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Abstract

Colloidal quantum dot (QD) photocatalysts have the electrochemical and optical properties to be 

highly effective for a range of redox reactions. QDs are proven photo-redox catalysts for a variety 

of reactions in organic solvent, but are less prominent for aqueous reactions. Aqueous QD 

photocatalysts require hydrophilic ligand shells that provide long-term colloidal stability but are 

not so tight-binding as to prevent catalytic substrates from accessing the QD surface. Common 

thiolate ligands, which also poison many co-catalysts and undergo photo-oxidative desorption, are 

therefore often not an option. This paper describes a framework for the design of water-

solubilizing ligands that are in dynamic exchange on and off the QD surface, but still provide long-

term colloidal stability to CdS QDs. The binding affinity and inter-ligand electrostatic interactions 

of a bifunctional ligand, aminoethyl phosphonic acid (AEP), are tuned with the pH of the 

dispersion. The key to colloidal stability is electrostatic stabilization of the monolayer. This work 

demonstrates a means of mimicking the stabilizing power of a thiolate-bound ligand with a 

zwitterionic tailgroup, but without the thiolate binding group.
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Electrostatic stabilization of CdS QDs in water enabled by alternating charges of the head and tail 

groups of a sulfur-free dynamically exchanging ligand
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Water is the ultimate green solvent, and the choice of medium for many classes of reactions 

that utilize an emerging methodology for chemical transformations, nanoparticle 

photocatalysis, that is highly effective in the laboratory and potentially scalable.[1–3] Among 

the range of nanoparticles that photocatalyze aqueous reactions, semiconductor quantum 

dots (QDs) stand out for their chemical and electronic tunability and versatility. QDs have 

demonstrated unprecedented activity in photocatalytic H2 evolution,[4–7] unprecedented 

sensitization efficiency for CO2 reduction,[8] the ability to serve as triplet exciton donors and 

scaffolds for stereoselective cycloadditions,[9,10] and the electrochemical potentials to act as 

both photo-oxidant and photo-reductant in C-C coupling schemes with no sacrificial 

reagents.[11,12] In water, properly functionalized colloidal QDs form colloidally stable 

aggregates to mimic the exciton funneling function of photosystem II,[13] and perform 

chemoselective alcohol oxidations.[14]

The best-quality as-synthesized QDs are capped with hydrophobic ligands, and surface 

modification is necessary in order to transfer the QDs from nonpolar solvents to aqueous 

solution. Access of molecular substrates to the inorganic surface of the QD is necessary for 

applications in photo-redox catalysis, in order to provide sufficient electronic coupling for 

electron and hole extraction,[15–17] so water-solubilization strategies that involve replacing 

the hydrophobic shell of the QD with a silica shell or encapsulating the hydrophobic QD in 

an amphiphilic polymer are not suited for QD-based catalysis.[18,19] Exchange of native 
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hydrophobic ligands for very polar or charged ligands is a versatile strategy for creating 

water-soluble particles, since not only the chemical structure but also the density of ligands 

can be controlled. In addition to providing access to the QD surface and, ideally, 

encouraging catalytic substrates to adsorb in activated geometries, such ligands need to 

make the particles colloidally stable in water for the lifetime of the illumination (or longer) 

by inhibiting agglomeration, which decreases catalytically active surface area and eventually 

leads to precipitation. The most basic requirement for preventing agglomeration is that 

ligands must not desorb from the QD surface at the catalytically relevant pH, ionic strength, 

and reagent/product concentrations. Tight-binding thiolates provide long-term stability and 

have been the headgroups (binding groups) of choice for water-solubilizing ligands for 

biological applications, but are not a good choice for QD photocatalysts in cases where: (i) 

the QD photocatalyst is unshelled (for easy charge extraction), and the thiolate traps the 

excitonic hole and initiates photo-oxidative degradation of the QD and/or desorption of the 

thiolate to form disulfide,[15,20–23] (ii) there is a inorganic coordination complex present 

(e.g., as a co-catalyst) that the thiol/thiolate can poison by ligating the metal,[21,22] or (iii) 

the thiolate ligands bind tightly and densely enough to inhibit the catalytic substrate’s access 

to the QD surface.[17,24,25]

