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Introduction:
Colloidal quantum dots (QDs) are artificially synthesized nanoscale
semiconductor crystals. The colloidal QDs are composed of an inorganic or
organometallic QD core and an organic ligand shell.1 QDs have unique, tunable
properties based on the ligands that are exchanged on the surface of the
nanocrystals. The ligand exchange of dodecyl phosphonic acid on CdSe
nanocrystals synthesized with native oleate ligands was chosen as the model
system in which the thermodynamic properties would be measured.
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Results: ITC Data Analysis

The thermodynamics of the ligand exchange between oleate-CdSe
quantum dots (QDs) and dodecyl phosphonic acid (DDPA) ligand
exchange were quantified using isothermal titration calorimetry
(ITC). UV-Vis absorption spectra were used to calculate the
concentration of stock CdSe nanoparticles along with the extinction
coefficient. The ligand exchange between DDPA and CdSe is
expected to be exothermic; however, ITC data suggest that an
additional endothermic process occurs. 31P-NMR analysis was used
to verify DDPA ligation to CdSe nanoparticles.

Conclusions:

Future Plans:
• In the future, we will use Raman spectroscopy before and after ligand

exchange of DDPA-CdSe QDs to quantify the phonons of the pre- and post-
exchange QDs. A potential shift in phonon energies would be indicative of
strain on the QD lattice caused by surface atom rearrangement.

• We will also use quantitative NMR to verify the number of ligands exchanged
per QD as determined by ITC.

In conclusion, we quantified the thermodynamics of the DDPA-oleate ligand
exchange using a robust ITC experiment. The ITC results confirms a stronger
interaction of DDPA than oleate on the surface of CdSe QDs with a negative,
exothermic ΔH and a spontaneous ΔG.
In determining the surface coverage density of the ligands for the OA-CdSe core,
we determined that our findings (2 ligands/nm2) were consistent with other
published findings.5 Further, this study confirmed that DDPA has a stronger
binding activity toward the QDs than the native oleate ligands. Additionally, the
evidence of possible surface atom rearrangement induced by the ligand exchange
was observed.

The main goals of this study are to:
• Quantify the thermodynamics of the DDPA exchange on the oleate-CdSe QDs

via isothermal titration calorimetry
• Validate the surface coverage of exchanged DDPA ligands with quantitative

NMR (qNMR)

Isothermal Titration Calorimetry (ITC): Figure 3: Binding isotherm of DDPA into OA-CdSe

Nuclear Magnetic Resonance (NMR) Analysis

Figure 4:31P-NMR spectra overlay.

Size Determination of Oleate-CdSe QDs

The isotherm shown above (Figure 3) was generated by assigning two independent
binding model fits for the integrated data, showing the exothermic and endothermic
responses during the ITC experiment. The exothermic response was assigned a
negative enthalpy and the endothermic response was assigned a positive enthalpy.
Additionally, the enthalpy of reaction is an approximation of the difference in
binding energy for the ligand exchange between the native oleate ligands and
exchanged DDPA ligands to the QD surface.

The enthalpy in the isotherm is negative for the ligand exchange process. This
occurs because DDPA binds more strongly to the CdSe surface than the native
oleate ligands.1 Additionally, the surface coverage density was calculated from the
radius of the QDs. The radius of the QDs used in this study is 1.62 nm. The surface
area of the QDs is calculated to be 32.8 nm2, with an estimated surface ligand
density of 71.08 ligands/SA (Table 1). The surface coverage density is estimated to
be approximately 2 ligands/nm2 (2.159 ligands/nm2), which is consistent with
previous studies.5

The NMR spectra (Figure 4) will be used to quantify the stoichiometry of the n-
values generated in the ITC analysis. Spectra (a) and (b) verify the DDPA ligation
to QDS due to the chemical shift and peak broadening observed from Figure #a
to Figure #b. The signal for TPP also does not overlap with DDPA or DDPA-CdSe,
making it an ideal internal standard for future quantitative NMR (qNMR)
experiments.

The diameter of the CdSe nanocrystals was determined to be 3.24 nm from the
first excitonic absorption peak of 559 nm.2
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Figure 1: UV-Vis absorbance spectrum.

The value of 𝑛𝑛 represents the number of ligands exchanged on each nanocrystal
(Table 1). According to the exothermic reaction fitting, approximately 71 ligands
are estimated to have exchanged on the surface of each QD, which is consistent
with previous studies of similar ligands.1,5 The dissociation constant (5.445x105 M)
determined for this ligand exchange reaction indicates product formation to
exchanged nanocrystals is favored. This is further confirmed by the spontaneous
Gibbs free energy term of -32.73 kJ/mol.

K (1/M) n (mol) ΔH (kJ/mol) ΔG (kJ/mol) ΔS (J/mol*K)
Independent 1 5.445x105 71.08 -57.09 -32.73 -81.69
Independent 2 5.236x105 50.45 47.57 71.93 269.0

Table 1: Data fitting - isotherm of DDPA into OA-CdSe

Isothermal titration calorimetry (ITC) is an analytical technique that helps to
determine the thermodynamic properties of binding events.3 This technique has
had applications in ligand exchange reactions as well as cation exchange
reactions.4 ITC quantifies the heat flow via incremental titrations of the reactants.
From the corrected heat flow, it is possible to measure the enthalpy, equilibrium
constants and stoichiometry of the exchange, generating a binding isotherm of
the full reaction. Then, the entropy and Gibbs fee energy terms are calculated.

Figure 2: Thermogram of DDPA into OA-CdSe
The thermogram above (Figure 2) shows the exothermic and endothermic
responses of the sample cell upon 25 10uL injections of 1.00x10-3 M DDPA into
2.1x10-6 M CdSe with 250s intervals between injections. After 10 injections, the
secondary endothermic response is no longer observed.
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31P-NMR spectra of: a) DDPA, b) DDPA bound to CdSe, c) triphenylphosphine (TPP).

UV-Vis absorbance spectra of  3.24x10-4 M oleate-CdSe from 400-800nm.
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