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ABSTRACT

Cation exchange is a versatile post-synthetic method to explore a wide range of nanoparticle compositions, phases, and morphologies.
Recently, several studies have expanded the scope of cation exchange to magic-size clusters (MSCs). Mechanistic studies indicated that MSC
cation exchange undergoes a two-stage reaction pathway instead of the continuous diffusion-controlled mechanism found in nanoparticle
cation exchange reactions. The cation exchange intermediate, however, has not been well-identified despite it being the key to understand-
ing the reaction mechanism. Only indirect evidence, such as exciton peak shifts and powder x-ray diffraction, has been used to indicate the
formation of the cation exchange intermediate. In this paper, we investigate the unusual nature of cation exchange in nanoclusters using
our previously reported CdS MSC. High-resolution mass spectra reveal two cation exchanged reaction intermediates [Ag;Cd3,S33(L) and
AgCds3S33(L), L: oleic acid] as well as the fully exchanged Ag,S cluster. Crystal and electronic structure characterizations also confirm the
two-stage reaction mechanism. Additionally, we investigate the Cu/CdS MSC cation exchange reaction and find a similar two-stage reaction
mechanism. Our study shows that the formation of dilutely exchanged intermediate clusters can be generally found in the first stage of the
MSC cation exchange reaction. By exchanging different cations, these intermediate clusters can access varying properties compared to their
unexchanged counterparts.

Published under an exclusive license by AIP Publishing.

INTRODUCTION of magic-size clusters (MSCs) to create MSCs with a wide range

of compositions.” ~ Mechanistic studies of cation exchange on
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Louis Brus’ early papers on the synthesis and properties of
semiconductor nanoparticles laid the foundation for the nanopar-
ticle community by demonstrating the unique physical and chem-
ical properties of these materials. ~ At the present time, this field
has expanded significantly with a diverse range of material com-
positions, properties, and sizes (including the smaller nanocluster
systems) and has become an essential part of many scientific and
engineering disciplines. The cation exchange reaction has been
developed as a versatile post-synthetic method to explore a wide
range of nanoparticle compositions, phases, and morphologies.
Previous mechanistic studies report that the nanoparticle cation
exchange is initiated by shell atom symmetry breaking and recrys-
tallization, followed by diffusion and a controlled cation exchange
process.” Several studies have focused on the cation exchange

MSCs and small nanocrystals indicate that the reaction undergoes
a non-diffusional two-stage process. At stage one, a small number
of cations are exchanged and form a metastable MSC interme-
diate while preserving the original crystal structure.” ~ Once the
exchanged cation reaches critical concentration, the MSC inter-
mediate undergoes an avalanche cation exchange reaction, rapidly
forming the fully exchanged product. This mechanism was first
demonstrated by White et al. in small CdSe nanocrystals with ~1000
atoms.” In this report, the Cu/CdSe MSC cation exchange starts
with the slow exchange of 1-3 Cu atoms, forming an intermediate
phase, followed by an avalanche reaction, which forms completely
exchanged Cu,Se MSCs.” These intermediate forms, however, have
not been well identified, despite them being the key to understand-
ing the reaction mechanism. Indirect evidence, such as exciton peak
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shifts and crystal structure changes based on powder x-ray diffrac-
tion characterization, has been used to indicate the formation of the
cation exchange intermediate.” Single-crystal x-ray diffraction is the
most reliable method to provide the precise crystal structure of nan-
oclusters,'* but growing MSC single crystals are hindered by the long
alkyl chain surface ligand, and only a few successful attempts have
been reported by using rigid ligands."”'® Some successes have been
made on MSC atomic composition using high-resolution matrix-
assisted laser desorption/ionization-time of flight (MALDI-TOEF)
mass spectroscopy. MALDI-TOF mass spectrometry is a widely
used method to identify nanoclusters as well as their doped deriva-
tives based on the characteristic isotope distribution.'>'”'* Employ-
ing MALDI-TOF mass spectroscopy, one may directly observe the
changes in the magic-size clusters at the molecular level throughout
the cation exchange process.

