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ABSTRACT: This study examines the relative binding strength of a series of thiolate ligands to the surfaces of zincblende 
CdSe/ZnS core/shell quantum dots (QDs) passivated by phosphonate ligands under basic conditions in water by means of 
isothermal titration calorimetry (ITC). A labile hydrophilic intermediate, 2-aminoethylphosphonic acid (AEP), was intro-
duced in place of native hydrophobic carboxylate ligands to produce water-soluble QDs and provide a universal starting 
point for competitive anionic exchange reactions. We introduce monothiols of different chain lengths, and a dithiol ana-
logue (dihydrolipoic acid), to probe the effects of chain length and denticity on binding strength. Introduction of each of 
the ligands produces an exothermic response. An increase in chain length among the monothiols led to an increase in the 
equilibrium exchange constant, Kex, indicating longer chain lengths lead to stronger binding. However, the shorter chain 
mercaptopropionic acid showed greater total exothermicity, which appears to indicate a greater total number of accessi-
ble binding sites. Introduction of a dithiol ligand produces a larger Kex than the monodentate thiols, consistent with 
greater binding strength and stability inferred from previous observations, and ligand density comparable to the shorter-
chain mercaptopropionic acid at saturation. This work should aid in the development of stable and versatile water-soluble 
QD colloids for bioimaging and sensing applications. 

INTRODUCTION 
Colloidal semiconductor quantum dots (QDs) have 

emerged as promising fluorescent imaging probes for bio-
logical applications due to their enhanced photostability, 
narrow size-tunable emission spectra, and multifunction-
al surfaces compared to common organic fluorophores.1–5 
When a semiconductor QD (such as CdSe, ZnSe, or InP) 
is overcoated with an inorganic shell (CdS(Se), ZnS(Se), 
etc.) to produce appropriate core/shell heterostructures, 
the photoluminescence quantum yield (PLQY) and pho-
tostability can be further enhanced due to isolation of 
potential surface trap states from the excited states cen-
tered on the core.6–11 Core/shell structures are widely em-
ployed in QDs used for biological applications because 
they tend to maintain higher PLQYs upon phase transfer 
into polar/aqueous solvent relative to core-only particles, 
yet their PLQY typically remains sensitive to surface mod-
ification.12–15 Achieving appropriate coordination of the 
inorganic surface of core/shell QDs has been a major fo-
cus in developing highly capable QD-based agents for 
fluorescence microscopy, diagnostics, and sensors in bio-
logical applications. Replacing initial coordinating ligands 
(which are typically hydrophobic) with hydrophilic ones 
offers a route to aqueous QDs with smaller hydrodynamic 
size than can be achieved with alternative encapsulation 
strategies.16–20  

Previous studies of ligand exchanges for biological QD 
applications have typically focused on establishing the 
feasibility of various strategies for surface coordination, 

colloidal stability, linking chemistry, and absence of non-
specific binding.  Some strategies include monodentate, 
polydentate,21 and polymeric ligands22–25 that can coordi-
nate the QD surface while providing anionic,26 zwitterion-
ic,17,27–29 or steric (e.g. polyethylene glycol, PEG) stabiliza-
tion.16 In many cases, thiols are the predominant binder 
group, chosen for its strong affinity to QD surfaces and 
relative ease of exchange with native alkylcarboxylate, 
alkylphosphonate, amine, and phosphine ligands under 
anhydrous and biphasic conditions.16,17,26,30,31 To advance 
the prospects of QDs in aqueous and biological environ-
ments, it is necessary to evaluate the complex surface 
chemistry of QDs under such conditions in an organized, 
systematic approach that facilitates the creation of more 
stable, robust, and versatile QD coatings. In particular, 
there is a growing need to understand the coordination 
and intermolecular interactions that promote the stabili-
zation of molecular ligands on QD surfaces under these 
conditions. While thiols can suffer from limitations in 
terms of fluorescence brightness and stability toward oxi-
dation,12,32,33 they provide a good model for systematic 
variation of denticity, tail group size, and structure in 
order to examine their contributions to binding thermo-
dynamics.26,34 Additionally, thiols provide access to very 
small hydrodynamic sizes17,35 and are also known as lig-
ands for direct synthesis of QDs in aqueous solvent mix-
tures.36 

Rotello’s group found that dithiolate anchors on PEG 
chains used for steric stabilization lead to greater intracel-
lular stability of CdSe/ZnS vs. monothiolate-capped QDs 



 

of the same size.37 Heyes’s group also sought to determine 
whether mono- or bi-dentate binders were more suitable 
for biological applications by monitoring binding of thio-
lated probe molecules (dyes and reduced immunoglobu-
lin G) to CdSe/ZnS QDs capped by monodentate mercap-
topropionic acid (MPA) or bidentate, 8-carbon dihydroli-
poic acid (DHLA) in neutral aqueous buffer.38 They found 
an intriguing result: bidentate DHLA was a stronger bind-
er to the QD and better able to resist binding of probes at 
high probe concentrations, but DHLA suffered from 
greater probe binding at low probe concentration, an ap-
parent consequence of lower surface coverage by the bi-
dentate ligand that left vacant sites to which probes could 
easily bind. However, they did not test longer-chain 
monodentate ligands. Longer alkyl linkers appear to be 
associated with greater stability of alkanethiolate-coated 
QDs as recently reported by Heyne et al.34 More sensitive 
metrics that directly measure ligand association or ex-
change are necessary to go beyond such rankings and 
quantify the strength of binding among different binders, 
but there are relatively few studies that directly study 
relative binding strengths and quantify ligand exchanges 
in polar/protic solvents.12,39,40 

In this study, the ligands 3-mercaptopropionic acid 
(MPA), 11-mercaptoundecanoic acid (MUA), and dihy-
drolipoic acid (DHLA) were introduced as thiolates to the 
QDs coordinated by 2-aminoethylphosphonate (AEP) in 
aqueous mildly basic aqueous buffer (Scheme 1). We 
monitored this competitive exchange by NMR and iso-
thermal titration calorimetry (ITC) to examine how in-
creases in alkyl chain length and/or substitution of a bi-
dentate anchor group influence the association constants 
for thiolate ligands to QDs under aqueous conditions. 
Scheme 1. Phosphonate to thiolate ligand exchange 
reactions 

 
Isothermal titration calorimetry (ITC) is a well-known 

biochemical technique used to characterize the thermo-
dynamics of binding interactions to proteins and other 
biological substrates.41–44 Recently, ITC has been applied 
to coordination of nanocrystal surfaces such as Au nano-
particles and CsPbBr3, InP, and CdSe, and CdSe/CdZnS 
QDs.45–55 ITC offers some advantages over common spec-
troscopic metrics and is not limited to deuterated sol-
vents, spectroscopic handles, or high sample concentra-
tions. Through a single and direct measurement, the en-
thalpy change, equivalency, and binding constant may be 
obtained.56 However, the signal measured is sensitive to 
contributions from all processes or reactions taking place 
during the titration, thus complementary techniques 

(such as NMR) are often required to characterize the re-
actants and final products. 

