capped QDs pellet (before transfer into basic

water) in CDCls.

Finally, FTIR analyses were carried out. The FTIR spectra of OA-capped CdSe/CdS QDs before
and after aqueous transfer display significant changes (Figure S6). The main difference in the
spectra is due to the formation of hydrogen bonding of the OA carboxyl groups in the aqueous
medium, which appears as a broad peak around 3400 cm™. This results from ligand rearrangement,
where deprotonated carboxyl groups face the solvent. The disappearance of the C=0 band at 1720
cm™ and the appearance of COO" stretching bands at 1550-1640 cm™ confirm the formation of
carboxylate anions. Moreover, the general broadening of the peaks in the FTIR spectrum after
transfer into water may reflect the presence of the two different orientations of OA on the QD
surface. Thus, the FTIR data provide clear evidence of ligand rearrangement on the surface after

aqueous transfer.

Control: Biphasic Strategy for the Transfer of QDs into Water

Biphasic strategies are commonly used to transfer QDs from organic to agueous phases. In
these methods, free ligands are added in order to form a bilayer around the surface of the QDs. In
our study, there is no addition of free ligands or surfactants to the QD organic solution or to the
water. In order to compare the biphasic approach to our strategy for QD transfer into water, we
attempted to transfer the synthesized hydrophobic OA-coated QDs into water media using a

biphasic strategy similar to the one developed by Prakash et al.,?* but without adding any additional

14
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ligands. 1 mL of QDs in hexane was added to 10 mL water, followed by 5 min sonication to create
an emulsion. A cloudy solution was obtained after sonication, and it sat undisturbed for one day.
After the separation of the two phases, it was observed that the top layer (QDs in hexane) remained
yellow in color while the aqueous phase was still colorless (Figure S7). The absorption spectra of
the hexane layer were studied before and after mixing with water, and it was determined that only
about 10 percent of the QDs were transferred into the water. The results clearly indicate that the
presence of additional free ligands is critical to allow for the transfer of QDs in water using the

biphasic method.

By contrast, no additional free ligands are added for our new transfer strategy. In our
method, the QDs are extracted at least 5 times using methanol followed by centrifugation. Any
free ligands remaining at this point would be too little to be responsible for the roughly 80%
efficiency of aqueous transfer that we observed using our method. To further rule out the potential
role of free ligands in the transfer to aqueous solution, we dissolved the QD pellet in chloroform
(prior to transfer into water) and measured the NMR spectrum, compared to that of pure OA. As
illustrated in Figure 3c, the environment of OA protons was strongly affected by the QD cores.
Indeed, when organic ligands are bound to the surface of a colloidal inorganic nanoparticle, the *H
NMR peaks of the bound ligands significantly broaden, and can also be shifted downfield. This is
due to the fact that those protons have a short T relaxation time, faster than the delay required to
extract the Brownian diffusion.? The broadening is typically more pronounced for protons closer
to the nanocrystal surface.®® 3* The extent of the broadening also depends on the size of the
nanoparticle: as the NP size increases, the broadening increases, to the point of peak loss.® Since
the QDs in our study are relatively large (about 13 nm diameter), there is a strong effect on the H

NMR peaks of the surface-bound OA, which results in the majority of the OA protons no longer
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showing a measurable peak. Specifically, in Figure 3c, the signals of the protons next to the
carboxylic groups (peak v) and of the central double bond of the OA structure (peaks iv and vi)
were absent in the NMR spectrum of QD-OA. In addition, there was a significant reduction in the
intensity of methylene (CH.) peaks for OA in the QD sample compared to pure OA ligand. The
methyl (CH3) peak remained in the NMR spectrum of the QDs; the methyl protons are much less
affected by the QD core because they are the farthest away from the core in chloroform. These
spectral changes verify both the attachment of OA onto the QD surfaces and the absence of any

significant amount of free OA within the sample.

Effect of pH and lonic Strength on QD Dispersion in Water

The QD transfer into aqueous media is pH-dependent and does not occur in an acidic
environment. Figure Sla shows the absorbance of QDs after transfer to Millipore water (pH 6) as
a function of time. A similar behavior was observed as with basic water (pH 8); however, a
thorough comparison of Figure Sla with Figure 2a reveals that the absorbance at 450 nm was
lower, and the background at 750 nm was higher at pH 6. This indicates that the recovery of QDs
was less efficient in Millipore water (pH 6) than in basic water (pH 8). Figure S1b also shows the
emission of QDs in Millipore water (pH 6) compared to QDs in hexane, with both absorbance
adjusted to 0.1 at the excitation wavelength (470 nm) for comparison purpose. The fluorescence
intensity of QDs in Millipore water was similar to that in hexane, with no significant enhancement,
which is in contrast to the improvement in fluorescence intensity observed for QDs in basic water.
The transfer of QDs into an acetate buffer solution (pH 4) was also investigated; however,

complete aggregation was observed in this medium (Figure S8a).