In this paper, we investigate the unusual nature of cation
exchange in nanoclusters using our previously reported CdS MSC."”
MALDI-TOF mass spectroscopy results reveal two cation exchanged
reaction intermediates [Ag>Cd3S33(L) and AgCds3S33(L), L: oleic
acid] when 50% Ag is added. Once the Ag addition exceeds 50%,
fully exchanged Ag,S nanoclusters appear. This rapid transition
from a one to two-atom doped MSC to a fully exchanged Ag,S
nanocluster indicates an avalanche reaction is triggered at a crit-
ical Ag concentration, which leads to the rapid restriction to a
fully exchanged Ag,S nanocluster. Additional optical and struc-
tural characterizations agree with the proposed two-stage reaction
mechanism. Kinetic studies show the formation of CdS MSC inter-
mediates and Ag,S, and the conversion to both follows first-order
kinetic. Based on our mechanistic study, we construct a quanti-
tative relationship between Ag addition and the cation exchange
reaction product. With the correlation between Ag addition and
cation exchange products, we synthesize and isolate dilutely Ag
exchanged CdS MSC intermediate with a precise number of Ag
atoms [Ag;Cd3;S33(L)]. Additionally, we show that this two-stage
reaction mechanism also applies to Cu cation exchange in CdS
MSC and potentially is general to other MSC cation exchange
reactions.

RESULTS AND DISCUSSION

To study the MSC cation exchange reaction mechanism, a
series of Ag/CdS MSC cation exchange reactions are conducted
(experimental details in the supplementary material). Inductively
coupled plasma-optical emission spectrometry (ICP-OES) is used
to characterize the amount of Ag that is incorporated into the
CdS MSC [Fig. 1(a), details shown in the supplementary material).

Initially, from 0 to a 75% Ag addition (Mozes"'g %), the Ag% incor-

Molescq
poration increases from 0% to 8.0%. Past this point, as Ag is added

from 75% to 135%, there is a rapid increase in Ag% incorporation
(8.0%-40.4%). In this range, the Ag incorporation is greater by a
factor of 5.1 times compared to the first Ag addition stage (0%-75%
added). To quantify the Ag incorporation rate in the first and sec-
ond regions, the Ag incorporation vs addition curve is linearly fit
between 0% to 75% and 100% to 135%. The fitted slopes L; = 0.11
and L, = 0.83 indicate that the Ag incorporation rate in the sec-
ond region is 7.5 times higher than in the first region. In the final
stage, as the Ag addition increases from 135% to 175%, the Ag
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incorporation plateaus at ~40%, indicating the cation exchange
reaction has already completed at 135% Ag addition.

At the face of it, a 40% substitution of Cd for Ag is sub-
stochiometric and implies that the reaction has not been completed
and a residual core of CdS or unreacted CdS clusters/fragments
remains. We hypothesize that this significant excess of unreacted
Cd is contributed not from the MSCs but from local Cd(oleate),
trapped in the mesophase. To test our hypothesis, we conduct a
size-selective precipitation experiment on an Ag exchanged sam-
ple (100% Ag addition). Because the Cd(oleate), is a much smaller
molecule compared to the CdS MSC, we should be able to vary
its precipitation by controlling the antisolvent (acetone) to solvent
(toluene) ratio (experimental details shown in the supplementary
material). The results of our experiment show that the silver concen-
tration in the precipitated product (Ag% incorporation, measured
from ICP, Fig. S1) decreases from 31.6% to 12.1% as we increase
the antisolvent to solvent ratio from one to five. The decrease in
Ag% measured is due to increased Cd(oleate), precipitation as we
increase the antisolvent to solvent ratio. Our size-selective precip-
itation experiment proves Cd(oleate), does contribute to the Cd
content measured in ICP. In order to preserve consistent results
between cation exchange samples with respect to their Cd(oleate),
ratio, we use a constant antisolvent/solvent ratio for our sample wash
(details in the supplementary material). Inevitably, this leads to the
overestimation of the Cd content in our product. Nevertheless, we
hold the view that these errors exhibit consistency between samples,
thereby establishing a background level against which the variations
can be accurately ascertained.

