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Materials and Methods 
 

Materials 

Chloro[1,3-dihydro-1,3-bis(1-methylethyl)-2H-benzimidazol-2-ylidene] gold(I) was purchased from STREM chemicals (>95%, 
CAS# 953820-59-2, product # 79-1250). Chloro[1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene] gold(I), silver(I) and copper(I) 
carbene complexes were acquired from Sigma Aldrich with CAS numbers of 852445-83-1, 873297-19-9 and 578743-87-0, respec-
tively.  Reagent alcohol was purchased from VWR. Ultrapure water was generated in house using a Thermo Scientific Barnstead 
system and was filtered until the resistivity exceeded 18 Megaohms. ACS Reagent grade Gold(III) trichloride trihydrate and trisodium 
citrate trihydrate were purchased from Sigma Aldrich. All chemicals were used as received. [1,3-di-isopropyl-benzimidazol-2-yli-
dene]AgBr was synthesized according to the method of Ghosh. 1 25 x 25 mm ITO coated glass substrates used for x-ray photoelectron 
analysis were obtained from Ossila.  

Gold nanoparticle (AuNP) synthesis 

All glassware for the AuNP synthesis was cleaned with aqua regia (3:1 concentrated hydrochloric acid to nitric acid). Aqua regia is 
extremely dangerous and should only be used with the proper safety precautions in place. Synthesis of gold nanoparticles (AuNPs) 
was performed according to the Lee and Meisel method. 2 Briefly, 240 mg of gold(III) trichloride trihydrate dissolved in 500 mL 
ultrapure water (18 MΩ) was brought to a boil while stirring vigorously. 50 mL of 1% sodium citrate tribasic was added all at once 
and the resulting wine-red solution was boiled for 45 minutes with vigorous stirring. The colloidal suspension was diluted to 1000 
mL and kept in an amber glass bottle. The colloids were analyzed using scanning electron microscopy (SEM), UV-Vis, and DLS 
techniques.  

Treatment of AuNPs with carbene complexes 

For nanoparticles functionalized with ligand 1, 74.4 µL of a one mM carbene stock solution in acetonitrile was added to five mL of 
AuNPs and vortexed for approximately 30 minutes resulting in a ligand loading of 14.9 µM. All carbene functionalized gold nano-
particles self-aggregated at this concentration. 
For nanoparticles functionalized with ligand 2, five µL of a ten mM carbene stock solution in acetonitrile was added to five mL of 
AuNPs and vortexed for approximately 30 minutes resulting in a ligand loading of ten µM. Only AuNPs treated with (2)CuCl self-
aggregated at this concentration, whereas AuNPs treated with (2)AuCl or (2)AgCl did not self-aggregate.  

Theoretical Calculations 

Each carbene molecule was bound to a gold cluster with a gold, silver, or copper adatom in the simulated model systems. All 
calculations in this work were performed using a local version of the Amsterdam density functional (ADF) program package. 3, 4 The 
Becke–Perdew (BP86) XC-potential 5, 6 with dispersion correction Grimme3 BJDAMP 7was used. The triple-ζ polarized slater type 
(TZP) basis set with small frozen cores from the ADF basis set library was used. The scalar relativistic effects were accounted for by 
the zeroth-order regular approximation (ZORA). 8 For the systems in this work, constraint geometry optimization was performed, 
where only the carbene molecule and the adatom were relaxed. Accordingly mobile block hessian frequency calculations were per-
formed. 9, 10 Polarizability calculations were performed using the AOResponse module with the Adiabatic Local Density Approxima-
tion (ALDA). 11 The polarizability derivatives were calculated by numerical differentiation with respect to the normal mode displace-
ments. For any system in this work, the molecule–cluster axis was aligned with the z-axis and only the zz components in the polar-
izabilities were considered. The structure diagrams of the model systems in this work, were plotted using PyMOL. 12 

