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ABSTRACT: Colloidal quantum dots (QDs) are attractive fluor-
ophores for bioimaging and biomedical applications because of
their favorable and tunable optoelectronic properties. In this
study, the native hydrophobic ligand environment of the ole-
ate-capped sphalerite CdSe/ZnS core/shell QDs was quantita-
tively exchanged with a set of imidazole-bearing small-mole-
cule ligands. Inductively coupled plasma-optical emission spec-
troscopy and 'H-NMR were used to identify and quantify three
different ligand exchange processes: Z-type dissociation of the
Zn(oleate),, L-type association of the imidazole, and X-type an-
ionic exchange of oleate with CI-, all of which contribute to the
overall ligand exchange.

INTRODUCTION

For bioimaging applications of quantum dots, ex-
change of native hydrophobic ligands with small molecules
can achieve water solubility while preserving a small hy-
drodynamic radius.'4¢ Several types of hydrophilic ligands
have been identified for ligand exchange of fluorescent
QDs.727 Numerous studies on thiol anchoring groups
show their high binding strength to the QD surface. How-
ever, thiols are not an ideal solution for bioimaging appli-
cations. The susceptibility of QD-thiol conjugates to oxi-
dation, photoluminescence (PL) quenching, and nonspe-
cific binding prevent them from being effectively used in
biomedicine.'8:28-3

Therefore, researchers have turned to imidazoles as the
anchoring group of choice for bioimaging applications. Im-
idazole-bearing copolymers have shown promising results
in bringing QDs into polar solvents and maintaining low
cytotoxicity and low non-specific binding.3*37 The imidaz-
ole anchoring group has shown good affinity for the under-
coordinated metal sites on the QD surface while maintain-
ing a high quantum yield and being resistant to oxida-
tion.3>33 Inspired by early results with polyhistidine-tagged
peptides, research has focused on synthetic polymeric im-
idazole ligands since they appear to show higher binding
affinity toward the QD surface compared to small mole-
cules and, therefore, relatively high stability in polar solu-
tions.32333%-4° However, the main drawback to polymeric
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imidazole ligands is their large molecular sizes and random
packing at the QD surface, creating a risk of undercoordi-
nated sites on the QD surface.3# Small-molecule ligands
can reach the QD surface efficiently to prepare a well-
packed coating, which could both increase the solubility of
the QDs in polar environments and also diminish oxida-
tion at the QD surface. However, examples of QDs stabi-
lized by small molecule imidazole coordination are lack-
ing. A study of nucleophilic coordination of CdSe QDs in
benzene found that alkylimidazole could displace phos-
phines but did not lead to colloidal stability even at high
ligand concentrations.+?

Herein, we describe a small-molecule model for imidaz-
ole coordination in a polar solvent that permits systematic
investigation. Initially oleate-capped QDs (QD-OA) can
undergo three types of ligand exchanges under the experi-
mental conditions (Scheme 1): Z-type dissociation of
Zn(oleate),, L-type nucleophilic association of the imidaz-
ole ligands, and X-type anionic exchange of the oleate lig-
ands with Cl~. In this study, we report sphalerite
(zincblende) CdSe/ZnS core/shell QDs that are coordi-
nated by histidine and two histidine-derived esters (L1, L2,
and L3) as small molecule imidazole ligands. Quantitative
analytical measurements identified the number of bound-
oleate ligands per QD, the amount of oleate removed from
the QD surface, and the percentages of the Z-type dissoci-
ation and X-type exchange.



Scheme 1: Representative reactions comprising ligand
exchange of QD-OA with imidazole derivatives
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EXPERIMENTAL SECTION

Preparation of CdSe/ZnS and CdSe/CdS core/shell
QDs. Sphalerite core/shell CdSe/ZnS and CdSe/CdS QDs with
a 1.6 monolayer shell thickness and oleate ligand termination
were synthesized using a previously described method for the
cores, 44 followed by shell growth using SILAR.45-47 (Addi-
tional detail is found in Supporting Information). Before the
ligand exchange, oleate-QDs were purified using one cycle of
precipitation and redispersion (1xPR), followed by GPC in tol-
uene# to remove growth solvent and excess oleate ligands.