Ex-situ UV-Vis absorption spectroscopy finds that as the Ag
content increases the changes to the excitonic feature can be divided
into two stages [Fig. 1(b)]. In the first stage, the exciton peak gradu-
ally shifts from 324 to 327 nm as the Ag content increases to 4.0%. In
the second stage, further Ag content increases lead to the reduction
in the 327 nm exciton peak intensity, which completely diminishes
at an Ag content of 40.4%. As a control experiment, we inject the
same amount of solvent without Ag, and no change in the exciton
peak is observed (Fig. S2). The small shift in the exciton feature in
stage 1 indicates a slight change in the CdS MSC electronic struc-
ture possibly due to the incorporation of a few Ag atoms in the
CdS MSC. In the second stage, the reduction in the exciton peak
intensity indicates that the CdS MSC starts to transform into a prod-
uct with a completely different electronic structure. Our two-stage
UV-Vis results are consistent with previously reported CdSe MSC
cation exchange with Cu.”

In-situ UV-Vis absorption spectroscopy of the 100% Ag addi-
tion (12.1% Ag incorporation) reveals that the reaction dynamics
can be divided into two distinct regions (Fig. 2). Within the first
20 s of the Ag addition, the exciton peak shifts from 324 to 327 nm,
accompanied by a rapid decrease in the peak absorbance (decreases
from 0.9 to 0.3) [Fig. 2(a)]. Between 20 and 100 s of the reaction,
the peak absorbance decreases to 0.07. The final absorbance change
in the kinetic study is consistent with the 100% Ag addition case
shown in Fig. 1, where absorbance significantly reduces from 1.37
to 0.23 after Ag addition. Based on the Beer-Lambert law, the peak
absorbance is linearly correlated with the CdS MSC solution con-
centration and can be used as an indicator of the reaction progress.
Thus, fitting the time-dependent peak absorbance reveals the
kinetics of the cation exchange reaction [Fig. 2(b)]. A recent study
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FIG. 1. Composition and UV-Vis absorption analysis of the cation exchange reaction of CdS MSCs with Ag. (a) Silver addition plotted as a function of silver incorporation
computed as (%ﬁ:ﬁ%) The values for “Ag% addition” are determined from the ratio of the Ag precursor to CdS MSCs. The values for “Ag% incorporation” are determined

from ICP data. As Ag addition increases from 0% to 75%, the fraction of Ag that is incorporated increases constantly up to ~8.0%. When 75%-135% Ag is added, a rapid
increase in Ag incorporation occurs, starting at 8.0% and ending at 40.4%. The Ag incorporation vs addition curve is linearly fit between 0% to 75% and 100% to 135%. The
fitted slopes, Ly = 0.11 and L, = 0.83, indicate that in the second region the Ag incorporation is ~7.5 times faster compared to the first region. (b) Absorption spectra for
samples with varying Ag incorporations. The exciton absorption peak displays two stages during the Ag content increase. Initially, as the Ag content increases up to 4.0%, the
324 nm exciton peak gradually shifts to 327 nm. Further increase in the Ag content then leads to continuous reduction in the absorbance peak, which completely diminishes

when the Ag content reaches 40.4%.

has found that the cation exchange reaction for CdS into ZnS magic-
size clusters follows first-order kinetics,'? In(A) = kt + I, where A is
the peak absorbance, k is the rate constant, ¢ is the reaction time,
and I is the initial absorbance. Attempting to fit our time-dependent
absorption data (0-100 s) with a first-order fit (Fig. S3), however,
results in a poor correlation especially in the timeframe of 0-20 s.
Based on our previous finding of a two-stage reaction (Fig. 1), we
tried fitting the time-dependent absorption data with first-order
kinetics over two regions (0-20 s and 20-100 s). We found improved
R? values in both regions [0.966 and 0.986, Fig. 2(b)]. Comparing
the rate constants from the two stages, the rate constant extracted
from the first stage (k = 0.056 for 0-20 s) is three times higher than

that from the second stage (k = 0.019 for 20-100 s), further support-
ing the hypothesis that the cation exchange undergoes two reaction
stages.