Ligands for aqueous QDs generally consist of a binding 
headgroup, a hydrophilic tail group, and a spacer (such as 
an alkyl chain) between the two,16 all of which may have 
some contributions to the enthalpy and entropy of bind-
ing through coordination, interligand, and ligand-solvent 
interactions. Such interactions may vary with QD compo-
sition, crystal structure, size, or shape. Therefore, system-
atic studies on the independent influence of each moiety 
are necessary to establish how ligands bind and what 
leads to stronger binding. Rioux’s group investigated the 
effect of chain length on the adsorption of alkane thiols 
with carboxylic acid binders (including MPA) to Au na-
noparticles (NPs) in water.46 The binding appeared to be 
enthalpically-driven, and increasingly exothermic with 
increasing chain length (C2-C6) regardless of Au NP diam-
eter (5-20 nm). The effect of alkyl chain length for mono-
thiols has also been described by Elimelech et al. on ole-
ate-capped CdSe QDs in trichloroethylene.53 There, in-
creases in chain length also contributed to greater exo-
thermicity, with compensation by greater entropic loss 
observed at longer chain lengths where ligands passivate 
the QD less efficiently due to steric effects. Recently, this 
work has been extended to comparison of branched and 
linear thiols, in which branched alkylthiols were found to 
suffer a smaller entropic penalty on exchange onto the 
surface.57 Most ITC studies with QDs have been limited to 
nonpolar or weakly polar solvents, where it is known that 
thiolates bind strongly to surface atoms and displace car-
boxylates in approximately 1:1 stoichiometries (an exam-
ple of X-type ligand exchange58). This may not be the case 
in aqueous solution where water can solvate charges and 
the pH can strongly influence the protonation states and 
binding of ligands.12,39,59 There is a need to extend our un-
derstanding of ligand binding to this regime relevant to 
bioimaging. Here, we quantify the relative binding 
strengths of thiolate ligands with different alkyl chain 
lengths and denticity to CdSe/ZnS core/shell QDs in 
aqueous buffer.  

To effectively describe the relative binding of thiolates 
by ITC, a homogeneous solvent is required. However, 
direct replacement of native ligands such as oleate with 
thiols is often conducted via biphasic reactions or in or-
ganic solvents and while effective, it would be advanta-
geous to describe such exchanges in aqueous solvents. 
Recently, the Weiss group reported the formation of wa-
ter-soluble CdSe and CdS QDs through X-type oleate to 
phosphonate exchange, with a view toward photocatalytic 
applications.39,40,59,60 2-aminoethylphosphonic acid (AEP) 
was shown to be a labile ligand that provided several days 
of colloidal stability under basic conditions via electro-
static stabilization.40 We reasoned that AEP-capped 
core/shell QDs could serve as a starting point for investi-
gating ligand exchanges in water, with AEP effectively 
serving as a leaving group. As a strategy for investigating 
the relative binding strength of thiolates, this approach 
has several advantages compared to investigating ex-
changes from one thiol to another. Firstly, as seen below, 



 

AEP to thiolate exchange is strongly exothermic, produc-
ing a signal that is easily distinguished from heats of dilu-
tion and probes the difference in enthalpy for phospho-
nate vs. thiolate coordination in aqueous buffer. Secondly, 
examining a reaction with a larger value of the exchange 
equilibrium constant Kex facilitates finding unique solu-
tions for Kex, the number of sites N, and the average en-
thalpy change ΔH.61  

Thiols possess lone pairs in addition to a moderately 
acidic proton, and as such can in principle function as 
neutral nucleophilic (L-type) ligands in their protonated 
form, or as X-type thiolates.12,58,62 The latter case appears 
to predominate in several examples of thiol ligand coor-
dination in polar and non-polar solvents.12,53,63 To simplify 
the analysis in the present case, reactions were conducted 
in moderately basic borate buffer (pH ~9.2), which is 
above the typical pKa for thiols and carboxylates in water, 
and is also a regime in which the AEP-QDs are relatively 
stable. The zincblende crystal structure was selected due 
to greater symmetry versus wurtzite QDs, which could 
simplify interpretation of surface sites64 and could be 
achieved with pure carboxylate (oleate) native ligands. 
Overcoating of a ZnS shell onto zincblende CdSe was 
achieved by a successive ionic layer adsorption and reac-
tion (SILAR) process.65,66 We prepared AEP-QDs through 
a biphasic exchange of native oleate ligands with 2-
aminoethylphosphonic acid (AEP) under basic condi-
tions, and ITC titrations were conducted in the presence 
of an excess of AEP to maintain colloidal stability of the 
AEP-QD intermediate.  

As described below, in each case, an exothermic signal 
corresponding to quantitative ligand exchange was ob-
served. In the case of the monothiolates, we observe a 
smaller total exothermic response per QD for MUA versus 
MPA. In contrast, exchanging the AEP with DHLA led to 
a more negative total heat than either of the monothio-
lates. Each titration was analyzed in terms of an empirical 
thermodynamic model of identical, independent sites 
(effective Langmuir isotherm) with the number of sites, 
enthalpy, and effective association constant as model pa-
rameters. Exchanges were conducted in the presence of a 
known concentration of excess AEP, enabling recovery of 
the exchange equilibrium constant, Kex. We found that Kex 
increases with increasing chain length, and is also signifi-
cantly larger in the case of the bidentate DHLA. Despite 
this, the total enthalpy change for saturation of the QDs 
with MUA is less negative than that of MPA, suggesting 
that the larger Kex for the longer chain ligand is accompa-
nied by a smaller number of accessible sites and/or less 
negative entropy change when it replaces AEP on the QD 
surface. 

METHODS 
Optical Spectroscopy. Absorption spectra were rec-

orded with a Thermo Scientific Evolution Array UV-
Visible spectrophotometer in a quartz cuvette with a path 
length of 1-cm. Emission spectra were recorded with an 
Ocean Optics USB 4000 spectrometer equipped with a 

365 nm fiber-coupled light emitting diode excitation 
source. 