Ligand exchange procedure. A sample of GPC purified
core/shell QDs (10 nmol) was brought into CHCI3 (2mL). L1
(0.0364g) was dissolved in 1omL of methanol and the pH of
the mixture was adjusted to 7.0 by adding saturated NaOH in
methanol (pH was measured by bringing an aliquot of the
methanol mixture in to deionized water). Finally, the volume
of the mixture was adjusted to 15 mL to achieve a ligand con-
centration of 10 mM. The solution of L1 (2 mL) was added to
the QD sample dropwise over 30 min while stirring. The ho-
mogeneous mixture was allowed to stir for another 30 min be-
fore degassing to dryness with N,. Ligand-exchanged QDs
were then dispersed in 2 mL of methanol and washed with 3
mL of hexane three times. The hexane layers were separated
carefully to remove displaced oleate from the mixture and
combined for further analysis. Purified QDs and an aliquot of
the hexane layer were characterized by optical and 'H NMR
spectroscopy. Another aliquot of the hexane layer was used for
ICP-OES analysis.

Reactions for ligand exchange with Lz, L3, and L4 were car-
ried out under the same conditions as described above for Li.

GPC Purification of small-molecule imidazole capped
QDs. Excess small-molecule imidazole ligands were removed
from the initial ligand exchanged QD sample by a size exclu-
sion chromatographic technique. Here, 10 nmol of the small-
molecule imidazole capped QDs were purified by a GPC col-
umn with Sephadex LH-20 using methanol as the mobile
phase. The purified sample was collected when the elution
volume reached about 1/3 of the total volume of the column.
The GPC column was rinsed thoroughly (3x total column vol-
ume) between successive purifications.

Optical spectroscopy. Formation of QDs, shell growth,
and ligand exchange was monitored by UV-visible absorption
using a Thermo Scientific Evolution Array spectrophotometer
with hexane (before ligand exchange) or methanol (after lig-
and exchange) as solvents as well as the blank in a 1 cm path
quartz cuvette. The fluorescence spectra were also recorded to
monitor the growth and size distribution of the QDs. Emission
spectra were recorded by an Ocean Optics USB 4000 spec-
trometer under ~365 nm excitation.

The absolute quantum yield (QY) of the initial and ligand
exchanged samples are estimated by quantitative comparison
to rhodamine 640 perchlorate (R640, QY = 95% in methanol).
Photoluminescence spectra of QD samples and R640 dye were
taken under the same spectrometer conditions on a Horiba
fluorescence spectrometer in triplicate and averaged. The op-
tical density of the samples was kept below 0.1 between 500
and 700 nm to avoid internal filtering effects, and excitation
wavelengths were selected at points of similar optical density.
The quantum yield was calculated based on the integrated in-
tensities (area under the curve) of the emission spectra, the
absorption at the excitation wavelength, and the index of re-
fraction of the solvent based on established methods.4?

Inductively Coupled Plasma-Optical Emission Spec-
troscopy analysis. According to a previously published pro-
cedure,49 samples for ICP-OES were prepared by drying an al-
iquot of the hexane layer (2 mL) in a 15 mL high-density poly-
ethylene narrow mouth bottle sealed by a rubber septum un-
der vacuum to remove all the solvent. A 0.5 mL aliquot of 30%
aqueous hydrogen peroxide solution was added to the dried
sample, and the polyethylene bottle was quickly and tightly
closed. The sample was allowed to digest for 5 min, and then
a 0.5 mL aliquot of 70% aqueous nitric acid solution was
added, and the bottle was closed again. The reaction mixture
was allowed to digest for another 30 minutes. Finally, the sam-
ples were diluted by adding 6 mL of DI water (18.3 MQ-cm).
Calibration solutions were prepared using a commercial mul-
tielement calibration standard containing 24 elements (Spex
CertiPrep CL-CAL-2, Lot Number CL3-12MJY). Final concen-
trations of the calibration standards were set to o (blank),
0.00625, 0.0125, 0.025 and 5 pg/L, respectively. Emission spec-
tra were collected at the following wavelengths: for Cd, 214.4,
228.8, and 361.0 nm, for Se, 196.0 and 203.9 and 206.2 nm, and
7Zn 330.2, 334.5, 481.0 nm.