We examine the atomic structure and composition of the cation
exchange reaction products using MALDI-TOF mass spectroscopy
over a range of 3000-6000 m/z (Fig. 3). As the Ag% incorpora-
tion increases up to 8.0%, we observe the highest intensity peak at
5163 m/z, which shifts toward lower mass and a new peak around
4860 m/z [Ag>Cds3,S33] appears, which results from the removal
of the oleic acid ligand. With further increases in Ag% incorpora-
tion, the peaks above 4500 m/z diminish and are replaced by new
peaks in the 3200-4200 m/z region. Summarizing the evolution of
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FIG. 2. In-situ UV-Vis absorption study on the Ag/CdS MSC cation exchange reaction with 100% Ag addition. (a) In-situ UV-Vis absorption from the cation exchange reaction
after adding Ag to the CdS MSC at time 0. In the first 20 s after Ag addition, the exciton peak at 324 nm shifts to 327 nm accompanied by a rapid decrease in the exciton
peak intensity from 0.9 to 0.3. Once the exciton peak is fully shifted to 327 nm, the absorbance slowly decreases and stabilizes at 0.07. (b) The time-dependent absorbance
change is fitted in two separate regions (0-20 s and 20-100 s) with a first-order kinetic equation (inset). Both regions have strong R? fitting values (0.966 and 0.986).
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the spectra, we see two reaction stages delineated by the 8.0% Ag
incorporation point: (1) Below 8.0% Ag incorporation, the highest
intensity peak at 5163 m/z shifts toward the lower mass. (2) Above
8.0% Ag incorporation, a group of peaks emerge between 3000 and
4000 m/z.

High-resolution MALDI TOF is commonly used for nan-
ocluster identification'”'""” by fitting the unique isotope mass
distribution from each cluster. The native CdS MSC mass spec-
trum (MS) has four characteristic peaks above 5000 m/z cor-
responding to Cds4S33(L) at 5163 m/z, CdssS31(L) at 5400 m/z,
Cd3;S32(L) at 5549 m/z, and CdsgSs3(L) at 5694 m/z (L: oleic
acid ligand, isotope fitting shown in Fig. S4). The peak at 5163
m/z [Cd34S33(L)] has the highest intensity and resolution; thus,
it is used to monitor the change in the CdS MSC during
Ag incorporation. Examination of the high-resolution MALDI-
TOF MS around the 5163 m/z region reveals the highest inten-
sity peak shifts from 5163 to 5159 m/z and then to 5155 m/z

(a) Ag incorporation (b)

A.U.
E

12.1% Ag

—
—

F—
;

s
28.3% Ag

40.4% Ag

3000 :
A 4

4000
m/z

----- - = CduSu(L)
F----- ﬂ Icds MSCs
) w
1
1
I
}

A.U.

5000 6000 5120

ARTICLE scitation.org/journalljcp

as the Ag content increases to 3.2% and then to 4.0% [Fig. 3(b)].
Isotope fitting finds that the decreased mass values correspond to
the exchange of one and two Ag atoms with Cd [AgCds3S33(L)] and
[Ag>Cd3,S33(L)]. These Ag exchanged clusters identified in MALDI-
TOF are ligand stripped derivatives of the Ag exchanged clusters’
intermediate. We name the two Ag exchanged cluster intermedi-
ates as the Ag-CdS and Ag,-CdS MSC intermediate. Similarly, the
mass region between 3200 and 4150 m/z can be examined as the
silver content increases above 8.0% [Fig. 3(c)]. Below 8.0% Ag addi-
tion, the low intensity mass peaks in the spectra correspond to CdS
cluster fragments (Fig. S5). At or above 8.0% Ag addition, a series
of new peaks form in this region, which have short-range periodic
mass differences of 32 m/z (e.g., 3297 vs 3329 m/z) and longer-
range periodic mass differences of 248 m/z (e.g., 3297 vs 3545 m/z),
corresponding to fragmentation of S and AgsS, respectively (Fig.
S6). Isotope fitting of the peak pair between 3500 and 3600 m/z for
the 28.3% sample shows the two peaks correspond to AgxSi3 and

Cds MSCs — (5163

Cds

H HHHHUHH.

sl |||HHH
3.2% Ag (5159)

AgCd;Sa(L)

H“'HHHU...

