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ABSTRACT: Cation exchange (CE) reactions have emerged as a technologically important 

route, complementary to colloidal synthesis, to produce colloidal nanostructures of different 

geometries and compositions for a variety of applications. Here it is demonstrated with first-

principles simulations that an interstitial impurity cation in CdSe nanocrystals weakens nearby 

bonds and reduces the CE barrier in the prototypical exchange of Cd
2+
 ions by Ag

+ 
ions. A 

Wannier function-based tight binding model is employed to quantify microscopic mechanisms 

that influence this behavior. To support our model, we also tested our findings in a CE 

experiment: both CdSe and interstitially Ag-doped CdSe nanocrystals (containing 4% of Ag
+
 

ions per nanocrystal on average) were exposed to Pb
2+
 ions at room temperature and it was 

observed that the exchange reaction proceeds further in doped nanocrystals. The findings suggest 

doping as a possible route to promote CE reactions that hardly undergo exchange otherwise, for 

example, those in III-V semiconductor nanocrystals. 
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TEXT: Cation exchange (CE) reactions allow for selective replacement of cations of 

preformed ionic nanocrystals (NCs) with new desired guest cations, while retaining their size, 

shape and anion framework. This post-synthetic tool, coupled with the knowledge developed so 

far on colloidal synthesis, allows for the preparation of elaborate nanostructures,
1-6
  with control 

over the morphology, composition and, in some cases, of the crystal structure. Hence, 

developing tools that would enable control of such reactions is of pressing interest. 
7
 On the other 

hand, the synthesis of specific nano-heterostructures or multinary NCs via CE reactions requires 

a deep understanding of the kinetics and/or the mechanisms of such transformations. Despite the 

vast amount of research since the last decade, a deep theoretical understanding of CE reactions is 

still lacking.
8-40

 For example, no ways to control the exchange have been well established 

beyond increasing the temperature and the ion concentration in the solution. Indeed, it should be 

taken into account that performing CE reactions at elevated temperatures might lead to undesired 

side reactions, such as reduction of metal cations (in the presence of reductants such as 

alkylamines) or etching of the NCs
12
. Also, little is known about the possible influence of native 

ligands or impurities of the host colloidal NCs
1, 41

 on the insertion and/or the extraction of the 

exchanging cations during a CE reaction. 

This manuscript presents a theoretical study of the effects of interstitial doping on CE 

reactions, supported by our experimental findings. Starting from a prototypical exchange 

reaction between CdSe NCs and Ag
+
 ions, we computed the contribution of each bond in the 
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system to the CE reaction barrier, using a Wannier function-based tight-binding Hamiltonian.
42-43

 

The results give quantitative insight into microscopic details of the exchange mechanism. Then 

we analyzed how the CE reaction barrier varies when interstitial Ni
2+
, Ag

+
, Hg

2+
 and Pb

2+
 

impurities are present in the CdSe lattice, and found that local strain exerted by interstitial 

dopants on the surrounding ions loosened the Cd-Se bonds thus making them more prone to 

breaking during a CE reaction, so that the activation barrier of the CE transformation is 

considerably lowered. In order to verify these predictions, we synthesized both CdSe and Ag-

doped CdSe NCs and tested them in CE reactions with Pb
2+
 ions. The choice of Ag-doped NCs 

as host NCs was motivated by the fact that Ag
+ 
ions are known to interstitially dope CdSe NCs. 

When this occurs, the photoluminescence of the CdSe NCs increases.
44-45

 The presence of silver 

impurities can thus be checked by both elemental analysis and through the increase of PL. Also, 

the exchange of Cd
2+
 ions with Pb

2+
 ions in CdSe is known to have a slow kinetics and requires a 

relatively high energy (i.e. high temperature) to get to completion.
46-48

 The CE experiments, 

reported here show that the CdSe�PbSe transformation is significantly faster in NCs doped with 

Ag
+
 ions, lending support to our calculations. 

In the present work, we have considered the prototypical Ag
+
 for Cd

2+
 CE reaction performed 

on CdSe NCs, and calculated the effect of interstitial impurities on the CE reaction barrier, 

within the so-called kick-out exchange mechanism.
49-50

 The reaction scheme, depicted in Figure 

1(a), is the following: a) in a CdSe NC a guest Ag
+
 cation, diffusing through interstitial positions, 

reaches one of the nearest sites around a Cd
2+
 cation; b) the Ag

+
 cation displaces the Cd

2+
 ion to 

the nearest interstitial site; c) the impurity occupies the closest interstitial site to the exchange 

event. The impurities considered in our computational model are M=Ni
2+
, Ag

+
, Hg

2+
 and Pb

2+
, in 

the order of increasing ionic radius. Since larger impurities may not be stable in the interstitial 

positions, we also considered Li doping in Section S2 of the Supporting Information (SI). The 
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electronic structure varies from the center of the nanocrystal toward the surface. For the purpose 

of this work, we consider the impurity located deep inside the NC, and approximate the 

electronic structure of the CdSe NC by that of the bulk CdSe. Further, a low silver doping of 1.4 

% is simulated by employing a 3x3x2 CdSe supercell containing a single Ag impurity. The 

Nudged Elastic Band (NEB) method
51
 as implemented in Quantum Espresso (QE)

52
 was used to 

sample reaction paths, while forces were computed from first principles,
53-54

 in all calculations 

(see SI for more details). 