'H NMR analysis. Samples were prepared by dissolving the
initially purified QDs, purified ligand exchanged QDs, and al-
iquots of the hexane layer in deuterated solvents (CDCI3 for
initial QDs and CD30D for ligand exchanged QDs). Initial QD
samples were isolated using one cycle of precipitation and re-
dissolution by using acetone and methanol and were brought
into CDCl3. Then, all the samples were dried under vacuum
on a Schlenk line. The samples were then dissolved in a known



amount of the respective deuterated solvents and transferred
into an NMR tube. Spectra were recorded using a Bruker
Avance III HD 400 with 64 scans and a 15 s relaxation delay.
The concentration of the oleate/oleic acid in the hexane layer
was evaluated using hexamethylcyclotrisiloxane as the inter-
nal standard. Variable-temperature analysis was performed
using 10 nmol Li-capped QDs or a similar total concentration
of neutralized L1 ligand in 1 mL methanol-d4

Zeta potential ({) and dynamic light scattering (DLS).
For each of these measurements, samples (~5 nmol) of oleate

capped QDs (in CHCI3), L1 capped, L2 capped and L3 capped
QDs (in MeOH) were brought into 2 mL solvent and added
into quartz cuvettes. Measurements were performed using a
Zetasizer Nanoseries ZEN3690 instrument. Measurements of
{ using a quartz cell were run 3 times per sample at 25°C to
obtain average and standard deviation. Measurement of hy-
drodynamic diameter (HD) via DLS were collected over gos
for 5 runs, 3 times per sample at 25°C using appropriate plastic
cuvettes.

Scheme 2: Ligand exchange procedure (QD-L1) and biphasic washing to remove free oleate
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RESULTS AND DISCUSSION

Initially, ligands Li-Lg4, received as hydrochlorides, were
dissolved in methanol, and the solutions were titrated us-
ing a saturated NaOH solution in methanol such that ali-
quots diluted in water indicated a pH of 7.0. Adjusting the
pH of the ligand solution showed that the dihydrochlorides
and the neutral bases of L1 and L2 were not effective in lig-
and exchanges. We believe the presence of the positive
charge on the ligand backbone allows it to interact with the
polar solvents while electrostatic stabilization with bound
Cl- on the surface of the QD improves the binding. The fi-
nal concentrations of the ligands in methanol were set to
10 mM. Ligand exchange was accomplished in a homoge-
neous mixture of chloroform and methanol, followed by
washing of the ligand-exchanged QDs with hexane as out-
lined in Scheme 2.

Imidazole-bearing ligands successfully underwent the
ligand exchanges with CdSe/ZnS QDs, but the treatment
of CdSe/CdS QDs under the same conditions was unsuc-
cessful, with addition of ligands promoting aggregation.
We note that weaker coordination of Cd** than Zn>* by
amine ligands has been reported in molecular complexes.>
As expected, L4, which lacks an imidazole ring, was not
able to make colloidally stable QDs in methanol, suggest-
ing that the imidazole group is indeed responsible for sur-
face coordination in L1, L2, and L3. In addition, attempted
ligand exchange with analogues of L1 in which the amine
was acylated to a non-ionic amide were unsuccessful, indi-
cating a role for the primary amine in stabilizing the lig-
and-exchanged QDs.
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Purification of the ligand-exchanged QDs was accom-
plished in two stages. Firstly, ligand-exchanged QDs dis-
solved in methanol were washed thrice with hexane to re-
move the extruded oleate ligands. The hexane fractions
were collected and combined for later analysis. The washed
QDs were then further purified using GPC to separate the
QDs from unbound imidazole ligands (Sephadex LH-20,
methanol mobile phase: Supporting Information Figure
S5). To confirm the separation of the free L1 ligands from
the QD-L1, 1 mL fractions were collected from 4 mL to 16
mL after injection of the QDs onto a column of ~13 mL total
bed volume. The majority of the QD-L1 were isolated in the
5 mL and 6 mL fractions. The QDs could be identified by
their visible absorption, while ligands were visualized us-
ing a ninhydrin probe, making use of the primary amine
group in L1-L3. QD-L1 in the fractions 5-6 and free L1 in
the fractions 9-11 became dark purple after the ninhydrin
test. This was an initial confirmation that the QDs are
capped by the Li: the orange color spots for fractions 5-6
changed to dark purple after the ninhydrin test.

UV-Vis and PL maxima did not show a significant shift
upon ligand exchange (Figure 1). Among the ligands
tested, L1 and L2 imparted high colloidal stability in meth-
anol over a period of weeks, while QDs exchanged with L3
displayed increased light scattering and flocculation within
24 h.
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Figure 1. Absorption (left) and emission (right, 365 nm excita-
tion) spectra of CdSe/ZnS QDs before and after ligand ex-
change with Li.

