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ABSTRACT: We report on the vapochromic behavior of a series of homo- and heterometallic copper(I) iodide/silver(I) iodide 
nanoparticles when exposed to dimethyl sulfide (DMS) vapor. These systems show remarkable colorimetric sensing behavior via 
emission color upon DMS exposure, shifting from pink to green emission. Kinetics measurements of CuI/AgI nanoparticle reactions 
with DMS show a significant increase rate increase with increasing Ag(I) content. However, luminescence spectroscopy and X-ray 
diffraction of the post-exposure samples with varying Ag(I) content reveal that the luminophore is identical in all cases and contains 
no Ag(I) ions. To rationalize the experimental observations and determine the vapochromic response mechanism, Molecular Dynamic 
calculations were performed on model (111) cation-terminated surfaces of copper iodide crystals doped with variable amounts of 
silver. Computational studies indicate that heterometallic Cu/Ag systems have a stronger binding affinity towards DMS vapor 
molecules than homometallic CuI and that embedding of the DMS molecules into the surface is the primary intermediate by which 
the vapochromic response occurs.
 

INTRODUCTION 

Metal ions of the d10 group continue to attract interest from 
experimental and theoretical scientists due to their tendency to form 
self-assembled supramolecular and coordination polymers 
exhibiting metal-metal interactions.1–15 These interactions produce 
strong light emission upon irradiation with UV light whereby the 
emission color is dependent on a number of physical properties 
such as coordinated ligands.16–19 As a result, d10 metal-based 
materials have found applications as biosensors, optical sensors, 
and chemical sensors.16,20–22 In many of these chemical sensor 
materials, the sensing potential of d10 metal-based systems is 
inherent to a well-documented, yet poorly understood, 
phenomenon known as vapochromism.23-42 In this process the 
luminescence of a particular complex is altered by the presence of 
a volatile organic compound (VOC). We have observed this 
behavior previously with CuI films reacting to sulfur and nitrogen 
containing vapors, Scheme 1.16 These films are generally non-
luminescent under UV light but upon exposure to sulfur- or 
nitrogen-containing nucleophile vapors undergo a dramatic change 
in emission color, spanning the entire visible spectrum. While the 
metal halide film itself does not discriminate between incoming 
vapor molecules, the emission color is intrinsic to the particular 
molecule coordinated. The broad array of emission colors observed 
upon exposure to VOC vapors offers a proof-of-concept for the use 
of d10 metal halides in the development of chemical sensor devices. 
Nevertheless, through our study of CuI films, we identified that a 
major drawback to these systems is their limited ability to rapidly 
detect VOC vapors on the seconds time scale. 

To overcome these reaction rate limitations, we have turned to 
mixed metal halide nanoparticle systems. Our approach was 
inspired by the recently published work of Leznoff et al. on 
Cu(I)/Au(I) cyano-coordination polymers, which demonstrated 
that heterometallic systems can be tuned to increase vapochromic 
response.22,32,43,44 Amongst these systems, the vapochromic 
behavior of mixed metal [Cu1/2Au1/2]CN towards thioethers is of 
particular interest.22 When crystals of formula [Cu1/2Au1/2]CN are 
prepared using equal molar ratios of metal ions, no vapochromic 
response is reported upon exposure to dimethyl sulfide or diethyl 
sulfide vapors. However, addition of excess Cu(I) during synthesis 
to form the 2:1 molar ratio compound [Cu2/3Au1/3]CN activates the 
vapochromic behavior in which the emission shifts from blue to 
yellow. Given the isomorphic structures of the two metal cyanide 
salts, Leznoff et al. rationalized that the most likely cause of this 
behavioral change was disruption of stabilizing aurophilic bonding 
via Au(I) ion replacement by Cu(I). While it was determined via 
powder X-ray diffraction (PXRD) that binding of vapor molecules 
occurs only at Cu(I) sites in the final product, the mechanism by 
which this reaction proceeds is currently unknown. These findings 
highlight the need for fundamental mechanistic understanding of 
how vapochromic materials react with incoming VOCs as part of 
the rational development of commercially viable sensing materials. 