(5155)

gl H

4.0% Ag P E——
Ag,Cd,,Su(L) WWM

WMP‘?HHHIHHHH ‘ H‘ ||HHm;..
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Ag,-CdS
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(C) CdS MSCs
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. 40.4% Ag

(d)

28.3% Ag
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FIG. 3. Ex-situ MALDI-TOF MS studying the cation exchange intermediates and final product. (a) MS of samples that have undergone increasing levels of Ag incorporation
(samples are measured post-exchange). Two m/z regions characterize the cation exchange process: (1) near the highest characteristic intensity peak at 5163 m/z and (2)
between 3000 and 4000 m/z where a new group of peaks emerge when the Ag incorporation is above 8.0%. (b) High-resolution MS on the region between 5120 and 5200
m/z reveals the mass change during the first stage of the cation exchange reaction. As the Ag content increases to 3.2% and 4.0%, the most intense peak at 5163 m/z
shifts lower to 5159 and 5155 m/z, which indicates one and two Ag atoms exchanging with Cd. The isotope distribution fittings are provided in the bar plot in the following.
(c) High-resolution examination of the region between 3200 and 4150 m/z reveals mass changes that can be used to characterize the second stage of the cation exchange
reaction. A series of periodic peaks between 3000 and 4000 m/z form as the silver content increase above 8.0%. Two periodic mass differences are observed: 32 m/z
matches the atomic mass of the sulfur atom (e.g., 3297 vs 3329 m/z), and 248 m/z matches the molecular mass of Ag,S (e.g., 3297 vs 3545 m/z). (d) Isotope fitting of one
pair of the periodic mass peaks (28.3% Ag) between 3500 and 3600 m/z confirms they correspond to AgpgS13 and AgaeS1s.
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FIG. 4. Ex-situ XRD and XPS studying the crystal structure and electronic structure change during Ag cation exchange. (a) XRD analysis shows the crystal structure remains
the same as the CdS phase until 4.0% Ag incorporation. At 8.0% Ag content, two small peaks between 30° to 40° emerge, which indicate the formation of the Ag,S phase.
Full exchange to Ag,S is observed when Ag content reaches ~40.4%. (b) XPS results on the Ag 3d edge show the same binding energy (3ds/, at 374.9 eV and 3ds, at
368.9 eV) with Ag content up to 4.0%. As Ag content further increases, another set of doublets starts to form at lower binding energy (3ds, at 372.3 eV and 3ds, at 366.3 eV)
and coexists with the original peaks. When Ag content reaches 40.4%, the lower binding energy Ag doublets completely replace the original peaks.

Ag9S14, respectively [Fig. 3(d)]. Based on the above analysis, the new
peaks between 3200 and 4150 m/z are Ag,S cluster peaks.

To be noted, if we magnify the MS spectrum of fully exchanged
sample (40.4% Ag addition), we observe periodic Ag,S peaks up to
~6500 m/z (corresponding to Ags3Sas, Fig. S7). Due to the potential
fragmentation of larger Ag,S clusters, the observed MS peaks only
confirm the full conversion to Ag,S clusters rather than quantifying
of the cation exchange product.

The crystal structure evolution after Ag/CdS MSC cation
exchange is studied by ex-situ x-ray diffraction [Fig. 4(a)]. The XRD
spectra with up to 4.0% Ag incorporation show similar patterns
with two broad peak centers at 26.3° and 49.1°, matching the CdS
standard (PDF 00-006-0314). At 8.0% Ag incorporation, two peaks
emerge between 30° and 40° and two other minor peaks between
40° and 45°, which rapidly increase in intensity as the Ag content
increases. These new peaks completely replace the CdS peak when
Ag content reaches 40.4%. The final phase at 40.4% Ag content
matches the Ag,S standard (PDF 01-080-8431) and confirms that the
complete cation exchanged product is Ag,S. Apart from the phase
change, the XRD peaks also broaden as the Ag incorporation con-
tent increases, which indicates the nanocluster agglomerate during
the cation exchange.

TABLE 1. Summary of the reaction products with different amounts of Ag incorpora-
tion based on MALDI-TOF, XRD, and XPS data. All three characterization techniques
converge to show that at or below 4.0% Ag content, the reaction products are dilutely
exchanged Ag,—CdS MSCs. Fully exchanged Ag, S MSCs start to form between 4.0%
and 8.0% Ag addition. At 40.4% Ag content, the Agy—CdS MSC intermediate has
completely transformed to Ag,S.