These considerations prompt the search for a thiolate-free, dynamically exchanging (weak-

to-intermediate binding) ligand for aqueous QD-based catalysis. We recently reported the 

use of phosphonopropionic acid (PPA) to stabilize QDs in aqueous media.[26] This ligand 

provided enough colloidal stability to carry out very efficient QD-photocatalyzed, air-free 

oxidation of benzyl alcohol, but, because of its lability, did not consistently effect a high-

yield phase transfer of QDs into water, and did not produce dispersions with long-term 

colloidal stability, especially when the samples were stored in room light and air (which led 

to ~50% precipitation after 10 h).[14] Aggregation of particles stabilized by thiolate-free 

ligands has been reported in several aqueous systems.[27,28]

Here, we provide a framework for the design of stable colloidal aqueous dispersions of 

semiconductor QDs using ligands that are in dynamic exchange on and off the QD surface, 

and therefore are potential ligands for photocatalytic QDs. Our experimental system is CdS 

QDs with bifunctional aminoethyl phosphonic acid (AEP) ligands (Figure 1) in water over a 

range of pH values (6 – 12). Changing the pH changes the protonation state of both the 

amino and phosphonate groups, which changes their respective charges and affinities for the 

QD surface. The ligand therefore “flips” (the primary binding group becomes the primary 

tail group) at certain pH values. Our data indicate that the most important factor in ensuring 

colloidal stability is electrostatic stabilization of the organic adlayer by minimizing repulsion 

among binding groups and among tailgroups of the ligands. This strategy mimics the 

benefits of thiolate-bound ligands with zwitterionic tailgroups,[29,30] without using a tight-

binding thiolate.

Oleate-capped CdS QDs were synthesized and purified as described elsewhere[26] (see the 

Supporting Information). Figure 1A shows the three-step phase-transfer of CdS QDs from 

hexanes to water using AEP. We add 550 equivalents of AEP per QD as a 0.04 M basic 

solution in MeOH to 6 mL of a 9∙10−7 M suspension of QDs in hexanes to displace the 

original oleate ligands. The addition of AEP induces the flocculation of the QDs. Rapid 
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mixing of the suspension induces their precipitation, and centrifugation at 9500 rpm for 5 

min leaves the hexanes layer completely colorless. We remove the hexanes layer, and 

redisperse the pellet in 3 mL of water of the desired pH (adjusted with addition of HCl or 

KOH). The yield of the phase transfer is ~70% at all the pH values (see the Supporting 

Information).

The pKa of the first acidic proton of PO3H2 within AEP is ∼1;[31] thus it is dissociated 

throughout the pH range we studied (6–12). In this pH range, AEP has two protonation 

equilibria, PO3H− ↔ PO3
2− and NH3

+ ↔ NH2. We determined pH-metrically that the acid 

dissociation constants are 6.3 (pKa1) for the PO3H− group and 11.1 (pKa2) for the NH3
+ 

group (Supporting Information, Figure S1), and we used these values to calculate the 

microspecies distribution curves for AEP as a function of pH, Figure 1B. We use the 

notation +AEP− to indicate the molecule in a state with a protonated amine and a mono 

deprotonated phosphonate (NH3
+(CH2)2PO3H−), the notation +AEP2− to indicate the 

molecule in a state with a protonated amine and a fully deprotonated phosphonate (NH3
+

(CH2)2PO3
2−), and the notation AEP2− to indicate the molecule in a state with a neutral 

amine and a fully deprotonated phosphonate (NH2(CH2)2PO3
2−). The dashed lines in Figure 

1B indicate the four pH values at which we examined the dispersions of AEP-capped CdS 

QDs, chosen to achieve a distribution of protonation states of AEP. At pH 6, 66% of the 

ligand is in the +AEP− state and 34% is in the +AEP2− state, so we refer to this mixture as 
+AEP−/+AEP2−. At pH 8.2, 100% of the ligand is in the +AEP2− state. At pH 10.8, 66% of 

the ligand is in the +AEP2− state and 34% is in the AEP2− state, so we refer to this mixture 

as +AEP2−/AEP2−. At pH 11.8, 17% of the ligand is in the +AEP2− state and 83% is in the 

AEP2− state, so we approximate this state as AEP2−. The values of pKa1 and pKa2 will differ 

for freely diffusing AEP and AEP bound to the QD surface, but, since the AEP is in dynamic 

exchange on and off the QD, the distribution in Figure 1B is a sufficient approximation of 

protonation states.