To this end, we report on the synthesis and vapochromic 
response of a series of homo- and heterometallic CuI/AgI 
nanoparticles towards dimethyl sulfide (DMS) vapor. As noted, 
these nanoparticles display vapochromic behavior upon exposure 
to VOC vapor as evidenced by a distinct shift in emission energy. 
PXRD and luminescence measurements performed on 

Scheme 1. Visible light photos of previously reported CuI films from our group under 365 nm irradiation after exposure to various VOC 
vapors.16
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nanoparticles before and after DMS exposure showed that Ag(I) 
ions are not associated with the final emissive product. Most 
remarkably, in comparison to homometallic Cu(I) samples, 
nanoparticles with high Ag(I) content display far more rapid 
reaction times, with material saturation occurring within seconds. 
Molecular Dynamics calculations and kinetic studies have enabled 
us to develop a mechanistic understanding of how this vapochromic 
response occurs. To our knowledge this is the first study to probe 
the mechanism of nucleophile reaction with heterometallic iodide 
systems. Therefore, the current study represents the first structural, 
computational, and kinetic investigation into the vapochromic 
response mechanism of homometallic and heterometallic d10 metal 
halide building blocks.

EXPERIMENTAL 

General. All reagents were purchased from Aldrich (St. Louis, 
MO, USA), Acros (Geel, Antwerp, Belgium), or American 
Element (Los Angeles, CA, USA) and were used as received. 
Diffuse reflectance spectra were collected on solid samples at 298 
K. The light source was a Mikropack DH-2000 deuterium and 
halogen light source coupled with an Ocean Optics USB4000 
detector. Scattered light was collected with a fiber optic cable. 
Spectra were referenced with MgSO4. Data was processed using 
SpectraSuite 1.4.2_09. Compounds were analyzed for their Cu and 
Ag content via flame atomic absorption spectroscopy (AAS) using 
a Perkin Elmer AAnalyst 700 instrument. Samples were dissolved 
in 1.5 M aq. KI solution and then further diluted with water to a 
concentration of approx. 4.000 mg/L. All samples were measured 
three times with a reported average value. TEM services were 
performed by the University of Maine Electron Microscopy 
Laboratory. A Philips/FEI CM 10 TEM was used with a point 
resolution of 0.5 nm and lattice resolution of 0.3 nm. Magnification 
power in the range of 25× to 450,000× with an accelerating 
potential of 100 kV was used. For imaging, nanoparticles were 
deposited from sample solutions onto copper TEM grids coated 
with a layer of amorphous carbon. To deposit nanoparticles a small 
drop of nanoparticle solution was pipetted onto a grid surface and 
allowed to air dry at ambient temperature. Steady-state 
luminescence scans of unexposed and exposed nanoparticles were 
collected at 298 K. Spectra were collected with a Model 
Quantamaster-1046 photoluminescence spectrophotometer from 
Photon Technology International using a 75 W xenon arc lamp 
combined with two excitation monochromators and one emission 
monochromator. A photomultiplier tube at 800 V was used as the 
emission detector. The solid samples were mounted on a copper 
plate using non-emitting copper-dust high vacuum grease. 
Thermogravimetric analyses (TGA) were conducted using a TA 
Instruments Q500 in the dynamic (variable temp.) mode with a 
maximum heating rate of 50 oC/min. to 800 oC under 60 mL/min. 
N2 flow.

Nanoparticle Synthesis. To synthesize CuI nanoparticles (1), 
CuI (0.800 mmol) was added to 20 mL aqueous solution of 3.0 M 
potassium iodide (KI). While stirring, 5 mL ethyl alcohol and 15 
mL acetonitrile were added. The solution was vigorously stirred 
until no solids were observed. Under continuous stirring, excess 
deionized water was added drop-wise at a rate of 1 drop every 5 
seconds until a precipitate was observed. An off-white powder was 
isolated by centrifuge and washed twice with water and once with 
ethyl alcohol. Nanoparticles were allowed to air dry overnight at 
room temperature. Measured AAS Cu content = 32.8% (theoretical 
= 33.4%). For Cu0.80Ag0.20I nanoparticles, (2) the procedure 
described for CuI was followed using CuI (0.600 mmol) and AgI 
(0.200 mmol). A pale-yellow powder was isolated. Measured AAS 
Cu/Ag content = 23.8%/10.9% (theoretical = 25.5%/10.8%). For 
Cu0.50Ag0.50I nanoparticles, (3) the procedure described for CuI was 

followed using CuI (0.400 mmol) and AgI (0.400 mmol). A yellow 
powder was isolated. Measured AAS Cu/Ag content = 
14.4%/25.7% (theoretical = 15.0%/25.2%).