16
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The observed pH-dependent behavior of QD transfer can be further understood by
examining the surface charge of the QDs. Zeta potential measurements revealed a value of - 69
mV at pH 8, whereas at pH 6, the value was - 30 mV. The more highly negative zeta potential in
the basic environment suggests greater electrostatic repulsion, which enhances the colloidal
stability of the QDs. Additionally, this indicates that more rearrangement of OA ligands has
occurred in basic water than at pH 6, contributing to the observed enhancement in the optical
properties of the transferred QDs. On the other hand, the aggregation at pH 4 is due to a lack of
adequate charges needed for electrostatic repulsion between NPs in water (zeta potential = 1.3
mV). This is also consistent with insufficient OA ligand inversion at lower pH. The observed pH
dependency thus supports the hypothesis of a rearrangement of the OA molecules on the QD
surface, with more basic environments favoring greater rearrangement. As a note, although it has
been found that the surface of CdS shells is Cd-rich (59% Cd versus 41 % S),3® the cation:anion
(Cd?*: S%) ratio inside the QD shells is 1:1 (equimolar amounts of cadmium and sulfur precursors
are used during the shell growth Xie et al.*”, Li et al.® and Hanifi et al.*°), so the shell is overall

neutral and the overall zeta potential only corresponds to charges from OA ligands.

The effect of the ionic strength of the aqueous media used for QD transfer was also
investigated. Increasing the ionic strength of the aqueous media over 50 mM inhibits QDs transfer
from hexane into water: as depicted in Figure S8b, there is no transfer of QDs to water media after
redispersing into high ionic strength solutions such as PBS buffer (1X, pH 8, 150 mM). However,
lower ionic-strength solutions of alkaline media (pH 8, < 50 mM, using KOH or NaHCO3) do not
interfere with QDs dispersion into water. In addition, a borate buffer solution at pH 8 and
concentration of 50 mM was identified as a suitable buffer medium for the transfer of QDs, given

that it resulted in good recovery (about 65%) and strong fluorescence intensity (Figure S9).

17
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Although it is not possible to directly transfer the QDs into PBS buffer solutions, it is noteworthy
that, after QDs are transferred into aqueous media, they demonstrate colloidal stability when mixed
with PBS. Indeed, upon adding PBS, the QDs maintain stability for more than a week in 0.1X PBS
and for more than 12 hours in 1X PBS, without any precipitation, significant changes in their UV-

Vis absorbance spectra, or evidence of aggregation (Figure S10).

Effect of Pellet Dryness on Redispersion

QD transfer from organic to aqueous media was carried out directly on QD pellets collected
after centrifugation. However, it appeared to be important not to let the pellet dry completely
before adding basic water. Figure 4a illustrates the results of respectively adding water and hexane
to dried QD pellets. The completely dried pellets are not able to transfer into a water medium,
whereas they readily redisperse in hexane after a few seconds of sonication. One possible
explanation could be that the QDs are highly packed when dried into a film, which leads to
hydrophobic interactions among OA ligands of different QDs; this, in turn, prevents access of
solvent to the surface of QDs for deprotonation of the carboxylic groups and subsequent OA

rearrangement.

18
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Figure 4. (a) Photograph of dried pellets of oleid-acid-capped quantum dots (QDs) redispersed in
water (left) and hexane (right). (b) Absorption spectra of the water-soluble QDs after a first and
second redispersion in basic water. (c) Absorption spectra of the water-soluble QDs after a second

redispersion in basic water and in hexane, after first being redispersed in basic water.

Repeated Redispersion in Agueous Media

In order to assess the stability of the newly water-soluble QDs, we investigated the
possibility of redispersing these QDs into solvent a second time. The already redispersed QDs in
basic water were centrifuged again, and either basic water or hexane was added to the pellets.
Upon the addition of basic water to the pellet, the resulting solution displayed a similar absorption
profile to that observed after the first redispersion, as shown in Figure 4b. The slight decrease in
absorbance can be related to some QD loss in the supernatant after the second centrifugation. On
the other hand, the addition of hexane to the pellet did not result in any observable redispersion
(Figure 4c). It can be thus concluded that the recovered QDs after transfer into basic water cannot
be transferred back into hexane, which indicates that the rearrangement of OA ligands is

irreversible.
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Transfer of Magnetic FesOs4 NPs into Aqueous Media

In order to assess the generality of the aqueous transfer method, we used the same approach
to redisperse purified OA-coated magnetite (FesO4) NPs in aqueous media. Unlike QDs, magnetite
NPs were obtained as a powder at the end of their synthesis; water was thus added directly to this
powder. The magnetite NPs gradually resuspended into pH8 water, but it took a longer time than
for the QDs (3 days versus 4 hours, respectively), as shown in Figure 5a. Despite the slow Kinetics
of the rearrangement, this finding reveals that the rearrangement of OA ligands can occur for other
types of NPs without adding any free OA molecules. The extended time for transfer can be
attributed to the higher hydrophilicity of the magnetite surface compared to the CdS surface; this
means that the interaction between the surface and deprotonated carboxylic group is less
unfavorable, and thus the OA ligands rearrange more slowly. We also note that the magnetite NPs
could be redispersed in water when starting as a dried powder, in contrast to the case of dried QD
pellets; this is most likely because the solvent can more readily access the NP surfaces in the

powder compared to the tightly packed QD pellet that dries as a film.