Silver incorporation = MALDI-TOF XRD XPS

0% Ag CdS CdS CdS
3.2% Ag CdS CdS CdS
4.0% Ag CdS CdS CdS
8.0% Ag CdS + Ag,S  CdS+ Ag,S  CdS + Ag,S
12.1% Ag CdS + Ag,S  CdS+Ag,S  CdS + AgS
28.3% Ag AgyS CdS + Ag,S  CdS + Ag:S
40.4% Ag AgyS AgyS AgyS

X-ray photoemission spectroscopy (XPS) characterizes the
electronic structure evolution during cation exchange by tracking
the Ag 3d edge binding energy [Fig. 4(b)]. With up to 4.0% Ag incor-
poration, the Ag 3ds/; and 3ds/; binding energies remain constant
at 374.9 and 368.9 eV, respectively. When the Ag content reaches
8.0%, we observe shoulders appearing at lower binding energy that
grow into another set of doublets with binding energies at 372.3 eV
(3d3/2) and 366.3 eV (3ds;2). When the silver content reaches 40.4%,
only the peaks at 372.3 and 366.3 eV are present (fits in Fig. S9).
XPS of Ag metal and bulk Ag,S reference samples results in a 3ds/,
binding energy of 368.1 and 367.8 eV, respectively, which matches
the literature reported values.” * A significant 2.7 eV shift of the Ag
3d binding energy is observed between the Ag,-CdS MSC interme-
diate (the CdS MSC doped with two Ag atoms; please see discussion
around Fig. 3) and the fully exchanged Ag;S. Due to the lack of
reducing and oxidating agents, we assume the silver remains as Ag*
through the cation exchange reaction. The literature has shown that

A P 0®
..... °°°°°
S
Ag*  Cd?*

Energy

&casj
&

Ag,S

&

FIG. 5. Schematic of the two-stage CdS MSC cation exchange reaction with Ag*.
In stage 1, a stepwise exchange of 1-2 Ag atoms with Cd occurs and the CdS
MSC crystal structure is retained. Once the cluster reaches a critical Ag con-
centration, an avalanche Ag cation exchange reaction occurs, resulting in a rapid
transformation into Ag,S.

Reaction coordinate
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the Ag* 3ds); binding energy can vary between 367.0 and 369.4 eV
depending on the chemical environment,”*** and we propose that
the different Ag chemical environments are the cause of the observed
peak shifts. In the Ag,~CdS MSC intermediate, Ag" ions are the
minority in the system and are surrounded by the CdS nanoclus-
ter. Once the second stage of the cation exchange reaction is entered
(e.g., 12.1% Ag incorporation sample), we observe two sets of dou-
blets coexisting and corresponding to the intermediate stage where
the Ag,-CdS MSC intermediate has partially transformed into Ag,S
with Ag" ions sitting inside the Ag,S nanocluster. In the fully
exchanged sample, all the Ag™ are within Ag,S nanoclusters, and
only one set of doublets with lower binding energy is observed.

The Cd 3d and S 2p XPS spectra are also collected and shown
in the supplementary material (Fig. $10). Pure MSC Cd 3d3/,; and
3ds, peaks are located at 412.4 and 405.6 €V, respectively, which
matches the reported values for a Cd-S bond.” > Throughout the
Ag addition series, there is no noticeable change in the Cd 3d peak
[Fig. S10(a)]. Pure MSC sulfur 2py;, and 2ps;, peaks are located
at 162.8 and 161.6 eV, respectively [Fig. S10(b), Table S1]. As the
Ag concentration increases to 8.0%, the doublets shift to a higher
binding energy of 163.8 and 162.6 eV. Further addition of Ag up
to 40.4% causes the S doublet to shift back to 162.8 and 161.6 eV.
The 161.6 eV of S 2p3/, binding energy matches the reported value
for $*~ in either CdS or Ag,S.”"** The increase in S binding energy
in the 8.0% Ag addition sample can be assigned to S that is singly
bonded to Ag (Ag-S-L, L corresponds to surface ligand)”""" or
the presence of disulfide.’’ The presence of singly bonded S can be
a result of the exposed nanocluster surface or fragments from the
partial dissolution of the Ag,-CdS MSC intermediate. This can be
initiated by either the coordinating ligand trioctylphosphine (TOP)
or more likely nitrate anions. After the Cd-S bond is cleaved, sil-
ver is able to bond with the free sulfur. Another nitrate is then able
to cleave the remaining Cd-S bond and the cadmium nitrate leaves,
likely reacting further with the TOP to form a metal complex.” This
leaves the previously bonded sulfur exposed and unable to react due
to the limited silver in the system (Fig. S11). Additionally, disulfide
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can form due to bond rearrangement during the partial dissolution
of the Ag,-CdS MSC intermediate.