X-ray Studies. All powder diffraction measurements were 
collected on a Thermo Scientific ARL Equinox 100 instrument 
using a Co microfocus X-ray source at 45 kV, 0.3 mA. Powder 
samples were ground and placed into a spinning sample holder for 
analysis. Data in the range 5−110ᵒ 2 were simultaneously 
acquired. The data were converted to Cu 2 values from d-spacing 
according to Bragg’s Law. Simulated powder patterns from single 
crystal determinations were generated using Mercury.45 

Kinetic Measurements. Kinetic studies were performed by 
exposing 2 mg of nanoparticles to a mixed gas containing a 
controlled amount of nucleophile. To produce this mixed vapor 
with the target compound, air was bubbled through a liquid sample 
of DMS at 298 K. This saturated vapor was then mixed in a 1:1 
ratio with air to reduce the concentration, producing the final 
experimental vapor. The flow rate was adjusted to 43.3 𝜇mol hr–1 
or 86.7 𝜇mol hr–1 after which the system was purged 5 min to reach 
equilibrium. After 5 min the valve was closed, and nanoparticles 
applied on a glass slide were placed directly under the outflow. To 
measure the luminescence, a 350 nm mercury lamp was used as an 
excitation source and the emission was collected via a fiber optic 
cable. An Ocean Optics spectrometer was used as the detector. A 
dark spectrum was taken as a blank. Time acquisition 
measurements at specific wavelengths were taken until no change 
in emission intensity was observed. Three trials were collected and 
the data averaged.

Molecular Dynamics Simulations. Molecular Dynamics (MD) 
calculations were performed with the NANIM simulation 
program.46 MD simulations were performed in the NVT ensemble 
with a time step of 2 fs, an equilibration period of 100 ps, and a 
production period of 100 ps. The temperature was set to 298 K via 
the velocity-rescaling thermostat (coefficient = 0.01 ps).47 Each 
simulation was performed four times with statistical results 
averaged. Surface slab generation was performed using the zinc 
blende structure for copper iodide (assuming a lattice parameter of 
0.620 nm). For pure copper iodide (case A), the slab has two-
dimensional periodicity with dimensions of 5.2609 nm across the 
terrace and 5.3127 nm across the step. The slab depth is ~5.1 nm, 
with the top layer being a (111) face made up of cations and the 
bottom layer being a (111) face made up of anions. To perform 
silver doping at either ~25% (case B) or ~50% (case C) levels, each 
copper ion site in the slab was assigned, respectively, either a 1:4 
or 1:2 chance of being replaced with a silver ion. As a result of the 
increase in lattice parameter caused by silver doping, slab 
dimensions for case B were increased to 5.3029 and 5.3551 nm (i.e. 
along periodic directions), and slab dimensions for case C were 
increased to 5.3448 and 5.3975 nm. To create a terrace along the 
cation-terminated surface at the top of the slab, one ~2.3 nm wide 
layer of metal-iodide pairs was removed (see Figure 1). Along this 
surface, sixty-three DMS molecules were distributed in order to 
obtain a monolayer (note: this amount of DMS was chosen because 
greater amounts resulted in significant desorption, creating an 
artificial vapor pressure in the simulation box). Two stationary 
walls confine this system along the non-periodic dimension. One 
wall (wall A) was placed well above the DMS monolayer, 
essentially serving as a top to the system. A second wall (wall B) 
was placed underneath the (111) anion-terminated surface of the 
slab, essentially acting as a substrate that supports the slab. After 
system construction, a force relaxation was performed over all non-
copper atoms for 800 cycles in order to eliminate any artificially 
large forces that may be created due to rough atom placement.46
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The atomic interaction model consists of Coulombic, 
Lennard-Jones, and Vashishta-Rahman interactions for the 
intermolecular potential and harmonic stretching/bending terms for 
the intramolecular potential.48–54 Interactions between copper, 
silver, and iodide ions were treated with the approach of Vashishta 
and Rahman (note: the effective charges assigned in this model are 
+0.6 for Cu/Ag and –0.6 for I).48 Repulsive, non-electrostatic 
interactions between metal cations were assumed to be negligible 
and were thus not included in simulations. DMS molecules were 
modeled according to the work of Bentenitis, Cox, and Smith.49 
Additionally, the force constants for intramolecular bond stretching 
and angle bending of the DMS molecule were taken from the 
AMBER 95 force field.50 To determine the DMS-substrate 
interaction parameters, 12-6 Lennard-Jones potential terms for 
silver and copper atoms proposed in the work of Heinz et al. were 
mixed with those of the aforementioned DMS model by taking 
geometric means for ε and σ terms.51 To determine a complete set 
of interaction parameters, a carbon-iodide interaction term was also 
taken from the literature and mixed with the DMS model.52 Non-
electrostatic interactions generally have a cutoff distance of 10 Å 
applied, except for the relatively long-range polarization 
interaction terms (used to describe part of the Cu-I, Ag-I, and I-I 
interactions) which have a larger cutoff distance of 20 Å applied. 
All intermolecular interactions discussed were treated with the 
shifted-force approach.53 Coulombic interactions were modeled 
through shifted-force electrostatics with a cutoff distance of 20 Å 
applied.54