AEP can bind to the surfaces of CdS QDs, which are Cd2+-enriched,[26] through the neutral 

amine, the mono protonated phosphonate, or the fully deprotonated phosphonate, with 

different solvent-dependent binding constants. The set of binding modes and orientations of 

CdS QD-AEP complexes is therefore pH-dependent, as is the colloidal stability of the 

dispersion. The scattering baselines in the ground state absorption spectra of AEP-capped 

QDs (aq) (Figure 2A) at the four pH values listed above reflect the degree of aggregation of 

particles induced by the phase transfer procedure (no scattering baselines are observable in 

the spectra of the original oleate-capped QDs, Supporting Information, Figure S2). These 

spectra, measured ≤10 minutes after phase transfer, show that the degree of aggregation 

increases from pH 10.8 (+AEP2− / AEP2−) to pH 6 (+AEP− / +AEP2−), to pH 11.8 (AEP2−) 

to pH 8.2 (+AEP2−). The degree of aggregation of the QDs is correlated with the tendency of 

the particles to precipitate from solution over time, when stored in room light and air, Figure 

2B. Figures 2A,B both indicate that the order of the samples from most colloidally stable to 

least colloidally stable is: pH 10.8 (+AEP2− / AEP2−) > pH 6 (+AEP− / +AEP2−) > pH 11.8 

(AEP2−) > pH 8.2 (+AEP2−). At pH 10.8 the system is colloidally stable up to 2 days, at 

which point we start to observe a decrease in absorbance by 10%. At both pH 8.2 and 11.8 

the QDs completely precipitate in a few hours (Supporting Information, Figure S3).
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The first clue to the nature of AEP binding is that the optical bandgap of the particles shifts 

to lower energy monotonically by a total ~50 meV with increasing pH, Figure 2A. Based on 

our previous work with CdS and CdSe QDs dispersed in water with phosphonopropionate 

ligands,[26,32] this shift is evidence that the surfaces of the QDs are, at least transiently, 

exposed to negatively charged ions (primarily OH- and AEP itself) that increase the local 

negative charge with increasing pH. The energy of the dipolar CdS QD decreases with 

increasing local negative charge. The magnitude of the observed shift is comparable to that 

we reported for the phosphonopropionate-capped CdS QDs in the same pH range.[33] This 

shift of bandgap with pH is not observable for the same QDs coated in tightly bound ligands 

such as MEPA (Supporting Information, Figure S5 and S9) or mercaptopropionate,[26,32] 

and therefore suggests that the AEP ligands are in fast or intermediate exchange on and off 

the surface of the QD, such that OH− readily accesses the surface.

While both experiments and simulations have proven useful in determining binding modes 

of ligands on nanoparticles,[34–37] here we choose to utilize NMR spectroscopy to further 

specify the binding motifs of AEP at each pH – and thereby determine the binding motifs 

that optimize colloidal stability. We use 1D and 2D 1H nuclear magnetic resonance (NMR) 

spectroscopy to study the AEP-capped QD samples at the two pH values at which they are 

most colloidally stable: pH 10.8 (+AEP2− / AEP2−) and pH 6 (+AEP− / +AEP2−). We 

compare these spectra to those of reference solutions of free AEP (no QDs) that are prepared 

following exactly the same procedure as the QD samples. Following our work-up procedure, 

solutions of free AEP have a pH value that is ~0.3 units higher than dispersions of AEP-

capped QDs prepared identically (due primarily to adsorption of AEP to the QD surface); 

since NMR chemical shifts of AEP are pH-dependent, we use 0.1 M HCl to adjust the pH of 

the free AEP samples to match those of the corresponding AEP-capped QD samples. We 

note that resonances corresponding to the original oleate ligands are completely gone in the 

aqueous samples, and can be observed only in the hexanes supernatant (Supporting 

Information, Figures S6-S8); this result suggests that the ligand exchange procedure 

occurred with 100% yield of displacement and residual oleic acid was completely removed 

during the phase transfer.[38,39]