NMR Characterization of Ligands and QDs. 1H and 
31P NMR measurements were conducted on a Bruker 
AVANCE III-HD 500 MHz spectrometer. The measure-
ments for the free AEP ligand at different pH values was 
measured on a Bruker AVANCE III-HD 400 MHz spec-
trometer. The 1x PR QDs and hexane washes from ligand 
exchanges were prepared by drying the samples and dis-
persing in toluene-d8 with a hexamethylcyclotrisiloxane 
(HMCTS) internal standard. Thiolate- and phosphonate-
capped QDs were prepared for NMR by centrifugal dialy-
sis and dilution with D2O. 1,4-dioxane was used as an in-
ternal standard for all QD measurements in D2O. Refer-
ence measurements of oleic acid and free ligands in D2O 
were basified to pH ~ 9.3 with potassium carbonate (0.2 
M K2CO3 in D2O). 1H NMR measurements in toluene-d8 
and D2O were conducted with a 11 s and 30 s delay, re-
spectively (at least 5 x T1). 1H NMR in D2O used a presatu-
ration solvent suppression pulse sequence due to the sig-
nificant presence of water in the samples. 31P measure-
ments were proton decoupled with 256 scans and a 1s de-
lay time. 

Powder X-ray Diffraction Measurements. Diffrac-
tion experiments were performed using a Bruker D8 
Quest single crystal X-ray diffractometer equipped with a 
microfocus Mo Kα X-ray source (λ = 0.71073 Å) and a Pho-
ton II detector. Approximately 7-10 mg of CdSe cores and 
CdSe/ZnS QDs were purified by 1x PR into hexanes and 
dried under vacuum for 1 hour to obtain a viscous oil. The 
concentrated QD solution was loaded into a 0.81 mm ID 
polyimide tube and mounted in the diffractometer. A 
series of five phi scans (image width = 360°) were then 
collected with different detector orientations covering a 
2θ range of 0-40° at a detector distance of 100 mm. These 
images were merged and integrated into a 2D powder 
diffraction pattern using the Bruker APEX3 software. QD 
powder patterns were compared to zincblende CdSe 
(ICSD #41528) obtained from the Inorganic Crystal Struc-
ture Database (ICSD). 

Scanning Transmission Electron Microscopy 
(STEM). CdSe/ZnS QDs were purified by 1x precipitation 
and redissolution (PR) into hexanes and drop cast onto a 
TEM grid (Ted Pella Inc., Type A, 400 Mesh Cu grid with 
Formvar and ultrathin carbon support film) and dried 
under vacuum for 1 hour. The samples were imaged on a 
JEOL 2100F 200 kV FEG-STEM/TEM. Samples were preir-
radiated by an electron beam shower for 15 minutes prior 
to imaging to polymerize hydrocarbons on the film and 
improve sample quality at high magnification. High angle 
annular dark field (HAADF) images were obtained via a 
Fischione model 3000 HAADF detector between 75-300 
mrad. The convergence semi-angle of the probe was 17.5 
mrad. Images were acquired synchronously with a 60 Hz 
AC electrical line frequency to minimize 60 Hz noise in 
the images. 

Synthesis of Zincblende CdSe QD Cores. Oleate-
capped CdSe cores were synthesized following a previous-



 

ly published procedure.52 In brief, 120 mg CdO was dis-
solved in 660 mg oleic acid (99%) and 12 mL ODE in a 
three-neck round bottom flask. The mixture was degassed 
at 100 °C under vacuum to remove water and oxygen, 
then heated under N2 to 270 °C to form cadmium oleate 
(Cd(OA)2) as a clear and colorless solution. The reaction 
mixture was cooled to ~130 °C and evacuated to remove 
adventitious water, then heated to 270 °C under N2. At 
270 °C, 1.28 mL of a 2.2 M TOPSe precursor was rapidly 
injected, and the reaction mixture immediately quenched 
with a cool air gun. QDs were isolated from the flask with 
a minimal hexane rinse and stored in the dark under air. 
The radius of the CdSe core (1.91 nm) was determined 
based on an established size calibration curve by Kuno 
using the 1st excitonic peak position and quantity of the 
CdSe cores (546 nm).67 

Synthesis of Zincblende CdSe/ZnS Core/Shell QDs. 
Zincblende, oleate-capped CdSe/ZnS QDs were prepared 
by a modification to previously reported SILAR method.68 
Our modifications were the use of zincblende, oleate-
capped CdSe cores and lower sub-monolayer equivalen-
cies (0.533 ML/cycle). The CdSe cores were purified by 1x 
PR with Acetone/MeOH into a known volume hexanes 
and the amount and size of the cores quantified by ab-
sorption spectroscopy and established sizing curves. The 
cores were diluted into a 2:1 v/v mixture of ODE/THA and 
degassed at 80 °C for 2 hours to remove hexanes and air. 
The reaction mixture was heated under N2 to 200 °C 
(growth temperature). The Zn metal precursor was pre-
pared by diluting 2.2 M Zn(OA)2 in TOP with THA to a 
total Zn concentration of 0.1 M. The sulfur precursor was 
prepared by diluting (TMS)2S in TOP to a total S concen-
tration of 0.1M. Precursors were introduced by alternating 
injections of the metal and chalcogenide reagents at 0.533 
monolayer equivalents per cycle via a syringe pump (J-
KEM Scientific Dual Syringe Pump, model 2250). Injec-
tions were performed over 3 minutes, followed by 12 
minutes of equilibration time. Core/shell samples were 
stored at room temperature under air in the dark. 

Direct Carboxylate to Thiolate Exchange. Direct ex-
change of carboxylates for thiolate ligands on core/shell 
QDs were performed via biphasic exchange. The 
amount/equivalents of thiolate ligand used was deter-
mined by the mole ratio of total thiolate ligand present in 
the active cell volume at the end of the ITC titrations to 
the moles QDs in the titrations. Methanolic solutions of 
MPA, MUA, and DHLA were prepared and basified with 
KOH (2:1 KOH/Thiol mole ratio). The QDs were purified 
by 1x PR into hexanes and the amount of QDs quantified 
by absorption spectroscopy. The ligand exchange was 
performed by adding the QD solution in hexanes to the 
ligand solutions in MeOH and stirring at room tempera-
ture for 3 hours in the dark. Following the exchange, the 
thiolate-capped QDs were centrifuged to remove poorly 
dispersed particles and washed with 3x 4 mL hexanes to 
remove displaced oleate/potassium oleate. The 
MeOH/hexane layers were allowed to separate before 
pipetting away the top hexane layer and proceeding to the 
next wash, and all washes combined and saved for further 

analysis. After the washes, the QDs were centrifuged once 
more, the supernatant decanted to waste, then dried un-
der vacuum on a Schlenk line. The dried QDs were finally 
dispersed in borate buffer (pH 9.18) and stored under air 
in a dark refrigerator. 