Figure 1. Substrate slab model. A homometallic (111) slab 
consisting of 2436 cation sites and two surface steps is constructed 
in order to assess the interaction of DMS molecules with copper 
iodide substrates. (Image made with VMD.55)

The system walls act on nearby atoms according to a shifted-
force 9-3 Lennard-Jones potential, using a cutoff distance of 10 
Å.53,56 This potential consists of a repulsive term, A/rz

9, and an 
attractive term, B/rz

3, where rz is the vertical distance of the atom 
from the wall. Wall A has potential parameters of A = 180.83 eV/Å9 
and B = 0.78918 eV/Å3, and wall B has potential parameters of A 
= 901.14 eV/Å9 and B = 3.9328 eV/Å3. Data analysis was 
performed by analyzing simulation results at a frequency of 5 ps. 
For each instance, the interaction energy of a DMS molecule with 
substrate was determined by calculating the change in potential 
energy of the system when that molecule is removed. Note that 
negative interaction energies (making up 3 out of ~15,000 sampled 
energies) were treated as outliers and thus ignored.

RESULTS AND DISCUSSION

Nanoparticle Morphology and Characterization. Standard 
PXRD, TEM, and DRS measurements were performed to verify 

that precipitation of CuI and AgI mixtures produced heterometallic 
nanoparticles. Spectra from these measurements can be found in 
the supporting information (ESI). PXRD analysis of 1 (Figure S1) 
confirmed the expected cubic diffraction pattern of 𝛾-CuI (zinc 
blende structure). PXRD traces for 2 and 3 show the same cubic 
pattern as that seen in 1, but with increased lattice parameter (see 
Figure S1, ESI). No additional PXRD peaks attributable to pure 
CuI or AgI were observed in the mixed nanoparticle samples 2 and 
3. Thus, the analogous PXRD patterns for the three samples were 
consistent with homogenous zinc blende phases. TEM images of 1-
3 (Figure S2) confirm the presence of spherical nanoparticles that 
are relatively monodispersed. Average diameters for 1 of 18.3 ± 2.6 
nm, 2 of 20.2 ± 1.4 nm, and 3 of 45 ± 5.7 nm were determined by 
ImageJ particle analysis of multiple micrograph images.57 While 
solid samples of 1 are off-white in color, 2 and 3 are distinctly more 
yellow. Diffuse reflectance measurements (Figure S3) for 1-3 
reveal strong absorption bands in the UV and visible range for all 
samples. It is clear from the spectra that 2 and 3 have distinctly 
broader bands compared to 1 and extend further into visible range, 
in agreement with observed colors. The calculated band gap 
energies of 1-3 using the optical absorption edge are 2.93 eV, 2.79 
eV, and 2.62 eV, respectively. It becomes apparent that as the 
concentration of Ag is increased, the band gap energy is decreased. 
These band gap energies are similar to previously reported bulk and 
nano-𝛾-CuI/AgI systems with band gaps ranging between 2.92 eV 
and 3.1 eV.58–63 Because of this we believe that these nanoparticles 
retain the known semi-conductive properties of homometallic CuI 
and AgI films, an important property with respect to developing 
optoelectronic devices.64

Vapochromic Behavior. To explore the vapochromic behavior 
of the metal iodides we have measured the luminescence of solid 
samples before (1-3) and after (1ʹ-3ʹ) exposure to DMS vapor, now 
designated with a prime. Unexposed nanoparticles 1 and 2 show 
pink emission under UV light, Figure 2. This pink emission is 
noticeably reduced with increasing Ag content whereby 3 is 
completely non-emissive. Presumably this emissive behavior is due 
to a halide-metal charge transfer (XMCT) between the I 6s and Cu 
3d atomic orbitals which has been reported in CuI films.16

Figure 2. Images under UV light before (1-3) and after (1ʹ-3ʹ) 
exposure to DMS vapor.

Upon exposure to DMS vapor, vapochromic behavior is 
observed for 1ʹ-3ʹ by the appearance of bright green emission. Solid 
state luminescence measurements of exposed 1ʹ-3ʹ (Figure S9) 
reveal identical emission bands with a peak at 550 nm. 
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Thermogravimetric analysis (TGA) for 1ʹ-3ʹ shows thermal 
removal of the DMS in the range of 50-80 ᵒC (Figure S4). Sample 
1ʹ showed a DMS content of 18.2% by mass, while Ag-containing 
2ʹ and 3ʹ showed only 5.5% and 8.0% DMS respectively. Vacuum 
exposure (100 𝜇m Hg) over several days removed all the DMS 
from 1ʹ-3ʹ as confirmed by both PXRD and TGA (Figures S4-S7). 
Nevertheless, exposed nanoparticles show moderate stability at 
STP, showing loss of green emission over the course of several 
hours (Figure S8). 