Zeta potential measurements were also conducted for magnetite NPs transferred to basic water (pH
8) and Millipore water (pH 6), giving values of - 48 mV and - 37 mV, respectively. The difference
in zeta potential value between basic water and Millipore water is smaller for magnetite NPs than
for QDs, which can likely be ascribed to the higher affinity of carboxylate groups to the surface of

magnetite NPs.
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Figure 5. (a) Photographs of oleic-acid (OA)-coated magnetite nanoparticles (NPs) transferred
into pH 8 water as a function of time. (b) FT-IR spectra of pure OA ligands (1), OA-coated

magnetite NPs in hexane (I1), and OA-coated magnetite NPs after transfer into water (I11).

Figure 5b compares the FT-IR spectra of magnetite NPs suspended in water to those of
magnetite NPs suspended in hexane as well as to pure OA ligands. The main differences in spectra
originate from the hydrogen bond formation of carboxyl groups in aqueous media, which appears
as a broad characteristic peak in the range of 3200 to 3500 cm™. The hydrogen bond formation in
water can occur for the OA ligands due to their rearrangement (carboxyl groups facing the NP
surface deprotonate, flip, and then face the solvent). The presence of asymmetric peaks in the range
of 1550 to 1640 cm™ may be related to the formation of carboxylate anions in water media. The
results obtained from FT-IR analysis thus provide further evidence for the ligand rearrangement
that occurs at the surface of the NPs. In addition, the FT-IR profile of FesO4 NPs after transfer to
water is very similar to the one observed for QD-OA (Fig. S6), which is expected since FT-IR

analysis focuses mostly on the organic part of the sample.
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Computational Studies Supporting the Proposed Mechanism of QD Transfer into Water

Before modeling the complex surface rearrangement discussed in the previous sections,
first-principles methods were used to determine basic surface-adsorbate parameters of small chain
carboxylic acids interacting with CdS surfaces (CdS is the shell of the QD). These parameters
include adsorption energy and adsorption geometry, which includes site preferences, and distances
from the surface. Specifically, DFT studies were first initialized with a single adsorbate in multiple
potential binding configurations then allowed to fully relax, in order to assess the fully relaxed

atomistic geometries as well as the strength of surface interactions.

Since the proposed rearrangement includes both ends of an aliphatic carboxylic acid
interacting with a surface, we include both configurations in our test set, and since pH variations
in preparation also influence experimentally observed behaviors, we also included structures
where the carboxylic acid is deprotonated to understand how protonation state, surface structure,
and ligand packing density could influence each other and adsorption properties. This information
was then used to rank the types of ligand-surface interactions that might be observed and then

informed the next sets of calculations, which kept increasing in complexity.

The computational analysis presented here goes from a single adsorbate to two adsorbates,
and finally six adsorbates, to produce the energetics of pairwise, and ultimately multiple pairwise
atomistic interactions, which could provide a closer match to experimental results by modeling
more realistic ligand packing densities. The data that is tabulated is the adsorption energy of

specific configurations, as well as corresponding bond lengths, and ligand-surface distances.

Here we took a reductionist approach to modeling surface-adsorbate interactions to generate

atomistic information in this initial investigation. All DFT calculations presented here are
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performed in vacuum, without the inclusion of implicit solvation or the addition of explicit water
molecules (which are beyond the scope of the current study). The DFT simulations were performed
without the addition of water molecules in order to better understand the extent of hydrogen
bonding between the ligands themselves. These simulations varied the number of ligands, their
orientations, and used cis and trans isomers, to map the breadth of this broadly applicable effect.
Given that the hydrogen bonding between the ligands themselves is present in our calculations, in

vacuum, the hydrogen bonding would only increase in the presence of additional water molecules.

a) Single Adsorbate Surface Interactions: While experiments used cis-OA as the QD ligand,
here we modeled the adsorption of a shorter chain carboxylic acid (specifically, 4-heptenoic acid)
to better understand how the carboxylic acid could interact with the NP surface. The carboxylic
acid ligands and the 2x2x3 CdS surface are depicted in Figures S11 and S12, respectively. We
investigated multiple configurations including two vertical orientations where either a) the
carboxylic acid (COOH) end or b) the alkyl (CH3) end was interacting with the surface, another
vertical orientation where c) the carboxylic acid was deprotonated (COO/H*), and finally d) a
horizontal orientation (flat) to gauge the strength of the alkene double bond on the surface. The
relaxed structures of these four configurations are depicted in Figure 6. Our adsorption energy
(Eads) findings on the 2x2x3 CdS surface are reported in Table 2. Also tabulated in Table 2 are the
Eads for the same configurations of the trans isomer of 4-heptenoic acid on CdS. The trans isomer
was included to discern whether changes in the stereochemistry of the ligand affect adsorption
energy and/or geometry. The similarities shown imply these results could be applicable to different
isomers of OA. The trend in Eags for both the cis and trans isomers is that COOH > flat > CH3

>COO7/H". Our interpretation of this trend is that it is energetically favorable for an alkane to
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weakly interact with the CdS surface, but less favorable than when a double bond is present, either

as an alkene or carboxylic acid.

Although the cis and trans configurations have similar adsorption energies, these energies are
markedly different for the dimeric configurations with changes in orientation. The range of -1.244

to -0.115 eV for the different changes in orientation show that reorganization differences can be

up to 0.6 eV per adsorbate, which is approximately 30x KT.