To prepare the thiolate-capped QDs for NMR and opti-
cal analysis by removing weakly-bound or excess ligands, 
we performed centrifugal dialysis using Vivapsin Turbo 4 
spin concentrators with a polyethersulfone membrane (50 
kDa MWCO). The filters were preconditioned with DI 
water and borate buffer to wash the membranes prior to 
use with the QDs. Thiolate-capped QD samples were 
concentrated by 1x centrifugal filtration (5000 rpm/5 
min), then diluted with borate buffer and dialyzed once. 
The retained QDs were diluted with borate buffer for op-
tical measurements. For NMR, samples were further di-
luted with D2O. 1,4-dioxane was used as an internal 
standard for aqueous NMR measurements. 

Carboxylate to Phosphonate Ligand Exchange. 
AEP-capped QDs were prepared by biphasic ligand ex-
change following a modified procedure by Arcudi et al.40 
An AEP stock solution was prepared by dissolving the 
AEP and KOH (at a 3:1 KOH:AEP mole ratio) in MeOH to 
form a 0.04 M AEP solution. The QDs were purified by 1x 
PR into a known volume of hexanes and quantified by 
absorption measurements. 1100 equivalents of AEP per 
mole QD was injected into the QD solution, inducing 
flocculation and phase transfer of the QDs from hexane to 
methanol upon ligand exchange. The biphasic mixture 
was centrifuged at 9500 rpm/5 min to ensure complete 
separation of the hexanes and MeOH. The hexane super-
natant containing impurities and excess native ligand was 
removed by glass pipette, then the AEP-QDs were washed 
three times with hexane. Each wash was performed by 
adding 2 mL hexane to the QDs, mixing, and centrifuging 
at 9500 rpm/ 5 min to achieve phase separation before 
subsequent removal of the supernatant. All hexane wash-
es were combined and saved for further analysis. After the 
final wash, the QDs were dried under vacuum on a 
Schlenk line to remove MeOH and redispersed in borate 
buffer. 

For a parallel NMR experiment, the AEP exchange was 
accomplished as described above. The QDs in borate 
buffer were further diluted with D2O and 1,4-dioxane (in-
ternal standard) to form an 80:20 v/v buffer/D2O mixture. 

For the ITC experiments, the QDs were further diluted 
with a 6.73 mM AEP/borate buffer solution (pH 9.17) such 
that the nominal concentration of AEP in the QD sample 
was between 12-13.14 mM. The neat AEP-QDs in AEP 
buffer were used in the ITC titrations without further pu-
rification. 

Phosphonate to Thiolate Exchange for NMR. AEP-
QDs were prepared as described above. Thiolate ligand 
stock solutions were prepared by diluting the thiol ligand 
in borate buffer and adjusting basifying with KOH to pH 
9.15-9.18 and a nominal concentration of 5 mM. For a giv-
en exchange, the amount of thiolate ligand to introduce 
to the AEP-QDs was determined by the mole ratio of total 



 

thiolate ligand present in the active cell volume at the end 
of the ITC titrations to the moles QDs in the titrations. 
The thiolate ligand in borate buffer was introduced to the 
AEP-QDs and stirred at room temperature in the dark for 
3 hours. Samples were purified by dialysis using centrifu-
gal spin concentrators as in the direct thiolate exchanges 
described above. The retained thiolate-QDs were isolated 
and diluted with D2O and 1,4-dioxane was included as an 
internal standard to form an 80:20 v/v buffer/D2O mix-
ture. 

Photoluminescence Quantum Yield (PLQY). The 
PLQY of the QD samples was measured relative to a rho-
damine 640 perchlorate standard (R640, PLQY reported 
as 100% in ethanol).69 Fluorescence spectra were meas-
ured using a Horiba Scientific FluoroMax Plus spectroflu-
orometer. The PLQYs for the QDs before and after ligand 
exchange are listed in Table S1 in the Supporting Infor-
mation. 

Isothermal Titration Calorimetry. ITC titrations 
were performed in a TA Instruments Affinity-ITC Low-
Volume (LV) calorimeter under air at 25°C. The thiolate 
ligand solutions (ligand in neat borate buffer at pH 9.15-
9.18) were titrated from a 250 μL syringe into a gold sam-
ple cell containing 350 μL of QDs in AEP buffer. The ac-
tive cell volume of the cell was 185 μL. The power com-
pensation required to maintain the sample cell at 25 °C 
(relative to a reference cell filled with an equal volume of 
pure DI water) was monitored over time with each injec-
tion. All experiments allowed for a midrange power varia-
tion. Each injection was followed by a 300 s interval to 
allow proper equilibration between ligand injections, with 
a total of 30 injections of 5 μL each. The cell contents 
were stirred continuously at 150 rpm over the course of 
the titration. The ligand solutions were sparged with N2 
and stored under N2 atmosphere in the dark prior to each 
experiment to limit thiol oxidation. Reference titrations of 
neat buffer-to-buffer and thiolate ligand-to-AEP buffer 
were conducted under identical parameters as the ligand-
to-QD titrations. The sample cell was thoroughly cleaned 
with buffer or AEP buffer before each titration. Ligand-to-
AEP buffer reference experiments were conducted before 
the ligand-to-QD runs to account for potential thiol asso-
ciation to the cell by saturating any possible gold sites. 