In order to further analyze the vapochromic behavior, the 
emission spectra were compared to the previously reported copper-
iodide cluster complexes [CuI]n[DMS]3.65–67 In reactions of CuI 
with neat DMS both ligand-rich [CuI]2[DMS]3 and ligand-poor 
[CuI]4[DMS]3 complexes have been reported. The ligand-rich 
[CuI]2[DMS]3 complex is non-emissive under UV light and readily 
decomposes to the ligand-poor complex [CuI]4[DMS]3 (Figure S10 
and S11).66 Under UV light (350 nm) irradiation [CuI]4[DMS]3 is 
highly emissive, with emission at 549 nm, which value is nearly 
identical to that of 1ʹ-3ʹ. This agreement in emission energies points 
to the formation of the open-flower-basket ligand-poor complex 
[CuI]4[DMS]3 as the emissive species of 1ʹ-3ʹ. Oddly, identical 
emission energy values are found irrespective of the Cu/Ag metal 
ratio, implying that Ag(I) ions are not participating in final 
coordination of the DMS. This behavior is highlighted by reports 
on analogous complexes of Cu(I)/Ag(I) wherein drastic differences 
in emission energy are observed when coordination occurs at Cu(I) 
sites versus Ag(I) sites.68–70 For example in the cubane complexes 
Cu4I4(PPh3)4 and Ag4I4(PPh3)4 at 120 K the maximum emission 
energy is 570 nm and 465 nm, respectively.65,68,69,71–73 If DMS 
coordination to Ag(I) were occurring in 1ʹ-3ʹ we would reasonably 
expect to observe differences in energy between emission bands. 
Since this is not the case, we are led to believe that Ag(I) does not 
participate in formation of the final emissive product. This leaves 
only the Cu(I) as a final coordination site, ultimately forming 
[CuI]4[DMS]3 clusters at the nanoparticle surface. 

Figure 3. PXRD spectra of 1ʹ-3ʹ (samples after exposure to DMS 
vapor). Calculated PXRD of [CuI]4[DMS]3 provided in black.65 -
CuI/AgI peaks noted by *.

We performed PXRD on the post-exposure samples 1ʹ-3ʹ 
(Figure 3). In all cases the major phase observed is [CuI]4[DMS]3, 
matching the calculated pattern. Nevertheless, the zinc blende -
CuI/AgI phase seen in the unexposed samples 1-3 is still evident in 
1ʹ-3ʹ (starred peaks). This finding is unsurprising given that the 
formation of luminescent product resulting from DMS vapor 

exposure is necessarily a surface phenomenon, leaving the particle 
cores unchanged. The match between that 1ʹ-3ʹ PXRD the 
calculated [CuI]4[DMS]3 pattern strongly supports the assertion 
that the final emissive DMS adduct is free of Ag(I).

Molecular Dynamics. The mechanism by which the hetero-
metallic nanoparticles react to selectively form [CuI]4[DMS]3 is not 
known. Thus, in order to understand the structural and kinetic 
features of these nanoparticles, Molecular Dynamics calculations 
were performed. To accomplish this, DMS monolayers were 
modeled for (111) cation-terminated surfaces of copper iodide 
crystals doped with variable amounts of silver. Simulations 
revealed that doping with silver results in stronger binding of DMS 
molecules to (111) surface sites (See Figure 4). The majority of 
DMS molecules (i.e. 77%) are bound to metal centers with 
coordination numbers of 2 or 3 (determined using a cutoff sulfur-
metal distance of 4.2 Å for both copper and silver ions). For these 
molecules, the average binding energy for the silver-doped 
substrate is 1.2 kJ/mol greater than that of pure copper iodide 
substrate. We suggest that this effect would lead to enhanced 
adsorption of DMS vapor onto silver-doped substrates. DMS 
molecules that embed themselves into the substrate structure will, 
as a result, produce a metal coordination number of 5. In these 
cases, the average binding energy difference is even greater for 
silver-doped substrates, in the range of 4 to 12 kJ/mol. We argue 
that this enhanced stability of high-coordination states observed for 
silver-doped substrate could catalyze cluster formation, thus 
providing one possible explanation for the kinetics results observed 
in this work. Surprisingly, the strongest DMS interactions were 
observed for 25% AgI substrate, not 50% AgI. These strongest 
interactions in 25% AgI are found to be heterometallic in nature (as 
is discussed later). Additionally, the average metal coordination 
number for a DMS molecule was 2.14, 2.22, and 2.23, for pure CuI, 
25% AgI, and 50% AgI, respectively. Average coordination 
numbers are thus greater when silver dopant is present, further 
demonstrating that the destabilization effect of silver dopant within 
the lattice causes a stronger interaction between the substrate and 
the DMS vapor.