Based on the ex-situ MALDI-TOF, XRD, and XPS results and
analysis, we list the cation exchange products at different Ag incor-
poration values, and very consistent results are found (Table I).
Juxtaposing the reaction products identified from the three charac-
terization techniques, the 8.0% Ag sample stands out as the critical
concentration at which Ag,S starts to form. This finding is redun-
dantly confirmed by these three characterization methods. At higher
Ag concentrations, a discrepancy occurs at 28.3% Ag where the
MALDI-TOF data indicates a full exchange to Ag,S, but the XRD
and XPS data still show some residual signal from the CdS MSCs.
The lack of CdS MSC signal in the 28.3% Ag from MALDI-TOF is
likely due to the fragmentation of the residual CdS MSCs.

Based on the above results, we propose a two-stage reaction
for our Ag/CdS MSC cation exchange system. At stage 1, a step-
wise substitution of Cd by Ag atoms leads to the formation of an
Ag exchanged CdS MSC intermediate. From the MALDI-TOF and
XRD results [Figs. 3(b) and 4(a)], the Agx-CdS intermediate contains
up to two Ag atoms (Ag,-CdS) and shares the same crystal structure
as the unexchanged CdS MSC. After the Ag% incorporation reaches
the critical concentration of 8.0%, MALDI-TOF and XRD results
indicate that the Ag,-CdS MSC intermediate starts to transform into
Ag,S (Fig. 5). The fact we are only able to observe up to two Ag atoms
exchange into CdS MSCs indicates that further addition of Ag causes
the CdS cluster fragmentation, followed by structural reorganization
and Ag,S cluster formation. Analogous two-stage reaction mech-
anisms can be found in both nanocluster and nanocrystal cation
exchange process. For example, White et al. also found a two-stage
reaction mechanism during their cation exchange of CdSe nan-
oclusters with Cu ions:” a lightly doped Cu/CdSe intermediate is
identified by a shifted exciton peak, and increased Cu concentra-
tion triggers an avalanche cation exchange to Cu,Se. Nelson et al.
found the cation exchange of Cd with PbS nanocrystal is initi-
ated by the symmetry breaking of the surface shell: amorphous
rock salt CdS crystallizes into zinc blende CdS. After the complete
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FIG. 6. Absorption and structural change throughout Cu/CdS MSC cation exchange. (a) The exciton absorption peak undergoes two stages of change as the Cu content
increases. With up to 50% Cu addition, the 324 nm exciton peak shifts to 331 nm. Further addition of the Cu content up to 125% completely diminishes the exciton absorption
peak. (b) XRD is used to probe the structure change at the 50% Cu addition (intermediate state) and 125% Cu addition (completely exchanged) samples. Pure CdS MSCs
shows two wide peaks centered at at 26.3° and 49.0°. At 50% Cu addition, the original peaks shift to 29.1° and 47.9°. The 47.9° peak decreases in intensity relative to the
peak at 29.1°. At 125% Cu addition, the two peaks remain at the same positions as the 50% addition case. Additionally, the peak at 48.9°further decreases in intensity. Two
standards for CdS (PDF 00-006-0314) and CuS (JCPDS 6-464) are provided.
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formation of the surface zinc blende CdS shell, the reaction pro-
ceeds through diffusion-controlled ion transport.” Our study pro-
vides detailed characterizations of the Ag,—CdS MSC intermediate
and final cation exchange product, which provide a deeper under-
standing of the cation exchange reaction mechanism in magic-size
clusters.