 

Figure 1. (a) Schematic representation of a cation exchange reaction in the host CdSe lattice in 

the presence of an impurity: a Cd ion adjacent to an interstitial impurity M is substituted by a 

silver ion. The impurity induces stretching of the neighboring bonds, one of which is highlighted 

by a red ellipse. The blue arrows indicate the migration of the ions during the CE “catalyzed” by 

the impurity. The unit cell of the undoped CdSe structure, containing 2 formula units, is shown 

by the black diamond. VESTA software
55 
 was used for plotting. (b) The activation barrier for 

the exchange of Cd
2+
 by Ag

+
 cations in CdSe NCs in the presence of impurities. (c) Elongation 

of the Cd-Se bond length, l (red ellipse in (a)), and the CE activation barrier as a function of the 

impurity radius.
56
 

As shown in Figure 1 (b,c), a striking monotonous and nearly linear relation between the 

barrier height and the atomic radius of the impurity emerged from the calculations. This leads to 
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an exponential dependence of the CE rate on the ionic radius of the impurity. During a CE event, 

the Cd-Se bond, marked with a red ellipse in Figure 1 (a), breaks. The initial elongation of Cd-Se 

bond, ∆l, which occurs due to the insertion of the interstitial impurity, depends on the ionic 

radius of the latter in a quasi-linear fashion, showing a very similar dependence to that of the 

activation barrier, as displayed in Figure 1 (c). A straightforward interpretation of the 

calculations is that the chemical bonds in the vicinity of the exchange event are weakened by the 

presence of the impurity. This suggests that, close to the impurity, the bond breaking events, 

necessary for the CE reaction, are less energetically costly and, thus, that a strain-aided CE 

activation could be possible. 

 

Motivated by these findings we conducted a proof of concept experiment to test them. We 

synthesized both CdSe and Ag-doped CdSe NCs, in which silver dopants are known to occupy 

interstitial positions, and we used them as host NCs in CE reactions with Pb
2+ 
ions. The inclusion 

of Ag dopants in CdSe NCs, obtained following the procedure reported by Sahu A. et al.
57
 was 

confirmed by both inductively coupled plasma elemental analysis, through which we detected 

4% of Ag
+
 ions inside the NCs, and the expected enhanced photoluminescence (PL) emission, 

peaked at 547nm, of the corresponding silver-doped NCs (see Figure 2 (a)). The size of the CdSe 

NCs, before and after the doping step, was extrapolated from the first absorption peak in the 

optical density spectra (see Figure 2 (a)) using a known size calibration curve,
58
 which gave a 

diameter of 2 nm in both cases. The size is in line with what observed in transmission electron 

microscopy (TEM) images of the samples (see Figure S1 of the SI). As shown in Figure 2 (b,c) 

(black curves), the X-ray diffraction (XRD) patterns of both samples could be indexed with the 

wurtzite CdSe phase.
59
 In order to study the Pb-for-Cd CE reaction in our NC systems we 

developed an ad hoc exchange reaction: the dispersion of NCs (either CdSe or silver-doped 
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CdSe) in toluene was mixed at room temperature with a methanolic solution containing an 

excess of lead acetate for either 20h or 2 days (see the Experimental Section in the SI for details). 

In published works, the CdSe � PbSe CE reaction is accomplished by using oleylamine, which 

preferentially binds Cd
2+
 ions, and it occurs only high temperatures (i.e. above ~100°C).

46-48
 In 

our experimental settings, on the other hand, the transformation can occur at room temperature, 

driven by the lower solubility product constant of PbSe with respect to CdSe, which favors the 

formation of PbSe in the presence of a polar solvent (methanol in this case), preventing the so 

called “self-purification” of the NCs from dopant ions.
60
 After 20h of CE with Pb

2+
 ions, the 

CdSe NCs were characterized by a PL emission having a maximum at 529nm (to be compared to 

547nm of the starting CdSe NCs), and a composition of CdPb0.1Se, as revealed by ICP elemental 

analysis (see Figure 2(b)). These results indicate that the size of the residual CdSe domains was 

reduced as a consequence of such exchange. However, only a small fraction of Cd
2+
 ions was 

exchanged with guest Pb
2+
 ions. On the other hand, Ag-doped CdSe NCs, after 20h of CE with 

Pb
2+
 ions, were characterized by a very weak PL emission, centered at 525nm, and their 

composition was Cd0.8Pb0.3Se (with no presence of Ag), suggesting that in this sample the 

exchange proceeded to a higher extent.  