RESULTS AND DISCUSSION 
Preparation of AEP-Capped Core/Shell QDs. Many 

previous investigations of ligand exchange on CdSe-based 
core/shell QDs employed wurtzite structures. We 
thought it would be beneficial to investigate ligand ex-
changes on QDs with higher symmetry to facilitate inter-
pretation of surface sites and as a model system for other 
zincblende nanocrystals including those based on III-V 
core compounds. The influence of ligands used in synthe-
sis on the crystal structure of CdSe QDs has been noted in 
previous reports: alkylcarboxylate ligands tend to produce 
zincblende QDs, while alkylphosphonates tend to enforce 
wurtzite QD formation.70 Wurtzite core/shell QD prepa-
rations have the potential for phosphonic acid anhydride 
ligands (such as tetradecyl phosphonic acid anhydride) to 

persist after shell growth. In contrast, zincblende synthe-
ses result in QD cores capped purely with carboxylate 
ligands, as well as cubic symmetry, which is advantageous 
for investigating ligand exchange chemistries. We chose 
SILAR as the synthetic method due to its ability to pro-
duce QDs with quasi-spherical morphologies and high 
PLQYs. The oleate-capped CdSe/ZnS core/shell QDs (OA-
QDs) were prepared similarly to our previous reports,68 
with minor modifications: (1) the use of zincblende CdSe 
cores to promote epitaxial growth of a zincblende ZnS 
shell, in contrast to most previous colloidal SILAR studies 
which have employed wurtzite, and (2) using lower sub-
monolayer equivalencies per cycle (~0.533 ML equiva-
lents/cycle) to achieve a narrow size distribution by sup-
pressing homogeneous nucleation of the shell material as 
ZnS particles. The PLQY of the OA-QDs in hexanes was 
measured to be 96.6 %. The oleate-capped core/shell QDs 
were purified by flocculation with acetone and methanol 
followed by redispersion in hexanes prior to ligand ex-
change or further analysis. Figure 1 shows the initial 
characterizations of the OA-QDs. The crystal structures 
of the core and core/shell samples were confirmed to be 
zincblende by powder X-ray diffraction (PXRD). Upon 
overcoating of the ZnS shell, we observe a shift in lattice 
parameter due to compression of the CdSe core, indicated 
by a slight shift in peak position, confirming that shell 
growth proceeded epitaxially. We further characterized 
the QDs by scanning transmission electron microscopy 
(STEM) to determine the average radius of the core/shell 
particles (2.21 nm). The radius of the CdSe core (1.91 nm) 
was determined based on an established size calibration 
curve by Kuno using the 1st excitonic peak position (546 
nm) and quantity of the CdSe cores.67 
Scheme 2. Oleate to Phosphonate Ligand Exchange 
Procedure. 

 
Aqueous AEP-QD dispersions were achieved through 

successful ligand exchange of the native hydrophobic car-
boxylate ligands as described in Scheme 2. Our proce-
dure follows that of Weiss and coworkers, however at a 
higher equivalency (1100 equivalents of AEP per mole QD) 
to help drive displacement of the native oleate ligands. 
Introduction of a methanolic solution of AEP and KOH 
induced flocculation of the OA-QDs from hexanes, fol-
lowed by phase transfer into methanol with ligand ex-
change. The AEP-QDs were then washed several times  

 



 

 

Figure 1. Characterization of oleate-capped CdSe/ZnS QDs. (A) Absorption (blue, solid) and emission (red, dashed) spectra of 
QDs in hexanes normalized to the peak maxima. (B) Powder X-ray diffraction patterns of the zincblende CdSe core (blue, solid) 
and CdSe/ZnS core/shell QD (red, dashed), and a reference pattern for bulk zincblende CdSe (black, ICSD #41528). (C) HAADF-
STEM image of the CdSe/ZnS QDs. 

with hexanes to remove displaced oleate and dried under 
vacuum to evaporate the methanol. The final AEP-QDs 
could be dispersed in borate buffer (pH ~9.2) and re-
mained stable under air for several days. 

While the phase transfer from nonpolar to polar solvent 
with introduction of AEP indicated a change in the QD 
capping layer, we monitored the phosphonate exchange 
by 1H and 31P NMR to determine whether the AEP effec-
tively displaced the native oleate ligands. 

Figure 2 shows the initially purified QD sample (blue 
trace), containing both a broad and slightly sharper reso-
nance at ~ 5.6 ppm indicative of bound and free popula-
tions of oleate ligands on and off the QD surface.71 The 
oleate ligand population was determined to be 242 lig-
ands per QD (Table S2), with a density of 3.9 oleates per 
nm2 in the initial OA-QD sample. Octadecene (ODE) 
from synthesis was also present that persisted through 
initial purification. The NMR spectrum of AEP-exchanged 
QDs (purple trace) in aqueous buffer after several hexane 
washes is also provided in Figure 2, and the appearance 
of AEP peaks was noted at 1.6 and 2.9 ppm, along with 
significant reduction of the olefin species. The hexane 
washes after AEP exchange were sufficient to remove the 
native carboxylate ligands displaced by AEP, as well as 
ODE, yielding AEP-QDs suitable for aqueous ligand ex-
change experiments (as observed in Figure S9). We note 
that the AEP-QDs retain a broad peak at 5.3 ppm, near 
the olefin resonances found in the OA-QD samples. This 
peak, along with a very broad signal at 1.25 ppm, is at-
tributed to the presence of oleate micelles in the AEP-QD 
sample that are not bound to the QD, as these are also 
seen in oleic acid samples brought to basic pH in D2O 
(Figure S8). Evaluation of the 31P NMR spectra of the OA-
QDs in Figure 2 to the AEP-QDs, demonstrates complete 
removal of tri-n-octylphosphine (TOP), a nucleophilic 
coordinating solvent employed in shell growth, by the 
washing step (Figure S10) and the presence of AEP. It 
should be noted that strongly bound ligands on nanocrys-
tal surfaces tend to have broadened resonances due to 
slower rotational diffusion relative to freely diffusing lig-
ands in solution.72 In the case of AEP, we observe some 
broadening, however to a lesser extent than seen in other 

QD systems, and indeed for AEP-QDs prepared by Weiss 
and co-workers.40 This is due to the large excess of AEP 
used to accomplish the ligand exchange, as well as the 
minimal purification conducted on the samples, leading 
to a large fraction of free AEP in solution that exchanges 
rapidly with the surface-bound population. We found 
that a similar synthetic approach could also be used to 
directly install each of the thiolate ligands investigated 
here, starting from OA-QD, as described in supporting 
information (Figure S21-S23). This supports our interpre-
tation of thiolates binding as X-type (anionic) ligands 
under basic conditions, consistent with previous studies 
emphasizing the success of thiolate exchange under basic 
conditions and/or when introduced as a zinc salt.63 