(a) (b)

Figure 6. Depiction of the final adsorption geometries for a single cis isomer of 4-heptenoic acid

with the a) COOH or b) CHz group pointed towards the CdS surface, the c) flat configuration, and
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d) the COO/H" starting structure, where H™ migrates back towards the COO", reattaching itself to
complete the COOH unit. Cd atoms are illustrated here as gray spheres, S atoms as yellow spheres,

O atoms as red spheres, C atoms as black spheres, and H atoms as white sphere.

Table 2. Adsorption energies (Eags) for the four single adsorption configurations of 4-heptenoic

acid on the 2x2x3 CdS surface, in both the cis and trans configurations.

Cis Eads (eV) Eags (kcal/mol) Trans Eads (eV) Eads (kcal/mol)
COOH -0.607 -13.998 COOH -0.612 -14.115
Flat -0.456 -10.509 Flat -0.456 -10.526
CHs -0.019 -0.435 CHs -0.038 -0.866
*COO/H* -0.390 -9.000 *COO/H* -0.297 -6.838

*Note the COO™ geometries only appear favorable because re-protonation occurs, allowing the
structure to revert to a similar geometry as the COOH configuration.

Table S1 tabulates the same Eags for adsorbates on a 3x3x3 CdS surface to assess whether
the trends in relaxed geometry and Eags are comparable on larger more extended surface systems.
The trend in Eags for both the cis and trans isomers on the 3x3x3 CdS surface was also COOH >
flat > CH3z >COO7/H", however, on the larger 3x3x3 surface, we found that the COO/H"
configuration was not stable for either the cis or trans isomer of 4-heptenoic acid. The COO™ and
H™* groups were further separated than on the 2x2x3 CdS surface and we believe that the tendency
for the COO/H" to reprotonate is related to the separation distance of COO™ and H*, which here is

dictated by the in-plane dimensions of the surface slab.
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While there is a predicted order in which the adsorption energies of these ligands increase,
it is important to note that all of them are still negative, representing a favorable interaction. What
changes to a varying degree is the favorability of different surface-ligand geometries, i.e., the more
negative adsorption energy values are more likely to occur, however all interactions with a

negative adsorption energy could occur.

We found large changes in the adsorbate geometry optimization of the flat and COO/H*
configurations from the initial to final relaxed coordinates for both the 2x2x3 and 3x3x3 surfaces.
In the flat orientation, the alkene bond is pushed anywhere from 2.78 to 7.58 A away from the CdS
surface, relative to the starting geometry, allowing the surface to interact more with the carboxylic
end of the adsorbate than the alkane end. The favorable interactions form at least one Cd-O bond
per relaxed structure. This is also observed for the fully relaxed COO/H* configuration on the
2x2x3 surface, where the H™ migrates back towards the COQ", reattaching itself to complete the
COOH unit, and then forming a Cd-O bond. This migration does not occur on the 3x3x3 surface;

the COO and H* are separated by more than 3 A.

The range of Eags computed for the cis isomer interacting with the 2x2x3 CdS surface in
the COOH, flat, and COO/H" structures is -0.390 to -0.607 eV, while the CHs structure is -0.019
eV, which is not as favorable an Eags. Single adsorbate geometry relaxations result in Cd-O bond
distances of approximately 2.35+0.03A, while the -OH forms hydrogen bonds with S terminations
at distances of approximately 2.00+0.1A. The full range of DFT-computed surface Cd-interaction
distances is listed in Table 3 and includes monomer, dimer, and hexamer values. The distance of
the cis isomer vertical ligands to the surface was measured from both the H and C of the vertical
ligand to the nearest surface Cd and S, and an example of these values from the monomer can be

seen in Table 4. These distances are shown to decrease from the monomer to the hexamer system,
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implying that these ligands are stabilized closer to the surface by neighboring ligands. Depictions
of which measurements were made, as well as specific distance values for the dimer and hexamer

systems, can be found in Figures S13-S15 and Tables S2 and S3.

Table 3. The full range of interaction distances, in units of A, of each of the 4-heptenoic acid

adsorbate configurations with their nearest Cd neighbor.

Interaction Distance (A)
Cd-O 2.320 - 2.380

S-H 1.910 - 2.095
Vertical 3.134-5514

Flat (with Cd-O) 7.295-7.577
Flat (without Cd-O) 2.779 - 2.821

Table 4. A sampling of distances from the closest H and end C on the alkyl chain of the vertical

monomer ligand to the closest Cd and closest S on the surface. All distances are in units of A.