After 48h of exchange with Pb
2+
 ions, both samples did not show any PL emission and the 

corresponding products were characterized by both XRD and elemental analyses. The XRD 

patterns of the CE products are shown in Figure 2 (c,d): in both cases, we clearly observed the 

presence of the original peaks ascribable to the wurtzite CdSe phase and the appearance of a new 

diffraction peak at 29.15° that can be univocally assigned to the rock-salt PbSe phase 

(clausthalite).
61 
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Figure 2. Absorption (solid line) and photoluminescence (dashed) spectra of CdSe NCs (in 

black) and Ag-doped CdSe NCs (in red) before (a) and after (b) 20h of CE with Pb
2+
 ions. (b,c) 

XRD patterns of the starting CdSe NCs and Ag-doped CdSe NCs (black lines) and of the 

corresponding products resulting from 48h of CE with Pb
2+
 ions (red lines). The bulk reflections 

of the wurtzite CdSe phase (ICSD 98-062-0414) and of the clausthalite PbSe (ICSD 98-98-007-

6644) are also shown (blue and green bars, respectively). 
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Interestingly, the intensity of the peak at 29.15°, which is directly connected with the PbSe 

phase, was much more pronounced in the sample obtained starting from Ag-doped CdSe NCs, 

suggesting a higher degree of CdSe�PbSe conversion in this system, as seen in Figure 2. The 

ICP elemental analysis confirmed that the Pb
2+
 concentration in the product NCs was about 30% 

higher in the Ag-doped CdSe NCs: the stoichiometry changed from Cd1.11Se to Cd0.49Pb0.62Se for 

the undoped system, and from Cd1.15Se to Cd0.34Pb0.83Se for the Ag-doped one (in which no 

presence of Ag was detected after the CE reaction). Our TEM analysis also revealed that, upon 

CE, the NCs retained the initial size and shape, as shown in Figure S1 of the SI. These results 

indicate that the incorporation of silver in CdSe NCs accelerates the CE reaction.  

 The experimental and first principles data raise the intriguing question of what intrinsic 

microscopic mechanisms govern the CE reaction process. We have considered the same scheme 

as described above for the CE reaction modeling, but without an impurity and in a smaller unit 

cell (see SI for full details), and we developed a tight-binding model based on ab initio and NEB 

calculations to answer this question (see Figures S2 and S3 for further features of the model). 

The reaction barrier obtained is a combination of different energy contributions. In the 

framework of DFT, we can decompose the total energy as a sum of Coulomb energies (including 

Ewald contribution, Hartree contribution and exchange-correlation energy) and the kinetic or 

band energy, corresponding to the single particle Kohn-Sham energies.
52
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Figure 3. (a) Decomposition of the CE energy barrier, calculated within DFT, on electronic 

kinetic energy, Coulomb energy, including the Ewald, exchange and Hartree contributions, and 

the rest, including the one-center PAW and the smearing contributions; (b) Decomposition of the 

electronic kinetic energy (orange) of the tight binding model into on-site (green) and hopping 

energy (blue). The band energy calculated within DFT (red) closely approximates that obtained 

from the tight binding model; the most significant positive (c) and negative (d) bonding energy 

changes from the initial configuration (interstitial Ag) to the configuration at the top of the CE 

barrier. Negative numbers (in blue) indicate energy gain and bond formation, while positive 

(energy loss) indicate bond weakening or breaking. 

 

Coulomb forces have been identified in the seminal work of Ott et al.
62
 as an important factor 

in the exchange processes accounting in part for the decrease in the reaction barrier after the first 

exchange event has taken place. Figure 3 (a,b) shows the cation exchange energy barrier at fixed 

lattice parameters, alongside the decomposition of this barrier into kinetic and Coulomb-like 

contributions from our simulations. We can see that the two kinetic and Coulomb contributions 

have nearly-opposite values up to five times larger than the barrier itself. 

To isolate contributions to energy change from different bonds and gain an insight into 

electronic structure changes during CE, we have performed Wannier interpolation of the band 

structure by a tight binding Hamiltonian, employing the Wannier90 code
63-64

 (see more details in 

the SI). To ensure that the Wannier functions change as little as possible along the reaction path, 

we have used the same projection functions for Wannier interpolation for all images and turned 

off the maximal localization procedure. 