Phosphonate to Thiolate Exchange. Prior to con-
ducting thermodynamic measurements by ITC, we evalu-
ated AEP to thiolate exchange on the benchtop to confirm 
that it occurs rapidly under basic conditions in buffer. 
Solutions of MPA, MUA, and DHLA were prepared by 
dissolving the free ligand into borate buffer at pH 9.15-
9.18. To set up the reaction as a competitive exchange 
from an AEP-saturated initial state, the AEP-QDs were 
diluted with a 6.73 mM AEP solution in borate buffer to 
achieve a total AEP concentration of nominally 13 mM. 
The thiolate ligand stock solutions were introduced to the 
AEP-QDs and stirred for 3 hours at room temperature in 
the dark. Conducting the exchange under basic condi-
tions should favor deprotonated thiolates binding as X-
type ligands to the QD surface. Following ligand ex-
change, the thiolate-QDs were purified by one cycle of 
dialysis in centrifugal spin concentrators to remove free 
thiolates and displaced AEP from the solution. The mini-
mal dialysis purification was successful for the MUA- and 
DHLA-QDs, however in the case of MPA-QDs, their poor 
dispersibility resulted in significant sample loss and they 
were not robust towards purification after thiolate ex-
change. We initially characterized the product of the lig-
and exchanges using absorption and PL spectroscopy, 
shown in Figure 3 for the representative case of DHLA 
exchange. Displacement of oleate to prepare AEP-QDs 
resulted in a high-scattering product and a red shift in the 
absorption and emission, indicative of some degree of 



 

aggregation among QD-AEP in aqueous buffer. Both of 
these changes are reduced significantly after exchange 
with DHLA and purification. The reduction in scattering 
upon introduction of the thiolate indicates better colloi-
dal dispersion consistent with ligand exchange. 

 

Figure 2. 1H (top) and 31P (bottom) NMR spectra of QDs and 
ligands showing displacement of oleate by AEP. 1H NMR 
measurements of aqueous samples were conducted with pre-
saturation solvent suppression to minimize the intensity of 
the water (D2O/HOD) peak at 4.9 ppm. Features at 3.3 ppm 
in AEP-QD and AEP ligand spectra are associated with 
methanol from the AEP stock solution used in ligand ex-
change. The peaks for the internal standard 1,4-dioxane (*) or 
hexamethylcyclotrisiloxane (X), toluene (●), ODE (■), and 
OA ( ) are indicated. 1H NMR in D2O used a presaturation 
solvent suppression pulse sequence due to the significant 
presence of water in the samples. Full NMR spectra are pro-
vided in the Supporting Information. 

NMR spectra for the case of AEP to DHLA exchange are 
presented in Figure 4. Treatment with DHLA resulted in 
a significant reduction of the AEP resonances, indicating 
successful displacement. Observation of the 31P NMR 
shows the presence of some residual AEP in the DHLA-
QD sample, though the peak intensity is greatly dimin-
ished with respect to the AEP-QDs. We attribute this re-
duction to displacement by DHLA, which would result in 
a decrease in the bound population of AEP. The presence 
of AEP here is most likely due to the minimal purification 
used to prepare the DHLA-QDs for analysis, and further 
purification should effectively remove all free AEP in solu-
tion that was retained. We chose to use a minimal purifi-
cation by centrifugal dialysis here to limit sample loss due 

to QD aggregates, because while the scattering for DHLA 
was quite low, the monothiol-capped QDs were not as 
well dispersed and prone to sticking on the centrifugal 
dialysis filter membrane. 

 

Figure 3. Absorption (top) and emission (bottom) of ligand-
exchanged QDs. The absorption spectra are normalized to 
the absorbance at 350 nm, and emission spectra are normal-
ized to the emission maximum. 

Isothermal Titration Calorimetry. Once we had con-
firmed that the thiolate exchanges occurred, we designed 
a competitive exchange titration experiment to probe the 
thermodynamics of the thiolate exchanges to AEP-QDs to 
determine their relative binding strengths. For each titra-
tion, solutions of the thiolates (each prepared at ~12-13 
mM in borate buffer) were sparged with N2 prior to load-
ing into a titrant syringe under air. The sample cell was 
filled with 350 µL of AEP-QDs (5.2 – 7.5 µM), in buffer 
containing ~ 13 mM AEP. After equilibration, the titra-
tions were conducted with a series of 30 injections of 5 μL 
each. Analysis was performed on triplicate runs for each 
reaction. Background runs from titration of the corre-
sponding thiolate into QD-free AEP buffer solution, rec-
orded under identical conditions, showed smaller exo-
thermic signals attributed to heat of dilutions and slow 
oxidation of the thiolate ligand; these were subtracted 
from the QD-ligand signals in each case to isolate the 
ligand exchange contribution. 



 

 

Figure 4. 1H (top) and 31P (bottom) NMR of AEP-QDs before 
and after exchange with DHLA in D2O. Peaks for the internal 
standard are indicated by (*). Full NMR spectra are provided 
in the Supporting Information. 

Figure 5 shows the background-subtracted thermo-
grams and the integrated isotherms for each set of ligand 
titrations. The isotherms indicate the enthalpy change 
(ΔH, plotted as kJ per mole of ligand added) for each step, 
and are plotted versus the mole ratio of thiolate/QD. Near 
the start of each titration, each thiolate injection gener-
ates a sharp exotherm that quickly relaxes to equilibrium. 
Past a mole ratio of a few hundred ligands/QD, these sig-
nals subside, indicating the ligand exchange reaction has 
been saturated. In each case, the ligand-to-QD signals 
greatly exceed the background at the start of the titration 
(raw thermograms and background are shown in Sup-
porting Information, Figure S4). Below, we analyze the 
isotherms in terms of an independent-site model, with 
effective parameters summarized in Table 1. 