Figure 4. Binding energy vs. metal coordination number (CN). 
Increasing CN results in stronger interactions with substrate. 
Standard errors of the mean are shown. (Note: the five-coordinated 
state is relatively rare, making up only 0.13% of sampled states.)

Several instances of the embedding of DMS molecules into 
surface defect sites have been detected for all three systems (i.e. 
pure copper, 25% Ag, and 50% Ag). This happened multiple times 
for each system, with a total of about twenty instances being 
detected (note: detection of embedded states was here performed 
by scanning results for a metal coordination number of 5 or an 
iodide coordination number of 7, using a cutoff sulfur-iodide 
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distance of 4.7 Å). The most noteworthy incident of embedding 
occurred for 25% Ag (see Figure 5). In this case, a DMS molecule 
was found to embed into the surface step over a relatively long 
timeframe of about 60 ps, exhibiting a relatively high average 
binding energy of 0.92 eV, an average copper coordination number 
of 2.2, an average silver coordination number of 1.7, and an average 
iodide coordination number of 6.9. This interaction thus 
demonstrates how heterometallic character leads to strong 
substrate-vapor interactions. To assess the reversibility of 
monolayer formation, a DMS monolayer on pure CuI (taken from 
these simulation results) was simulated for 5 ns under vacuum 
conditions at a temperature of either 25 ᵒC (kBT = 0.026 eV) or 120 
ᵒC (kBT = 0.034 eV). At 25 ᵒC, only 5% of the DMS molecules 
evaporated. At 120 ᵒC, 81% of the DMS molecules evaporated. 
This large difference suggests that increasing the temperature is 
essential to fully baking off the DMS monolayer, in agreement with 
our experimental findings.

Figure 5. DMS molecule embedded into surface step site (circled 
in red). For simplicity, only the sulfur atoms of the DMS molecules 
are shown and all substrate atoms are given silver color. Along the 
surface step, substrate atoms can be seen to be displaced by a sulfur 
atom. We suggest that this embedded state is an intermediary in the 
formation of the product complex. (Image made with VMD.55)

Overall, simulations show that heterometallic character of the 
substrate strengthens the binding of DMS molecules to the surface 
and results in strong embedded-state interactions. To our 
knowledge, this is the first report of such behavior. Further 
investigation (with much greater data sampling and more doping 
levels considered) would be necessary to determine quantitative 
relationships between the amount of silver doping and binding 
characteristics.

Kinetic Treatment. Experimental kinetic measurements were 
performed to corroborate the unexpected molecular dynamic 
simulation results. We first consider the reaction of metal halide 
nanoparticles with nucleophilic vapors as a three-step mechanism: 
(1) rapid adsorption of nucleophilic vapors to the surface dictated 
by weak electrostatic interactions, (2) embedding of the DMS 
molecule into the surface as an intermediate, and (3) rearrangement 
of the surface to form the final [CuI]4[DMS]3 product. 

(1) Rapid (ps) adsorptionA + B 
k1
⇄

k ―1
 [A⋯B]

(2) Fast (ns) embedding[A⋯B] 
k2
⇄

k ―2
 [I]

(3) Slow (s) rearrangementI 
k3
→
1

 P

It is possible to solve the associated rate law equations through 
rigorous mathematical treatment. However, controlling the 
experimental design allows for simplification of this complex 
mechanism. In our kinetics experiments we employed flooding 
conditions by using high concentrations and flow rates of DMS 
vapor in equation 1. Reactions were carried out at two different 
flow rates to confirm that flooding conditions had been met. In 
effect, via Le Châtelier’s principle, the equilibrium is shifted 
towards the products, reducing the first step into a non-reversible 
reaction, with k1 >> k–1, whereby k–1 is negligible. In addition, 
Molecular Dynamics calculations show that the electrostatic 
interactions are established rapidly (on the order of picoseconds) in 
comparison to the embedding of DMS vapor. Thus, as k1 >> (k2 + 
k–2), and in combination of flooding with DMS the formation of a 
DMS monolayer [A⋯B], can be considered as being instantaneous 
at high concentration. This is important because it becomes 
possible to consider the formation of the embedded DMS as the 
initial step in the reaction, reducing the three-step mechanism to a 
two-step mechanism.