Fourier-transform infrared (FTIR) spectra of the QDs be-
fore and after ligand exchange with L1, collected in an at-
tenuated total internal reflection (ATR) geometry, are de-
picted in Figure 2 (additional results in Supporting Infor-
mation Figures $6-S8). The oleate-capped QDs have
asymmetric CH, vibrations at 2923.5 cm™, symmetric CH,

vibrations at 2853.0 cm™, asymmetric COO- vibrations at
1545.1 cm™ and symmetric COO~vibrations at 1457.6 cm™.5!
The FTIR spectrum of L1, (red in Figure 3) shows N-H
bend out-of-plane vibration at 623.6 cm™, C-H bend out-
of-plane vibrations at 832.6 cm™, and C-H bend vibrations
at 1082.2 cm™ which are related to the imidazole ring. QD-
L1, QD-L2, and QD-L3 all demonstrate a similar pattern to
free ligands, but with significant frequency increasement
in the imidazole resonances, reflecting the imidazole ring
bonds’ strengthening by electropositive Zn>* metal ions on
the QD surface (Supporting Information Figures S7-S8).5*
This is conclusive evidence that the incoming ligands bind
to the QD surface via imidazole.

The 'H-NMR spectrum of GPC-purified QD-OA in tolu-
ene (blue in Figure 3) has a broad peak at 5.56 ppm, con-
firming the bound-oleate population, while the 'H-NMR
spectrum of L1 in methanol (red) shows peaks at 6.89 ppm
and 7.61 ppm that correspond to the imidazole ring pro-
tons. Purified QD-L1 (green) indicates both imidazole and
oleate ligands present in the sample.
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Figure 2. FTIR characterization of ligand exchange with Li.

We used variable temperature 'H-NMR (VT-NMR) to
further investigate the binding of imidazole ligands to the
QD surface. Compared to free L1, QD-L1 in the same sol-
vent shows peak broadening at lower temperatures (Fig-
ure 4). Even though ligand coordination is clearly evident,
it remains dynamic in the sense of rapid exchange with so-
lution-phase and/or other QDs. An apparent consequence
is that QD-L1 could not be brought into water or aqueous
buffers, despite several attempts and conditions. The con-
trasting experience with imidazole-bearing polymers,
which have been used previously by our group and others
to bring similar QDs, including wurtzite CdSe/CdS into
water, 7333438405356 guggests that the polymer-capped QDs
are indeed thermodynamically stabilized by multiple coor-
dination at the QD surface.

To further characterize the products, we employed a

quantitative approach using both inductively coupled
plasma optical emission spectroscopy (ICP-OES) and 'H-

2500 4000

NMR spectroscopy. Initially, the extruded oleate ligands
were collected from the ligand exchanged QD samples by
combining the three hexane fractions from the washing
steps. Then, an aliquot of the extruded sample (hexane
layer) was used to find the concentration of metal by ICP-
OES. Another aliquot was used to find the concentration
of oleate ligands simply by using quantitative 'H-NMR,
where hexamethylcyclotrisiloxane was used as the internal
standard, to arrive at the relative ligand and metal amounts
per QD. Results are summarized in Table 1.

According to the quantitative 'H-NMR, up to 77% of the
oleate ligands present in QD-OA are removed from the QD
surface on formation of QD-L1 (Supporting Information
Fig. S9-S10). Analysis of the hexane wash suggests that
about 32% of the departed oleate was accompanied by Zn
(representing Z-type dissociation of Zn(OA),) while the re-
mainder (about 68%) were not accompanied by loss of Zn
and are presumed to have undergone X-type exchange
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Figure 3. 'H-NMR characterization of ligand exchange with Lx.
(NMR standard hexamethylcyclotrisiloxane peak resides at 0.2
ppm).
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Figure 4. Variable Temperature 'H-NMR spectra of L1 (top)
and QD-L1 (bottom) focusing on imidazole C-H protons.