Figure 3A shows the 1H-NMR spectra of AEP-capped QDs at pHs 10.8 (green) and 6 

(orange), in the region with resonances for the methylene protons adjacent to the amino 

group (which we denote CH2-A) and the methylene protons adjacent to the phosphonate 

group (which we denote CH2-P) of AEP. They both feature spectral lines that are broadened 

relative to those of free AEP at the same pH (grey), with line widths of ~30 Hz (Supporting 

Information, Table S1). The degree of broadening and an absence of separate signals for free 

and bound species confirm that AEP is in intermediate exchange on and off the QD surface 

(i.e., there is significant interconversion between the free and the bound states during the 

~100-ms detection period). The broadening prevents accurate quantification of the AEP in 

the sample, but only 90 of the added 550 eq AEP per QD were found in the supernatant of 

the AEP-treated sample after centrifugation, so we assume that 460 eq of AEP per QD are 

acting as surfactant for the QDs in water. The chemical shifts of these resonances are also 

slightly different in the samples with and without QDs; however, this observation does not 
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straightforwardly tell us about binding because these shifts are highly sensitive to pH in the 

regions proximate to pKa1 and pKa2.

Figure 3B shows that, at both pH values studied by NMR (6 and 10.8), the selective 

excitation of CH2-P resonances generates a negative NOE signal relative that for the CH2-A 

resonances. The negative NOE signal indicates that the rotational mobility of the ligand is 

dominated by the rotational diffusion of the QDs; thus AEP spends a significant fraction of 

its time adsorbed to the QD surface, consistent with the intermediate exchange regime.
[40–42]

Comparison of the T2 relaxation times of the CH2-A and CH2-P resonances tells us which 

functional group (A or P) is the binding group and which functional group is the terminal, 

solubilizing group, because T2 relaxation is affected by local molecular rotations, which are 

additionally constrained at and near the binding group.[43–45] At pH 6 (+AEP− / +AEP2−), 

the amine is protonated, so the ligand can only bind to the QDs through the phosphonate 

group. At pH 10.8 (+AEP2− / AEP2−), 34% of ligands in solution have a neutral amino 

group, so the ligand can bind through either group, or through both simultaneously (in a 

chelating geometry). We measured the T2 relaxation times using the Carr-Purcell-Meiboom-

Gill (CPMG) pulse sequence.[46,47] In this method, an initial 90° pulse is applied, followed 

by a series of 180° spin-echo pulses separated by a relaxation delay period (τ) that is varied. 

The T2 is obtained by fitting the transverse magnetization My (Gaussian−Lorentzian peak 

area) to the exponential function My = M0e−τ/T2, where M0 is the equilibrium magnetization 

that is proportional to the population of the corresponding species.

Figures 3C and D shows the T2 decay curves for the CH2-P and CH2-A protons within (i) 

free AEP, (ii) AEP-capped QDs at pH 6 (+AEP− / +AEP2−), and (iii) AEP-capped QDs and 

pH 10.8 (+AEP2− / AEP2−). The decays obtained from the QD samples at pH 6, where AEP 

can only bind through the phosphonate, are satisfactorily fit with a monoexponential 

function, which indicates the presence of a single time-averaged population of ligands with 

relaxation times of T2 = 14.9 ± 0.6 ms for CH2-P protons and 60.9 ± 5.9 ms for CH2-A 

protons. The reduction of these T2 values from that of the free AEP (~1000 ms, Supporting 

Information, Figure S10 and Table S2) is consistent with molecules in intermediate 

exchange on and off the QD surface. The faster T2 for the CH2-P protons than for the CH2-