 (4) Fast (ns)[A⋯B] 
k2
⇄

k ―2
 [I]

(5) Slow (s)I 
k3
→
1

 P

While the method of analysis for a non-steady state 
consecutive reaction, first step reversible, has been determined, 
solving the rate constants requires complex integration.74 Since the 
second step is dependent only on [A⋯B], whose initial 
concentration is maintained by continuous flow of DMS vapor, we 
can treat the second step via k2 << k−2, as a nonreversible reaction. 
Finally, the exposed nanoparticles do not rapidly lose DMS, 
showing open-air stability over several hours (Figure S8), 
indicating that the overall reverse reaction is much slower, and thus 
further supporting our treatment of the final rearrangement step as 
nonreversible. Eliminating the rapid adsorption step and treating 
the embedding of DMS vapor into the surface and the 
rearrangement as a nonreversible step, we can rewrite the overall 
mechanistic expression as a series of consecutive first order 
reactions (6) for which analysis is much less complex.75,76

(6) [A⋯B] 
k2

 I 
k3

P

Here, the equation for the formation of the observable product [P] 
over time is dictated by equation (7) below, as solved elsewhere.75

(7) [P]t = [A + B]0{1 ―
1

k3 ― k2
{𝑘2e( ― k2t) ―  𝑘1e( ― k3t)}}

To determine the rate constants, we have varied the k2 and k3 
values to produce a best fit line with a minimum RMS value 
compared to the experimental data. It is important to note that two 
solutions to the above equation exist in which the values of k2 and 
k3 are interchanged. The solutions correspond to either rapid 
formation of a weakly emitting intermediate or slow formation of a 
strongly emitting intermediate.75 Since emission in Cu4I4(DMS)3 is 
dependent on close Cu-Cu distances of less than the sum of the van 
der Waals radii, it is not possible for the intermediate to be 
emissive.65 Thus, we can rule out the slow formation of a strongly 
emissive intermediate, leaving only the possibility of rapid 
formation of a weakly emitting intermediate. This assertion is 
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further supported by our molecular dynamic calculations which 
show that DMS embeds into the surface rapidly (order of 
nanoseconds). Thus, we believe that the third step is the rate-
determining step, and thus k2 >> k3.

Kinetic Studies. We believe that the vapochromic response of 
d10 metal-halide nanoparticles occurs via a reduced three-step 
process: (1) adsorption of the nucleophile on the surface, (2) 
embedding of the DMS molecules into the surface of the 
nanoparticles, and (3) formation of the final [CuI]4[DMS]3 product. 
Kinetics evidence supports this mechanism. Thus, during initial 
DMS exposure we measured nanoparticle emission as a function of 
time until the nanoparticles were saturated and showed no further 
emission change. We present our results for 1-3 in Figure 6 and 
Table 1. The time-dependent emission spectra indicate that the pure 
metal halide 1 reacts more slowly than the mixed metal halide 
nanoparticles 2 and 3 as evident by the order of 1st half-lives for 3 
<< 2 < 1 (9.85 s, 74.2 s and 97.7 s, respectively). Calculation of rate 
constants reveals that in all cases, the rearrangement of the 

Figure 6. Kinetics measurements of 1-3 during exposure to DMS 
vapor. Graphs show emission intensity versus exposure time at (1a-
3a) 43.3 𝜇mol hr–1 and (1b-3b) 86.7 𝜇mol hr–1. Each graph is the 
average of three trials, error bars represent one standard deviation.

surface DMS to form the [CuI]4[DMS]3 phase is the rate-
determining step, by an order of 104-105. The magnitude of k2 
differs very little amongst 1, 2, and 3. Instead, k3 acts as the metal-
dependent value, increasing with higher concentrations of Ag(I). 
This increase leads to the significantly faster reaction rate of 3, for 
which the reaction is complete within 30 s. It is important to 
reiterate at this point that the final emissive product [CuI]4[DMS]3 
is identical for 1ʹ-3ʹ, as is evident from the PXRD and 

luminescence spectra, despite the differences in substrate 
composition.

Table 1. Summary of kinetics results for 1-3 upon exposure to 
DMS vapor. Results shown for DMS flow rates of 43.3 𝜇mol hr–1 
and 86.7 𝜇mol hr–1.