Atoms Measured Distance (A)
C:.Cd 5.513
C:S 4.814
H1:Cd 5.033
H2:.Cd 5.324
H1:S 4.844
H2:S 4.354
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b) Multiple Adsorbate Surface Interactions: Configurations with either two adsorbates (referred
to as dimers) or six adsorbates (referred to as hexamers) placed together on the 2x2x3 CdS surface
were modeled to uncover pairwise interactions that could result from multiple geometry and ligand
orientation changes. Due to the reduced favorability of the COO7/H* charge-separated
configurations on the 2x2x3 and 3x3x3 CdS surfaces, this configuration was not included in the
dimer and hexamer calculations. Neither was the flat configuration, as dimer pairs took up too
much horizontal space on the CdS surface. The orientations investigated here included i) both alkyl
groups facing the surface, ii) both carboxylic groups facing the surface, and iii) alternating
functional groups facing the surface; these three configurations are shown in Figure 7. The two
most energetically favorable conformations of this set (based on data shown in Table 5) were then
also tested with three pairs on a single surface, for a total of six ligand adsorbates. This was
modeled due to the relatively high concentrations of adsorbates present in the laboratory
experiment. Here our ligands are modeled in doubles for computational convenience to better
understand the pairwise ligand interactions that could occur at the surface of CdS. We view this
50% OA flip as the minimum fraction that could occur in the basic water experiments described
in the previous section. Bond lengths in the dimer and hexamer configurations were consistent

with the values found in the single adsorbate studies that are reported in Tables 3 and 4.
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(a)

Figure 7. Depiction of the final adsorption geometries for a dimer pairing of the cis isomer ligand
with a) both COOH groups pointed toward the surface, b) one COOH and one CH3z group
alternating, and c) both CHz groups pointed towards the surface. Cd atoms are illustrated here as
gray spheres, S atoms as yellow spheres, O atoms as red spheres, C atoms as black spheres, and H

atoms as white spheres.

Table 5. Adsorption energies (Eads) for the three cis isomer dimeric adsorption configurations on
the 2x2x3 CdS surface. Given the results of the single adsorbate studies, these were not replicated
on the 3x3x3 surface. Results of the trans isomer ligand adsorptions can be found in the

supplemental Table S4.

Configuration Eass (V) Eads (kcal/mol)
2x COOH -1.244 -28.696
COOH + CHjs alt. -0.691 -15.928
2x CHs -0.115 -2.666
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Dimer pair adsorption energies on the fully relaxed 2x2x3 CdS surfaces were found to align
closely with those of the individual adsorbates; each COOH interaction was approximately -0.6
eV and each CHs was approximately 0.5 eV higher in energy; the Eags of all three configurations
are shown in Table 5. The hexamer systems, however, relaxed to energies lower than the sum of
individual adsorbates in the system. Favorable hydrogen-sulfur (H-S) bonding interactions with
the surface stabilize the adsorbates with -COOH facing the surface (O-H-S), as does the formation
of strong Cd-O bonds. When half of the hexamers are reoriented such that three CH3 groups are
pointed at the surface, creating COOH/CHz dimeric pairs, the COOH of those reoriented molecules
form a hydrogen bonding network above the ligand set that was not previously observed when all
COOH pointed towards the surface. Both interactions can be seen in Figure 8 and their Eads are
tabulated in Table 6. In addition, the adsorption energy of a ligand pair of opposite alignment, and
with opposite stereochemistry, yields an Eags between that of the cis and the trans isomer pairs with
the same alignment, implying that stereochemistry is not as important as spatial orientation when

estimating Eads.
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(a) (b)

Figure 8. Depiction of the final adsorption geometries for two hexamer configurations of the cis
isomer ligand with a) all six COOH groups pointed toward the surface, and b) three COOH groups
pointed towards the surface and three CHs groups pointed towards the surface. The adsorption
energies of these systems are lower than the sum of the individual adsorbates that comprise them,
indicating that both are predicted to be favorable motifs. Cd atoms are illustrated here as gray
spheres, S atoms as yellow spheres, O atoms as red spheres, C atoms as black spheres, and H atoms
as white spheres. Figure a) is viewed down the x-axis, while Figure b) is viewed down the y-axis.

Another angle is shown in Figure S15.

31



Nanoscale Page 32 of 47

Table 6. Adsorption energies (Eags) for three cis- dimer pairs (hexamer) adsorption configurations
on the 2x2x3 CdS surface depicted in Figure 8. Notably, each of these configurations yields an
adsorption energy lower than the sum of the individual adsorbates. Results of the trans ligands can

be found in the supplemental Table S5.

Configuration Eads (eV) Eads (kcal/mol)
COOH x6 -3.399 -78.394
(COOH + CHs) x3 -2.507 -57.820

Additional ligands lead to lower adsorption energies, possibly due to H-bonding
interactions among them. However, this effect does not decrease linearly, as the dimer pair energy
is not double the energy of the single ligand. Notably, the energy difference between the dense
carboxylic oriented hexamer surface and the oppositely oriented hexamer surface is very small,
implying that both configurations could be stable on the surface. In other words, 50% of the ligands
could flip to create a hydrogen bonding network and still have a favorable Eags as there is an
additional stabilization effect that arises from dense ligand packing at the surface. Figure 8 shows
that there are hydrogen bonding interactions that stabilize the oppositely aligned pairs (seen in
detail in Figure S15). This opposing alignment exposes polar carboxylic groups to the solvent,
which could explain the solubility of the OA-capped NPs in a polar solvent such as water.
Moreover, the configurations shown in Figure 8 are very similar in energy despite the left one
having three fewer Cd-O bonding adsorbates than the right. The results appear to indicate that the
adsorption energies on full NP surfaces will be very similar for configurations where all of the

COOH groups face the surface and where half of the COOH groups face the solvent, in alternating
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pairs. The additional energy reduction due to solvation of the COOH groups in aqueous media will

most likely mean that the reorientation of ligands to form oppositely-ordered pairs is favored.