To test the generality of the two-stage mechanism, we study
the cation exchange of Cu with CdS MSCs (experimental details
shown in the supplementary material). The exciton absorption and
structural changes throughout the cation exchange process are
shown in Fig. 6. Stepwise Cu ion addition leads to a similar exci-
ton absorption peak shift as the Ag exchange case [Fig. 6(a)]. With
up to 50% Cu addition, the exciton peak shifts from 324 to 331 nm,
and the exciton peak intensity decreases to 36% of the original inten-
sity. Further addition of Cu reduces the exciton peak intensity, which
completely diminishes at 125% Cu addition. The in-situ UV-Vis Cu
exchange experiment shows the time-dependent absorbance change
can be fitted with first-order kinetic in two separate temporal regions
(0-10 s and 10-90 s) (Fig. S12). The rate constant in the first stage
is 14 times higher than the second stage (-0.15 vs —0.011), which
matches the Ag exchange kinetic study.

The photoluminescence (PL) property of the Cu-CdS interme-
diate (50% addition) has changed significantly compared to the CdS
MSC (Fig. S13). When excited at 285 nm, the pure MSC shows a
single sharp PL peak at 330 nm. In comparison, the Cu-CdS inter-
mediate shows a single peak center at 470 nm with an extended tail
up to 800 nm. Our results match Hughes et al.’s report, which have
shown that Cu doping in the CdSe/CdS core-shell nanoparticle gave
rise to a broad longer wavelength PL peak. The red-shifted PL peak
was attributed to the recombination of a delocalized conduction
band electron with a hole created by copper doping.**

The crystal structures of the Cu-CdS intermediate sample (50%
Cu addition) and fully exchanged sample (125% Cu addition) are
analyzed by XRD and compared to unexchanged CdS MSCs (the
parent clusters) [Fig. 6(b)]. The XRD spectrum of unexchanged CdS
MSCs presents two broad peaks centered at 26.3° and 49.1°degrees,
respectively. At 50% Cu addition, the two peaks shift to 29.1° and
47.9°, respectively. The complete Cu exchange sample retains a sim-
ilar XRD pattern as the intermediate state, except for the peak at
47.9°, which is significantly decreased in intensity. Based on the CdS
and CuS standards, both the intermediate and fully exchanged sam-
ples have a mixed structure between CdS (PDF 00-006-0314, zinc
blende) and CuS (JCPDS 6-464, covellite). Additionally, unlike the
fully exchanged Ag case where cluster aggregation is observed, the
fully exchanged Cu case results in no cluster aggregation based on
the similar width of the XRD peaks. Unfortunately, we are not able
to directly observe the Cu-CdS intermediate cluster using MALDI-
TOF MS most likely due to the structural instability when excited
with high energy laser.

CONCLUSION

In this paper, we study the unusual cation exchange behavior of
CdS MSCs with Ag. A two-stage reaction mechanism is confirmed
by a series of optical, crystal structure, and electronic structure
characterizations. At the first stage, dilute Ag is exchanged (up to
4.0% Ag incorporation), leading to the formation of Ag-CdS MSC
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intermediates. As the Ag incorporation content exceeds 8.0%, an
avalanche reaction leads to the completely exchanged Ag,S cluster
formation. Most importantly, using high-resolution MALDI-TOF
mass spectroscopy, we reveal two dilutely cation exchanged reac-
tion intermediates [Ag,Cd3,S33(L) and AgCds3Ss3(L), L: oleic acid]
as well as the fully exchanged Ag,S. We construct a quantitative rela-
tionship between Ag addition and cation exchange reaction products
based on our characterization results. Additionally, we investigate
the Cu/CdS MSC cation exchange reaction and find a similar two-
stage reaction mechanism. Our study shows the dilutely exchanged
intermediate cluster can be generally found in the first stage of the
MSC cation exchange reaction. By introducing different cations,
these dilutely exchanged intermediate clusters can present varying
properties compared to their unexchanged counterparts. Addition-
ally, the dilutely exchanged clusters have the potential to be used
as platforms for exchanging with other cations and potentially
producing high entropy magic-size clusters.

SUPPLEMENTARY MATERIAL

The supplementary material contains additional experimen-
tal details for sample preparation, characterization methods, and
figures.
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