In the simple case of association of a ligand (L) to va-
cant sites (S), the binding equilibrium may be interpreted 
as follows, with the effective equilibrium association con-
stant, Ka, determined by the fractional occupation θ of 
sites by ligand, and ligand concentration [L]: 

 S + L = SL (1) 

 𝐾𝐾a = 𝜃𝜃
(1−𝜃𝜃)[L]

 (2) 

This analysis can be extended to the case of binding to 
nanoparticles that each have some number of identical 
and independent sites (Langmuir model), and within this 
model, the number of sites (N), enthalpy change (ΔH), 

and association equilibrium constant (Ka) can be obtained 
from least squares fitting of an experimental ITC iso-
therm. Our case differs in that we are conducting a ligand 
exchange in which we presume AEP is being displaced. If 
we assume a negligible fraction of vacant sites, the pro-
gress of the reaction can still simply be described by the 
fractional occupation θ of sites by the new ligand L, but 
the fractional occupation depends on both the concentra-
tion of new ligand [L] and the concentration of the initial 
ligand [L1]. For a 1:1 exchange, we define the exchange 
equilibrium constant Kex:  

 𝐾𝐾ex = 𝜃𝜃
1−𝜃𝜃

× [L1]
[L]

=  𝐾𝐾a,L
𝐾𝐾a,L1

 (3) 

In our experiment, we employ a high concentration of 
the AEP (L1) to help ensure this limit of saturation (where 
the fractional occupation of unsaturated sites is negligi-
ble), so that we only detect exchange of AEP by the thio-
late. We note that in the case where the concentration of 
free L1 is much greater than the total concentration of 
binding sites ([L1] ≫ N[M]t), the fractional change in [L1] 
over the course of the exchange reaction is small and 
Kex/[L1] has an approximately constant value, which ena-
bles us to define an effective association constant Ka,eff for 
the new ligand L in the presence of this concentration of 
L1: 

 𝐾𝐾ex/[L1] = 𝜃𝜃
1−𝜃𝜃

× 1
[L]

= 𝐾𝐾a,eff (4) 

Conveniently, the effective association constant, Ka,eff, 
may be determined from analysis of the experimental 
isotherm according to the Langmuir model, along with N 
and ΔH. With knowledge of [L1], the exchange equilibri-
um constant Kex may then be obtained and used to com-
pare the binding strength of each thiolate compared to 
AEP. The ratios of Kex for the different thiolates can be 
used to compare their relative binding strength. As seen 
in Figure 5, the experimental isotherms can be well de-
scribed by fits of the Langmuir model, particularly in the 
case of the MUA and DHLA titrations. The curvature of 
the MPA isotherm is quite shallow relative to MUA and 
DHLA, indicating that MPA has a lower affinity to the QD 
surface. We note that isotherm curve shapes within in the 
Langmuir model are parameterized by a single value, the 
Brandt’s c-parameter, but for values of c < 1 it becomes 
challenging to obtain unique fits for N and ΔH in the 
presence of noise.56 

 𝑐𝑐 = 𝐾𝐾a,eff × 𝑁𝑁 × [M]t (5) 

In the case of MPA, the c parameter for optimized fits is 
quite low (c≈1) in comparison to that of MUA (c≈7) and 
DHLA (c≈18). In the limit of low c, fit values for N and ΔH 
are correlated but their product NΔH, which describes the 
total enthalpy change per QD, and Ka,eff may still be re-
solved from the data.  

 
 
 
 



 

 

Figure 5. Corrected heat response thermograms (top) and integrated heat isotherms (bottom) of three replicate thiolate titra-
tions. The corrected thermograms were background subtracted and baseline corrected. (A, B) MPA titrations. (C, D) MUA titra-
tions. (E, F) DHLA titrations. 

One can also express the relative binding strength of 
the thiolates by comparing the effective dissociation con-
stant, Kd,eff, which is calculated by the inverse of Ka,eff and 
represents the free thiolate concentration at which half 
the sites are occupied by the thiolate: 

 𝐾𝐾d,eff = 1
𝐾𝐾a,eff

 (6) 

We obtained Kd,eff values of 2, 0.2, and 0.06 mM for 
MPA, MUA, and DHLA, respectively. This suggested that 
monothiolates were indeed weaker binders than the bi-
dentate ligand, and that increased chain length improves 
the strength of binding. We note that 3-
phosphonopropionic acid (PPA), a weaker-binding ana-
logue of AEP, was estimated to have dissociations con-
stants Kd ~ 14-2500 μM in aqueous solution,39 which 
would place the dissociation constants for the thiolates 
studied here in the low micromolar range in borate buffer 
alone. The values for the total enthalpy change per QD, 
and for Kex, are summarized in Figure 6. 

Comparing the monothiolate ligands, a significantly 
larger Ka,eff and Kex are observed for 11-carbon MUA than 
for 3-carbon MPA, indicating that MUA is the stronger 
binder: this is easily seen from the isotherms as the MUA 
titration saturates more rapidly. The ligand equivalency 
for MUA, N≈166/QD, is larger than that observed in NMR 
following separation of unbound MUA, but lower than 
that for the native oleate coating. Comparison of ΔH be-
tween the two cases is complicated by the low c parame-
ter in the case of MPA, with wide distributions of opti-
mized values among replicates and looser constraints of 
best-fit values for N and ΔH compared to the other thio-
lates (see Figure S5). However, we can make a robust 
comparison of the total enthalpy change per QD (ΔH per 
QD = N×ΔH), which is significantly more negative for 
MPA than for MUA. The implication is that the number 

of sites, the negative enthalpy change, or both must be 
greater for MPA than for MUA despite the smaller equi-
librium constant, which we discuss further below. 

 

Figure 6. Average heat produced per mole QD (A) and aver-
age Kex (B) for each QD ITC titration. Each titration was re-
peated in triplicate and error bars indicate 1 standard devia-
tion. 

The bidentate DHLA ligand exhibited the largest Kex, 
and the most negative total enthalpy change, among the 
three ligands examined, as presented in Figure 6. The 
sigmoidal shape of the isotherm, corresponding to a larg-
er c value, enables robust assignment of effective N and 
ΔH values. We find N is larger than for MUA and similar 
to the number of native oleate ligands on these QDs, 
while ΔH is nearly twice that for MUA. The difference in 
ΔH is consistent with both thiolate groups on DHLA be-
ing able bind to the QD surface. The ratio of Kex, and ac-
cordingly the difference ΔG per site, is not as large as ex-
pected given the difference in ΔH alone: rather, the more 
negative ΔH is partly compensated by a more negative 
entropy change ΔS per molecule. This can perhaps be 
understood in terms of the diminished conformational 
freedom available to DHLA when both thiolates coordi-
nate the QD surface. The observation of a larger effective  



 

 
Table 1. Thermodynamic Parameters for Thiolate Ligand Exchanges. 