CONCLUSIONS

In summary, this study describes a simple, single-step method to transfer OA-capped
hydrophobic NPs into water-based environments: the NPs studied here are CdSe/CdS QDs and
magnetite NPs. Red-emitting QDs synthesized in hexane were transferred into basic water within
4h at room temperature without requiring any extra reagents. The water solubilization process was
found to be pH-dependent, and the best outcome was achieved in alkaline medium (pH 8). We
propose that the transfer of QDs in water is enabled by the rearrangement of the OA ligands at the
surface of the particles to form a “mixed” monolayer, where part of the carboxylic acid moieties
stay attached to the surface of the QDs while the carboxylic acid moieties of the remaining OA
ligands are directed towards the aqueous media. This hypothesis is supported by DFT studies,
which provide evidence that when 50% of the ligands are flipped, the interactions will be

energetically favorable in aqueous media.

Transfer of QDs into water was accompanied by an unusual increase in their photoluminescence
quantum yield. Future directions will include the extension of this technique to a wider variety of
OA-capped NPs as well as NPs capped with other molecules that might also favor the formation
of “mixed” monolayers. DFT calculations may be extended to include solvation effects, larger
surfaces with more dimer pairs, as well as explorations of other surfaces based on the wurtzite
structure type to better understand the relationship between surface atom identity, orientation, and

the strength of carboxylic acid adsorption.
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We expect that our findings will open broad opportunities for NPs synthesized in organic solvents
to be used in water-based applications. For instance, these QDs could be used in biomedical
research since we have demonstrated their stability in physiological buffers, remaining colloidally
stable for over one week in 0.1X PBS and more than 12 hours in 1X PBS. In addition, these QDs
are well suited for photonic applications requiring dispersion in aqueous media, such as systems
involving metal NPs, which are typically prepared in water. In such hybrid assemblies, the
enhanced PLQY achieved through this method can improve optical performance, offering
potential benefits for sensing and detection platforms. These QD—metal NP assemblies can also be
applied in environmental monitoring and analyte detection, where enhanced sensitivity is
essential.*’ The aqueous compatibility and stable optical properties of these QDs are consistent
with current advancements in the field, where QDs are increasingly recognized for their role in
sensitive fluorescence-based detection of pollutants.***® Furthermore, the presence of surface-
exposed carboxyl groups provides reactive sites for binding target analytes like heavy metal ions.
These characteristics make them promising candidates for the development of optical sensors for

environmental monitoring applications.

EXPERIMENTAL SECTION

Chemicals

To prepare QDs, cadmium oxide (CdO, >99.99%, Sigma Aldrich, St. Louis, MO, USA),
selenium powder 100 mesh (Se, 99.99%, Sigma Aldrich), sulfur (S, >99.5%, Acros),
trioctylphosphine (TOP, 97%, Aldrich), oleic acid (OA, >97%, Fisher Science Education),

oleylamine (primary amine >98%, Sigma Aldrich), 1-octadecene (90%, Sigma Aldrich),
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hexadecylamine (98%, Sigma Aldrich), hexane (Thermo Fisher Scientific, Waltham, MA, USA),
methanol (Thermo Fisher Scientific) and acetonitrile (Pharmco-AAPER, Brookfield, CT, USA)
were used as received. To prepare magnetite NPs, FeCl2.4H20 (>99%, Sigma Aldrich), sodium
hydroxide (NaOH, >98%, Sigma Aldrich), hydrochloric acid (HCI, 36%, Thermo Fisher
Scientific), and acetone (Thermo Fisher Scientific) were used as received. All heating procedures

were carried out using heating mantles.

Synthesis of CdSe/CdS QDs

The synthesis of red-emitting CdSe QDs is based on a modified version of the procedure
used by Zhong et al.** In brief, 0.1658 g of Se powder was dissolved into 1 mL of TOP in a small
25-mL round bottom flask equipped with a stir bar to prepare the Se precursor for the reaction.
The Se solution turned black after vortexing. In order to prepare the Cd precursor solution, 0.3852
g of CdO was mixed with 5 mL of OA and 5 mL of 1-octadecene in another small round bottom
flask and the resulting solution was heated to 250 °C under inert nitrogen gas. After the dissolution
of the CdO powder, the reaction temperature was decreased to 60 °C while stirring and keeping

under inert atmosphere. The Cd precursor solution was translucent but not colorless.

In a 3-neck round bottom flask, 0.15 mL of the Se precursor was mixed with 5 mL of
oleylamine and heated to 90 °C for 20 minutes under N2 atmosphere to degas the reaction mixture.
Afterward, the reaction temperature was increased to 300 °C and, upon reaching this temperature,
1 mL of the Cd precursor was injected using a degassed glass syringe. A rapid formation of gas
was an indication of the reaction proceeding. Small aliquots (50 to 100 pL) of the resulting mixture
were diluted with 2 mL toluene and were analyzed by UV-Vis spectroscopy 5 min, 10 min, 15

min, 20 min, 30 min and 60 min after injection of the Cd precursor. The reaction was stopped by
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removing the heat source once the desired first exciton peak at around 625 nm was reached and

there was no more change in the peak position.