A protons is consistent with binding of AEP through the phosphonate, as expected. Since 

there is only one binding configuration here, we conclude that, for the QD-AEP system at 

any pH, T2 = ~15 ms is characteristic of CH2-P protons when the phosphonate serves as the 

binding group (head group) (T2-HEAD), and T2 = ~61 ms is characteristic of CH2-A protons 

when the amine serves as the tail group (T2-TAIL).[48]

At pH 10.8 (+AEP2− / AEP2−), where AEP can bind through either the amino or 

phosphonate group, monoexponential fits to the decay curves for the QD samples 

(Supporting Information, Figure S10) yield T2 = 33.0 ± 2.5 ms for CH2-P resonances and 

32.3 ± 2.6 ms for CH2-A resonances. The similarity of these values and the fact that they are 

both approximately the average of T2-HEAD and T2-TAIL measured at pH 6 suggest that, at 

pH 10.8, the phosphonate and amino groups both experience an average of head group and 

tail group configurations - that is, a fraction of the AEP is bound through the phosphonate 
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and a fraction is bound through the neutral amine. In order to estimate these fractions, we fit 

the T2 decay curves for each type of proton (adjacent to phosphonate or adjacent to amine) 

at pH 10.8 with a biexponential function: M0,HEADe−τ/T2-HEAD + M0,TAILe−τ/T2-TAIL, Figure 

3C,D. The residuals for biexponential fitting are smaller than those for monoexponential 

fitting (Supporting Information, Figure S10). In the biexponential fit of the decay for CH2-P 

protons, we fix the value of T2-HEAD to 14.9 ms (the value we measured at pH 6, where we 

know the phosphonate is the head group), and allow T2-TAIL and the two corresponding M0 

values to float. In the biexponential fit of the decay for CH2-A protons, we fix T2-TAIL to 

60.9 ms (the value we measured at pH 6, where we know the amine is the tail group), and 

allow T2-HEAD and the two corresponding M0 values to float.

For CH2-P protons, these fits yield T2-TAIL = 64.1 ± 13.5 ms (M0,TAIL = 92 ± 16) and 

T2-HEAD = 14.9 ms (fixed) (M0,HEAD of 106 ± 19). For CH2-A protons, these fits yield 

T2-HEAD = 15.7 ± 4.8 ms (M0,HEAD = 89 ± 16) and T2-TAIL = 60.9 ms (fixed) (M0,TAIL = 75 

± 16). The extracted M0 values tell us that the 53% ± 20% of the CH2-P protons and the 

54% ± 20% of the CH2-A protons are adjacent to headgroups. In other words, ~50% of the 

AEP molecules are bound through the amine and ~50% are bound through the phosphonate 

(Supporting Information, Table S2).

Figure 4 summarizes the binding modes of QD-AEP complexes at the four pH values we 

examined, as determined by NMR. Recall the order of colloidal stability is (from most stable 

to least stable): pH 10.8 (+AEP2− / AEP2−) > pH 6 (+AEP− / +AEP2−) > pH 11.8 (AEP2−) > 

pH 8.2 (+AEP2−). The two most stable configurations occur at pH values very close to the 

pKa’s of the hydrogen phosphonate (pKa2 = 11.1) and ammonium (pKa1 = 6.3), such that 

there are significant populations of two forms of the ligand (both of which are able to bind to 

the QD) in the dispersion simultaneously. The greater stability of the pH 10.8 and pH 6 

samples over the pH 11.8 sample indicates that the amine is a too labile head group to 

stabilize the particles in the presence of a high density of repulsive dianionic tail groups. 

This result is reasonable given that the amine forms a dative “L-type” bond with Cd2+ that 

has no additional contribution from the electrostatic binding present in “X-type” interactions 

like PO3
2−-Cd2+. The very poor stability of the pH 8.2 sample indicates that even the X-type 

binding of the PO3
2− group cannot overcome repulsive interactions of both the tail groups 

and the more densely packed head groups. The greater stability of the pH 10.8 sample over 

the pH 6 sample is due to the favorable interactions of alternating positive and negative 

charges of the tail groups combined with alternating charged and uncharged headgroups. 