The Hamiltonian for a paramagnetic state may be written as 

Page 9 of 16

ACS Paragon Plus Environment

The Journal of Physical Chemistry Letters

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

10 

 

��� = � ���		

�,�,	,	�,


��,	,
� ��,	�,
 

where ��,	,
�  creates an electron with spin � in the orbital i at the unit cell R, while the term with 

���		
 quantifies the hopping integral between Wannier orbitals i and i’ residing in the unit cells R 

and R’ respectively. In the following we refer to the terms with R=R’ and i=j as on-site terms, 

and to others as hopping terms. 

During the reaction, many orbitals along the path of the exchanging cations are affected. It is 

therefore natural that many hopping amplitudes change. This reinforces the picture in which a 

CE reaction is viewed as a sequence of bond breaking-bond creation events. Bonding can be 

quantified using the kinetic energy gain due to delocalization of an electron between orbitals i 

and j, residing in unit cells R and R’. This is given by 

���		� =
2
�����[�����
��,�,
�,�∗��,�
,
�,� �����
���] !�"�,�

��,

 

where ��,��,� is the projection of the nth band Bloch function at k on the orbital i located at site R, 

 !�"�,�
  is the value of the Fermi-Dirac distribution function for the electronic band n at point k and 

N is the number of k points in the grid.  A derivation of these expressions can be found in the SI. 

This approach gives the bond-resolved electronic energy and allows to quantify the changes in 

the bonding along the CE reaction path. The calculations were performed using the Bondener 

package
65
 (see SI for details). 

The decomposition of the kinetic energy into Coulomb-like and kinetic energies gives insight 

into the reaction mechanism. In particular, we determine the decomposition of the energy barrier 

into hopping and onsite contributions, as shown in Figure 3 (a,b). The evolution of the hopping 

energy suggests extensive Cd-Se bond breaking at the first stage and then a progressive 

readjustment until a low hopping energy arrangement is reached, with the Cd
2+
 cation relaxed in 
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the interstitial and the Ag
+
 cation forming bonds with neighboring Se

2-
  ions. This pure-hopping-

energy contribution to the energy barrier is similar in importance to the Coulomb-like 

contribution, with a peak of about 2 eV. The tight-binding model with truncated long-range 

terms does reproduce the DFT band energy. 

The formalism allows to decompose the kinetic energy and the CE barrier into per-bond 

contributions, highlighting the most important changes in bonding through the reaction. 

Classifying kinetic energy terms with the largest change from image 1 (initial state) to image 4 

(top of the barrier), we verify that it is the breaking-bond, indicated in a red ellipse in Figure 1, 

that experiences the largest energy gain through the process. In Figure 3 (c,d) are shown the 

largest bond energy changes (energy gain and loss, respectively) on the corresponding atoms in 

the structure. In addition, we calculate the contributions of all relevant orbitals, which are 

depicted in the piechart shown in Figure S4 of the SI. The largest individual contributions are 

coming from the on-site terms corresponding to the s orbitals of the two cations migrating during 

the exchange, Ag
+
 and Cd

2+
. This can be attributed to the strong environmental change the 

cations experience. The largest single hopping energy contribution corresponds to the Cd_p-

Se_p bond breaking, shown in Figure S5 in the SI. The largest hopping energy loss falls on the 

Ag_p-Se_p bonding energy, lost in the final configuration of the reaction. Interestingly, all bond 

energy losses above the 0.35 eV threshold involve the Ag
+
 cation, which is approaching the 

substitutional position and effectively forming bonds. On the other hand, the five largest bonding 

energy gains involve hopping between the migrating Cd
2+
 ion and the surrounding Se

2-
 ions, 

indicating bond breaking. Therefore, the results of the quantitative analysis resemble the 

intuition quite remarkably. 

Finally, the fact that a large number of smaller hopping terms is needed for an accurate 

description of the exchange barrier suggests a strong connection of the energetic picture to the 
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proposed strain-mediated mechanism: the CE barrier energy, though strongly contributed by 

local bond breaking and creation processes, is “paid” also in terms of interactions of longer 

range, indicating a collective response of the crystal, corresponding to lattice strain. In Figure S6 

in the SI we calculate explicitly the effect of lattice strain in two different settings, to illustrate 

this point. 

In summary, we present theoretical and experimental evidence that suggests that interstitial 

doping in CdSe nanocrystals accelerates their CE reactions with guest cations such as Pb
2+
. The 

theoretical method presented breaks the ground for the systematic study of cation exchange 

reaction barriers from a quantitative point of view, and the results offer a new insight in the 

microscopic mechanism of the process. We have demonstrated a key role of the interstitial 

impurities in inducing cation exchange in nanocrystals. Despite other important factors intrinsic 

to the complexity of CE in colloidal nanocrystals, our experimental data and theoretical analysis 

suggest that CE induced by interstitial impurities can be used to control the composition of a new 

class of NCs. We expect these results will motivate further studies of the doping-assisted CE.  
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