The purification of CdSe QDs was performed through a methanol/hexane extraction. To
accomplish this, further hexane needs to be added to the methanol/hexane mixture (e.g., around
150 mL methanol/ 250 mL hexane) until it results in easy separation of two liquid phases. The
extraction was carried out three times (using 100 — 150 mL methanol each time) and the hexane
layer was concentrated under reduced pressure. The solvent was not completely evaporated, and

the purified QDs were kept in a few mL of hexane for the next step.

To modify the surface of CdSe QDs with a CdS shell, the SILAR method was followed by
adapting the protocols of Xie et al.3" and Li et al.®® In brief, 1.5 mL of 1-octadecene and 0.5 g of
hexadecylamine were added to the purified CdSe QDs in a 3-neck round bottom flask. The reaction
proceeded under N2 atmosphere by stirring for 30 min at 100 °C, then heating to 235 °C. Two
precursor solutions were prepared: a sulfur and a cadmium precursor. Both precursors were kept
under N2 gas in small round bottom flasks. To prepare the sulfur precursor, 0.032 g of sulfur
powder was dissolved in 10 mL octadecene by heating to 180 °C under stirring and the solution
was then kept at room temperature. The Cd precursor of the CdS shell was prepared by the addition
of 0.3204 g of CdO to 7 mL of OA and 18 mL of octadecene. The mixture was heated to 240 °C,
followed by cooling down to 80 °C. Nine layers of CdS shell were formed onto the surface of the
CdSe QD cores through alternating addition of the two precursor solutions at 10 min intervals. In
accordance with Table S6, different amounts of precursors were injected into CdSe QDs solutions
at 235 °C for different layers formation. Each layer was formed by adding Cd precursor to the
solution, followed by 10 min stirring, then adding the sulfur precursor followed by another 10 min

stirring.
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The resulting CdSe/CdS QDs had a size of approximately 13 nm (measured using TEM),

a first exciton absorbance at 644 nm, and an emission wavelength of 657 nm.

For the synthesis of the second batch of CdSe/CdS QDs with higher PLQY, a different
protocol for the shell growth was followed. The modified Zhong et al. method described above
was maintained for the CdSe core synthesis. Also, the CdSe cores were purified likewise, as
described above. However, the Hanifi et al.>® method was adapted to grow the CdS shell around
125 nanomoles of CdSe cores. The CdS shell growth began with the preparation of cadmium
oleate. A 0.2 M solution was prepared by combining 0.514 g of cadmium oxide with 12.62 mL of
OA (1:10 molar ratio) and 7.32 mL of 1-octadecene in a 50-mL Schlenk flask fitted with a rubber
septum and thermocouple adapter and connected to a Schlenk line. The solution was degassed at
110 °C for two hours and then heated to 160 °C under nitrogen gas until the cadmium complexation
was complete, which took one hour. Afterward, the reaction was cooled to 110 °C and degassed
for two hours. In parallel, the sulfur precursor was prepared by mixing 0.7 mL of 1-octanethiol
with 19.3 mL of 1-octadecene at room temperature under nitrogen gas. For the CdS shell growth,
6 mL of 1-octadecene was degassed for one hour at 110°C in a 50-mL Schlenk flask, fitted with a
rubber septum and thermocouple adapter, and connected to a Schlenk line. After that, the CdSe
QD cores were added, and hexane was removed under vacuum. After the reaction mixture was
hexane-free, the temperature was raised to 240 °C, and 14.68 mL of cadmium precursor and sulfur
precursor respectively were simultaneously injected using a dual syringe pump at a 3 mL per hour
rate. Once started, the temperature was raised to 310 °C and maintained for the entire duration of
the shell growth. The reaction continued for 10 minutes after the injection was complete before
cooling to ambient temperature. The final CdSe/CdS QDs were 12 nm in diameter, with a first

exciton absorbance at 644 nm and an emission wavelength of 661 nm.
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Synthesis of Magnetite NPs

The procedure for the preparation of OA-coated magnetite (FezOs) NPs was carried out by
following the protocol reported by Patil et al.** In a round bottom flask, 2 g of FeCl,.4H,0 was
added to 20 mL HCI (2M) and the mixture was heated to 70 °C under stirring. Then, 25 mL of 3M
NaOH was added dropwise to the resulting solution while stirring. A black precipitate formed, and
this precipitate was washed several times with distilled water to reach neutral pH. Magnetic
separation was applied for washing purposes and, finally, the precipitate was dried in an oven at
100 °C for 3h. To modify the surface of magnetite NPs with OA ligands, 1 g of unmodified
magnetite NPs was suspended in 100 mL of methanol in a round bottom flask and this solution
was stirred and heated in an oil bath at 80 °C. To the resulting mixture, 10 mL of OA was added
dropwise, and the reaction was heated for several hours while stirring at 80 °C until all solvent was
evaporated. The modified magnetite NPs were washed several times with distilled water and
acetone to remove the excess amount of OA. The final product was recovered using a magnet and

obtained by drying at 50 °C in the oven for about 6 h.