Thiol  
N  
per QD  

ΔH  
kJ mol–1  

Keff  
×103 M−1 

Kex  
 

ln Kex NΔH  
MJ (mol QD) –1 

ΔG 
kJ mol–1  

TΔS 
J mol−1 K−1  

MPA 148 ± 49 −68 ± 11 1.2a 15b 2.72 ± 0.18 −9.8 ± 1.5  −6.7 ± 0.5 −61 ± 10 

 219 ± 43 [−35.8]c 3.0 39 3.62 ± 0.36 −7.8 ± 1.5  −9.0 ± 0.9 −26.8 ± 0.8 

MUA 166 ± 26 −35.8 ± 3.0 5.4 67 4.19 ± 0.16 −4.9 ± 0.5 −10.4 ± 0.4 −25.5 ± 0.2 

DHLA 200 ± 14 −56.9 ± 4.7 16.8 203 5.29 ± 0.27 −11.3 ± 0.2 −13.1 ± 0.7 −43.8 ± 5.4 

aEffective association constant in ~12 mM AEP, borate buffer, at 298 K. bCalculated as Keff×[AEP]. cBest fit results with ΔH held 
equal to the value for MUA. 

number of sites N for DHLA versus MUA suggests that 
steric considerations, rather than the actual number of 
potential thiol coordination sites on the QD surface, may 
limit the achievable ligand densities. 

We next sought to understand the difference in behav-
ior between MPA and MUA in greater detail. We suspect 
that the initial fits of the isotherms under-estimate the 
ligand number at saturation (N) and over-estimate ΔH 
per ligand, based on several arguments. Firstly, as seen in 
Table 1, the initial fit requires a far more negative ΔS for 
exchange of AEP with MPA compared to exchange with 
MUA or DHLA. As the product (AEP in borate buffer) is 
the same in both cases, the difference in ΔS must arise 
from the difference in entropy change of the thiolate lig-
and between its state in free solution, and on the QD sur-
face. The initial fit would require an entropic penalty for 
binding of MPA to the surface much greater than the one 
we measure for MUA. Noting that the experiment takes 
place below the critical micelle concentration for undeca-
noic acid,73 this result seems the opposite from what one 
might expect for confinement of the long-chain MUA to a 
high density monolayer, and could not be supported in 
preliminary statistical simulations (Mark Uline, private 
communication). Secondly, the Heyes group reported 
superior surface coverage (fewer apparent vacant sites) on 
CdSe/ZnS QDs coated with MPA versus DHLA,38 which 
would appear to suggest that N for MPA should be similar 
to or larger than N for DHLA. Finally, MPA and MUA 
possess identical functional groups and if the change in 
surface coordination between AEP and thiolate dominates 
ΔH, we would expect similar ΔH per molecule for the two, 
rather than the more negative ΔH for MPA emerging 
from the unrestricted fit. We therefore considered the 
values of N and Kex that best describe the MPA isotherms 
if ΔH per site is held constant at the value obtained for 
MUA (−35.8 kJ/mol), resulting in curves with slightly 
larger residual error (see Supporting Information Figure 
S6). This result is included in Table 1, and finds N≈220 
sites per QD with Kex still significantly smaller than for 
MUA. In making this comparison, we emphasize that the 
variation in N between MPA and MUA must arise from 
interactions between ligands that are not explicitly ac-
counted for in the Langmuir isotherm, such as partial 
occlusion of neighboring sites by the bulkier alkane chain 
in MUA, which was also proposed as an explanation for 
the observations of Heyes in comparing DHLA and MPA. 

The model of identical, independent sites retains value in 
characterizing the measured isotherms with a minimum 
number of free parameters.  

From previous studies of alkanethiols to Au NPs in wa-
ter and alkyl thiolates to CdSe in organic solvent,46,53 we 
expected that increases in chain length would be accom-
panied by greater exothermicity with more negative ΔH 
and possible compensation with more negative ΔS. In the 
present case we instead find the stronger binding of MUA 
compared to MPA requires a less negative ΔS for binding, 
and/or a lower ligand density at saturation (effective N) as 
the chain length increases between the two monodentate 
ligands. The stronger binding of DHLA compared to MPA 
appears to be driven by a more negative enthalpy change, 
with greater N than for MUA, emphasizing that MUA is 
unable to coordinate all potential thiol coordination sites 
on the QD, perhaps due to favored conformations in 
which the alkane chain obscures neighboring sites.  

CONCLUSIONS 
Through the application of isothermal titration calo-

rimetry, we compared the relative binding strength of 
monodentate thiolate ligands, MPA and MUA, to a repre-
sentative bidentate thiolate ligand, DHLA. ITC titrations 
conducted in the presence of a large concentration of AEP 
under basic conditions in borate buffer enabled us to 
evaluate the influence of alkyl chain length and binding 
group denticity in a competitive exchange. Despite the 
limited long-term stability of QD-AEP and QD-MPA, re-
peatable ITC isotherms could be obtained. Comparing the 
monodentate ligands, we found that greater chain length 
led to larger Kex. This is consistent with observations of 
greater stability of QDs coated with longer-chain mono-
thiolates on purification and storage in aqueous buffer.34 
In thiol/oleate exchange on CdSe QDs in anhydrous sol-
vent,53 compensation between increasingly negative ΔH 
and ΔS led to a modest decrease in Kex with increasing 
chain length. In the case of thiol adsorption to Au NPs in 
neutral buffer,46 similar compensation was observed. In 
both of these reported systems, increasing chain length 
led to a diminished observed number of sites, as is also 
seen here. While uncertainty in N precluded assigning 
variation in Kex to ΔH or ΔS in the present case, the ob-
servation of increased Kex with linker length is clear. In-
creasing the denticity of the binding group, as represent-
ed by DHLA, resulted in a much greater increase in Kex, 



 

again consistent with generally better stability. The more 
negative ΔH for DHLA suggests it is indeed additional 
surface coordination, rather than the entropic influence 
of a branched chain,57 that drives the larger Kex for DHLA. 
These results have been obtained by using AEP as a com-
mon starting point for ligand exchange in homogeneous 
aqueous solution under mildly basic buffer conditions. 
The use of a weakly binding initial ligand, present in ex-
cess, succeeded in generating isotherms that could be fit 
and interpreted using an effective Langmuir isotherm 
model for ligand exchange. By utilizing zincblende colloi-
dal CdSe/ZnS core/shell QDs, prepared with oleate lig-
ands, the results offer a window into the relative stability 
of thiol-capped QDs employed for fluorescence imaging 
and sensing in biological contexts. These results also 
demonstrate the utility of ITC as a sensitive metric to 
evaluate ligand interactions on nanoparticle surfaces, as 
well as the need to further develop our understanding of 
how molecules bind to QDs. We anticipate that a large 
variety of nanocrystal ligand exchange reactions can be 
examined in a similar manner, and extended to physiolog-
ical pH regimes through selection of appropriate reversi-
ble reactions among colloidally stable species.  
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