The stability of this configuration coupled with the binding of the amine (a σ-donor that 

passivates Cd2+ electron trapping sites) results in the only detectably photoluminescent 

sample of those we studied, with a quantum yield of 0.04% in water (Supporting 

Information, Figure S4).

In summary, one can achieve colloidal stability of QDs in water, at any given pH, with a 

ligand that binds more weakly than does a thiolate and is in exchange on and off the QD 

surface, if the ligand monolayer is itself electrostatically stabilized through alternating 

charges, or at least not destabilized by repulsive interactions of the tail groups or head 

groups. Such an electrostatically stabilized monolayer could be achieved with a zwitterionic 

tail group (where ligands arrange such that the negative charge on one ligand is proximate to 
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the positive charge on a neighboring ligand), but it is probable that even such a monolayer 

would not be stable without a charged headgroup to promote an X-type interaction with the 

surface of the particle. Charged headgroups however mutually repel, decreasing the stability 

of the monolayer. We therefore believe that the ideal arrangement of ligands is that shown in 

Figure 4 at pH 10.8, where the portion of the monolayer is adsorbed through an L-type 

interaction and the entire monolayer is reinforced by the electrostatic stabilization offered by 

alternating charges of the tail groups. These considerations present a blueprint for designing 

water-soluble QDs with sulfur-free, weak-binding ligands, which will open new design 

pathways for improved photocatalytic systems. None of these considerations are necessary 

of course if a tightly binding head group like a thiolate is used, but thiolates are generally not 

an option if the application requires a large degree of access to the QD surface by a catalytic 

substrate, or involves a co-catalyst that is poisoned by thiolates.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
A) Schematic diagram of the ligand exchange procedure: (1) add 75 μL of a methanolic 

solution of 0.04 M AEP and 0.1 M KOH (a molar ratio KOH:AEP of 3:1) to 9∙10−7 M CdS 

QDs in hexanes; (2) mix rapidly, centrifuge at 9500 RPM for 5 minutes and remove the 

colorless hexanes layer; (3) add 3 mL of (i) DI water to achieve a pH of 10.8, (ii) 2 mM HCl 

(aq.) to achieve a pH of 6, (iii) 1 mM HCl (aq.) to achieve a pH of 8.2, or (iv) 5.6 mM KOH 

(aq.) to achieve a pH of 11.8. B) Fractional distribution of each AEP microspecies as a 

function of pH.
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Figure 2. 
A) Absorption spectra of AEP-capped CdS QDs at pH 6 (orange), pH 8.2 (dark yellow), pH 

10.8 (green) and pH 11.8 (blue). B) Absorbance at the energy of the first excitonic peak as a 

function of time scaled by its value at time zero (A0) of the same set of samples as in A. In 

both panels, the legend lists the pH values of the samples in order of increasing colloidal 

stability, and shows the dominant protonation state(s) of the AEP ligand at that pH.
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Figure 3. 
A) 1H-NMR spectra of AEP-capped CdS at pH 6 (orange) and pH 10.8 (green) and of AEP 

when no QDs are in solution (grey). B) 1H-NMR and 1D-NOESY spectra of AEP-capped 

CdS at pH 6 (light and dark orange) and pH 10.8 (light and dark green). C) T2 exponential 

decay and associated curve fits of resonances adjacent to the phosphonate group at pH 6 

(orange, monoexponential fit) and pH 10.8 (green, biexponential fit). D) T2 exponential 

decay and associated curve fits of resonances adjacent to the amino group at pH 6 (orange, 

monoexponential fit) and pH 10.8 (green, biexponential fit). All the peak integrals used to 

plot these decays are averaged among 3 experiments.
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Figure 4. 
Schematic of the ligand binding motifs for AEP-capped CdS QDs in water for the four pH 

values we studied: 6, 8.2, 10.8, and 11.8, derived from optical and NMR data. Figure 2B 

shows the timescales of precipitation for the particles at various pH values; here the particles 

are ordered from top (most stable, pH 10.8) to bottom (least stable, pH 8.2) EE ≡ 
electrostatic force; EvdW ≡ vdW attractive energy between the particles.
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