Transfer of NPs from Hexane to Aqueous Media

The crude CdSe/CdS QDs (1 mL) were diluted with 10 mL of hexane and were extracted
against 25 mL of methanol (at least five times). 1 mL of washed diluted QDs with absorbance
about 0.1 at 644 nm was mixed with 0.5 mL acetonitrile in order to obtain a higher isolation yield.
The mass of QDs in a 1 mL sample was about 1.5 mg. The resulting mixture was centrifuged at
21,000 g for 30 min at 7 °C to get a pellet, then the supernatant was removed with a micropipette.
Approximately 5 pL of solvent was left with the pellet. At this step, the resulting pellet was

redispersed in water media (1 mL of pH 8 solution, using KOH, or pH 6 Millipore water) and a
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very cloudy solution was initially seen in the centrifuge tube. The solution was sonicated at room
temperature for 2 minutes at one-hour intervals over a total period of 4 hours (i.e. a total of four 2-

min sonications), and was then left undisturbed overnight at room temperature.

For magnetite NPs, the powder of OA-coated FesO4 NPs (2 mg) was directly suspended in
water or hexane (4 mL) using sonication, and dispersion behaviors were investigated as a function

of time.

Characterization and Sonication Equipment

Sonication was carried out using a Fisherbrand CPX digital ultrasonic bath (1.9 L) from
Fisher Scientific. A Beckman DU730 UV-Vis spectrophotometer (Beckman, Brea, CA, USA) was
used for the absorption analyses of QDs samples in different media. PL measurements were carried
out using a DUETTA fluorometer (Horiba, Piscataway, NJ, USA); the excitation wavelength was
adjusted to 470 nm. To image QDs, transmission electron microscopy (TEM, Hitachi 7800, Santa
Clara, CA, USA) was utilized. The Fourier transform infrared (FT-IR) spectra were recorded using
a PerkinElmer Frontier Optica FT-IR instrument (Shelton, CT, USA) and the Nuclear Magnetic
Resonance (NMR) spectra were obtained using a JEOL 400 MHz spectrometer (Tokyo, Japan).
The solutions were also analyzed using Dynamic Light Scattering (DLS) with the Zetasizer Nano-

ZS system (Malvern Instruments, Southborough, MA, USA).

Simulation of QD System using Open-Source Computational Packages

a) Adsorbate Modeling: Due to computational limitations, the full 18 carbon chain of OA was
substituted with 4-heptenoic acid as it contains both alkene and carboxylic acid functional groups

and is the closest location for the double bond to avoid possible conjugation interactions or
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cyclizations with the carboxylic acid. Modeling efforts employed both the cis- and trans-isomer
for surface adsorbate relaxations. Each adsorbate was also tested in four different orientations

against the CdS surface. Figure S11 shows the two isomeric configurations of the adsorbate.

b) Surface Model Generation: The CdS surfaces employed here are intended to be an
approximated localized model of a core-shell CdSe/CdS QD surface. Previous studies*®
determined that the (101) surface termination was the most stable cleavage plane of CdS surfaces.
CrystalMaker®*’ was used to generate CdS (101) surfaces of dimension 2x2x3 and 3x3x3 unit
cells, which terminated in alternating cadmium and sulfur atoms. They contained 96 and 216
atoms, respectively. After a full geometry optimization and atomistic relaxation, the Cd-S bonds
in the surface are between 2.51-2.56A and the S-Cd-S bond angles are between 105-114°. Three
different views of the CdS (101 or 112-bar0) surface are shown in Figure S12. These surfaces were
placed in close contact with single adsorbates and multiple configurations that contained two to

six adsorbates.

¢) Computational Parameters: We employed Quantum ESPRESSO,*: 4 an open-source plane-
wave DFT software package, for all calculations. Each atom was represented using GBRV-type
ultrasoft pseudopotentials.>® 5! A plane-wave cutoff of 40 Ry and charge density cutoff of 320 Ry
were used for all calculations, in line with similar surface studies.®® 5% Adsorbate geometry
optimizations were obtained using a box 20 A. per side. Bulk structural relaxations of CdS used a
4x4x4 k-point grid® and then a 2x2x1 k-point grid for adsorbate-surface systems, which included
15 A of vacuum. The energy convergence criteria for self-consistent relaxations was 5 x 10 eV.
Geometry optimization of all surface-adsorbate interactions did not include fixing any layers, so
all atoms were allowed to fully relax.>® All calculations were performed at the General Gradient

Approximation (GGA) level using the Wu-Cohen (WC) modified PBE-GGA exchange correlation

40

Page 40 of 47



Page 41 of 47

Nanoscale

functional for solids.® %" All figures were generated using XCrysDen,>® an open-source molecular

structure visualization software package.

The adsorption energy (Eags) is calculated by subtracting the sum of the initial surface and
adsorbate energy from the final energy of the total system, illustrated in equation 1. From right to
left, Eagsorbate iS the energy of the adsorbate (alone in a box of length 20 A), Esurface is the energy of
the supercell slab structure (2x2x3 or 3x3x3), and Esys is the final energy of the relaxed surface-
adsorbate structure. The result of this calculation is Eags, the total energy of the interaction of the

adsorbate with the surface.

Eads = Esys - (Esurface + Eadsorbate) (Eq-l)
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