in which they are replaced by chloride, maintaining ap-
proximate charge balance. Dissociation of a substantial
fraction of the oleate ligands from the QD surface allows
the L-type association of the small-molecule imidazole lig-
ands L1-L3; in fact, it almost doubled the ligand population
on the QD surface overall based on 'H NMR of the QDs in
methanol. We note that previous studies of sphalerite-

based CdSe QDs demonstrated that the number of vacant
coordination sites on (111) surfaces exceeds the number of
monovalent anions required for charge balance and that
additional coordination sites can be occupied by neutral
amine ligands binding through L-type coordination.5”
SEM-EDAX analysis of QD-L1 before and after GPC purifi-
cation confirms X-type exchange with CI- since almost all
the Na*is removed from the QD sample after the ligand
exchange, while a significant amount of Cl-is still present
in the purified QD sample. Exchange of oleate with Cl- has
also been reported in CdSe, but colloidal stability could not
be maintained by coordination of alkylimidazole in that
case 458

Table 1: Quantitative analysis of the ligand exchange
using 'H-NMR and ICP-OES

QD-0A QD-L1 Hexane Wash

NMR OA:QD 118+2 27+2 71+2
L1:QD N/A 186+2 O

ICP-OES Zn:QD 116 * 04
Cd:QD 0.012+ 0.003
Se:QD 1.57 + 0.16

Nearly 60% of the PL quantum-yield (QY) was main-
tained after the ligand exchange of oleate-capped QDs
with Li: Table 2 compares the absolute QY of QD-OA in
toluene (following GPC purification) and of imidazole-
capped QDs in methanol. Zeta potential measurements
suggest that the initial negatively charged environment of
the QD surface, terminated with oleate ligands, changes to
a positively charged surface when capped with the imidaz-
oles. We attribute the positive { potential, which ap-
proaches the 25 mV thermal voltage considered a thresh-
old for long-term charge stabilitization, to partial dissocia-
tion of primary ammonium chloride functions on L1-L3 in
the methanol solvent.

Table 2. Quantum Yield, Zeta Potential, and DLS

QD Type Qy (%) {(mv) HD (nm)
QD-0A 41.3 -19.9+3.0 41+1.3
QD-L1 24.7 20.9+3.9 3.1+0.5
QD-12 24.2 17.7+0.4 3.84+0.5
QD-13 17.3 22.6+0.3 6.5+ 1.0

We note that previous efforts to stabilize chalcogenide
QDs in anhydrous solvents with L-type ligands have en-
countered difficulty; stability appears to rely on steric sta-
bilization from bulky X-type ligands such as oleate. In the
present case, protonation of the amine-bearing imidazoles
seems to contribute a measure of charge stabilization in
methanol.® The hydrodynamic diameter (HD) values ac-
quired through dynamic light scattering experiment show
QD-L1 and QD-Lz2 have smaller radii than QD-OA, which



is expected for well-dispersed samples, as the imidazole
ligands we have chosen are smaller than the oleates. In
contrast, the higher HD of QD-L3 is likely a result of partial
aggregation: indeed, we note that QD-L3 had relatively low
colloidal stability, displaying visible flocculation and pre-
cipitation within 24 hours.

CONCLUSIONS

We have described successful ligand exchanges starting
from oleate-capped CdSe/ZnS core/shell QDs with a series
of small-molecule imidazole ligands that are able to colloi-
dally stabilize them in a polar solvent (methanol), main-
taining about 60% of their initial QY. UV-Vis data sug-
gested the presence of imidazoles in the ligand-exchanged
samples; we confirmed by FTIR and VT-NMR that these
histidine-derivative ligands bind to the QD surface via nu-
cleophilic coordination of the imidazole anchoring group.
However, coordination and colloidal stability are also pro-
moted by the presence of a primary amine that contributes
to charge balance at the QD surface. Ligand-exchanged
QDs showed higher vibrational frequencies related to im-
idazole ring vibrations in FTIR and broadening of the im-
idazole ring proton at 6.89 ppm in the VT-NMR. Quantita-
tive analysis of the ligand exchange demonstrates that up
to 77% of the native oleate ligands have been removed from
the QD surface. X-type exchange with Cl- is the dominant
process (68%) for removal of oleate from the QD surface
while Z-type dissociation of the zinc oleate contributes the
remainder. The { potential shifts to a positive value upon
successful ligand exchange suggesting partial electrostatic
stabilization in methanol. We expect that the library of
small molecule imidazoles could serve as a model system
to explore CdS and ZnS QD surfaces in aqueous environ-
ments relevant to bioimaging and other biomedical appli-
cations.
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Synopsis: A small-molecule imidazole ligand system is demonstrated that can bring CdSe/ZnS core/shell quantum dots into
methanol solution. Coordination is via the imidazole lone pair with charge balance via simultaneous coordination of excess

metal equivalents on the nanocrystal by chloride.