Substrate Flow Rate Half-life k2 k3

1 43.3 𝜇mol hr–1 97.7 s >102 7.32 × 10–3

86.7 𝜇mol hr–1 96.4 s >102 7.38 × 10–3

2 43.3 𝜇mol hr–1 74.2 s >102 8.88 × 10–3

86.7 𝜇mol hr–1 72.4 s >102 8.89 × 10–3

3 43.3 𝜇mol hr–1 9.85 s >102 8.09 × 10–2

86.7 𝜇mol hr–1 6.14 s >102 8.19 × 10–2

To probe the effect of Ag(I) substitution on our kinetic 
mechanism we have calculated the activation energy for the 
reaction of 1-3 with DMS. Since rearrangement of the surface to 
form the final product is the slow and represents the overall rate 
determining step, we need only focus on the final reaction rate 
involving k3 of 1-3, , , , respectively. Utilizing the Arrhenius 𝑘𝟏

3 𝑘𝟐
3  𝑘𝟑

3
equation, we can relate each rate constant to the system’s activation 
energy for each case as shown below: 

(8) Sample 1:      𝑘𝟏
3 = 𝐴𝑒

― 𝑬𝒂𝟏
𝑅𝑇

(9) Sample 2:      𝑘𝟐
3 = 𝐴𝑒

― 𝑬𝒂𝟐
𝑅𝑇

(10) Sample 3:      𝑘𝟑
3 = 𝐴𝑒

― 𝑬𝒂𝟑
𝑅𝑇

where R = 8.314 J/mol-K, T = 298 K, A is the unknown frequency 
factor, and the values Ea1, Ea2, and Ea3 are the activation energies of 
1, 2, and 3, respectively. Since the reactions are carried out under 
identical experimental conditions, we assume that the frequency 
factor is the same for each reaction. Removal of the unknown 
frequency variable is achieved by dividing equations 8-10 pairwise, 
and can be rearranged and simplified to the forms:

(11) ln (𝑘𝟏
3

𝑘𝟐
3
) = ( ― 𝐸𝑎1 + 𝐸𝑎2)( 1

𝑅𝑇)

(12) ln (𝑘𝟏
3

𝑘𝟑
3
) = ( ― 𝐸𝑎1 + 𝐸𝑎3)( 1

𝑅𝑇)

(13) ln (𝑘𝟐
3

𝑘𝟑
3
) = ( ― 𝐸𝑎2 + 𝐸𝑎3)( 1

𝑅𝑇)
A direct algebraic solution of the above equations for the 

activation energies using the addition/subtraction method does not 
exist. Thus, we are required to make an assumption as to the 
relative activation energies between reactions. Utilizing k ∝ 1/Ea  
we assume that Ea1 is proportionate to Ea3 by the ratio . This 𝑘𝟏

3/𝑘𝟑
3

assumption provides the expression:

(14)
𝑘𝟏

3

𝑘𝟑
3
𝐸𝑎1 = 𝐸𝑎3

where the combination of equations 11-14 permits the solution of 
the activation energies (Table 2). It is clear from the results that 
incorporation of Ag(I) ions into the nanoparticle drastically affects 
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the activation energy of the overall reaction. In this study a 25% 
and 50% Ag(I) content resulted in a reduction of the activation 
energy by 7% and 91%, respectively, demonstrating DMS-sensing 
enhancement in heterometallic vs homometallic materials. 

Table 2. Calculated activation energies for 1-3 for reaction with 
DMS vapor.

Substrate Activation Energy
1 6550 J/mol-K

2 6080 J/mol-K

3 591 J/mol-K

CONCLUSION

In summary, we have probed the vapochromic behavior of 
homo- and heterometallic Cu/AgI nanoparticles towards DMS 
vapor. We have discovered that introduction of Ag(I) into the 
synthesis of CuI nanoparticles does not change the overall zinc 
blende structure of the nanoparticle, nor the final luminescent 
species upon exposure to DMS vapor. Molecular Dynamics 
calculations indicate that heterometallic character strengthens the 
binding of DMS molecules to the surface and results in strong 
embedded-state interactions. Kinetic results for the vapochromic 
reactions between 1-3 and DMS vapor generally agree with those 
calculations, and we therefore suggest that the time-dependent 
measurements follow a three-step mechanism: (1) adsorption of 
DMS onto the surface, (2) embedding of the DMS into the surface 
of the nanoparticles, and (3) formation of the final [CuI]4[DMS]3 
product. In DMS-flooded experiments, embedding of the DMS 
molecule into the surface forms the initial intermediate in the 
reaction. Kinetic analysis reveals that incorporation of Ag(I) ions 
into the nanoparticles greatly increases the reaction rate, with 
Cu0.5Ag0.5I nanoparticle reaction half-life an order of magnitude 
less than that of CuI nanoparticles. The findings in this study 
suggest that mixed metal systems are able to perform more 
efficiently than single metal analogs via stronger interactions with 
incoming VOC vapors.
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