LDI-MS characterization 

One Bruker UltrafleXtreme MALDI-TOF-TOF instrument equipped with a frequency tripled ND:YAG laser (355 nm excitation) and 
a 384 spot Bruker polished steel sample target was employed for all experiments. All spectra were acquired using positive ion mode 
scans where the reflector was set to positive mode and data collected from 60-10,000 Daltons. The max laser power is expressed as 
a percentage of highest achievable power with a global attenuator offset of 48%. In general, at least 2000 laser shots per spectra with 
50% of the max laser power was used for NHC-AuNPs, unless otherwise noted. 
The UltrafleXtreme instrument was calibrated using a peptide mixture of Bradykinin(1-7) (757.39916 m/z), Angiotensin (1046.54180 
m/z and 1296.68480 m/z), Substance P (1347.73540 m/z), Bombesin[M+H] (1619.82230 m/z), Renin (1758.93261 m/z), ACTH 
(2093.08620 m/z and 2465.19830 m/z), and Somatostatin (3147.47100 m/z). 
For AuNP samples functionalized with (1)AuCl or (1)AgBr, approximately 4 mL of the 5 mL total volume was removed carefully 
without disturbing the aggregated nanoparticles. An equivalent amount of water was added, the vial shaken gently, the particles 
allowed to settle, and finally ~4 mL of supernatant was removed. This process was repeated once more with ultrapure water and once 
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with reagent alcohol. Then one 1.5 µL aliquot of the freshly sonicated nanoparticle suspension was drop-cast onto the sample target 
plate and analyzed with LDI-MS. 
For AuNP samples functionalized with (2)AuCl or (2)AgCl, the nanoparticles were washed by centrifuging the particles at 10K RPM, 
removing 0.9 mL of supernatant without disturbing the aggregated particles, sonicating, and then adding  0.9 mL of ultrapure water. 
After another round of centrifugation at 9k RPM, 0.9 mL of supernatant was removed, the particles sonicated, and 0.9 mL of reagent 
alcohol was added. The particles were then centrifuged at 8k RPM before removing as much supernatant as possible without disturb-
ing the nanoparticles. 0.2 mL of ultrapure water was added, the sample sonicated, and then transferred to a glass vial.  
For AuNPs treated with (2)CuCl, the nanoparticles were washed according to the same method used for self-aggregated nanoparticles 
treated with NHC complexes of 1.   
LDI-MS data was converted to MzML files using the Bruker compassXport command line utility, read into python using OpenMS 
software, 13 and baseline subtracted using the Zhang algorithm. 14  

X-ray photoelectron spectroscopy 

XPS measurements were obtained with a PHI VersaProbe II surface analysis instrument (Physical Electronics) equipped with mon-
ochromatic Al Kα X-ray source (photon energy = 1486.6 eV). High-resolution spectra were obtained for at least two sample spots 
using a 23.50 eV pass energy under ultrahigh vacuum conditions. All resulting spectra were summed together and calibrated versus 
the binding energy of Au 4f peak at 84.0 eV. 15 The spectra were then background-subtracted using a Shirley algorithm16 generated 
using python code from LG4X open source software. 17 Peak locations for high resolution scans were determined using the lmfit 
module18 in Python 3.9 with a VoigtModel. 16 XPS data was analyzed using the Handbook of X-ray Photoelectron Spectroscopy19 and 
the NIST database for XPS spectroscopy.  
Samples were mounted for XPS by drop-casting 1.5 µL of washed gold nanoparticles (see LDI-MS sample prep for washing proce-
dure) onto an ITO coated glass slide 25 x 25 millimeters (Ossila). The glass slide was mounted onto a target plate using conductive 
copper tape to ground the sample. The samples were dried under rough vacuum for two hours prior to analysis.   

SERS characterization 

Surface-enhanced Raman spectroscopy (SERS) was carried out using a home-built set-up. A 633 nm HeNe laser (Thorlabs) was 
directed into an inverted microscope (Nikon Ti-U) and focused onto the aggregated gold nanoparticles with an objective lens (20×, 
NA = 0.5). Scattered light was collected through the same objective, filtered through a Rayleigh rejection filter (Semrock), and fed 
into a spectrometer (Princeton Instruments Action SP2300, f = 0.3 mm, 1200 g·mm-1). Spectra were analyzed using Winspec32 
software (Princeton Instruments).  
SERS data was read into python using python NumPy and baseline subtracted using the Zhang algorithm. 14 The spectra shown are 
the average of at least five measurements of washed (see LDI-MS sample prep for washing procedure) gold nanoparticles which all 
self-aggregated after successive washing steps.  

UV-Vis characterization 

A VWR UV-3100 Spectrophotometer equipped with D2 and tungsten lamps was employed along with a one cm plastic cuvette to 
collect all spectra of the AuNP solutions. Ultrapure water (18 MΩ) was used as a blank.  

High Resolution Mass Spectrometry 

High resolution mass spectrometry measurements were acquired on a Bruker Impact II instrument of (2)AuCl (10 µM in acetonitrile) 
to confirm the mass assignments observed in LDI-MS.  
 

Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) 

ICP-OES analysis was performed on a Perkin Elmer Optima 8000 instrument equipped with a Prep 3 autosampler. Calibration curves 
were prepared using Au, Ag, and Cu atomic absorption standards (Thermo Fisher) with concentrations of 980 ± 5 µg/g, 999 ± 4 µg/g, 



 

 

5 

and 1002 ± 6 µg/g, respectively. Calibrants used in ICP-OES analysis of AuNPs treated with (1)AuCl and (1)AgBr were prepared at 
the following concentrations using gravimetric methods:  
Au Calibrants: 74.999, 50.057, 25.156, 9.997, 0.998, and 0.504 µg/g in 5% aqua regia 
Ag calibrants: 5.138, 1.035, 0.505, 0.100, 0.052, and 0.010 µg/g in 5% nitric acid 
Calibrants used in ICP-OES analysis of AuNPs treated with (2)AuCl, (2)AgCl, or (2)CuCl were prepared at the following concentra-
tions using gravimetric methods:  
Au Calibrants: 74.999, 50.057, 25.156, 9.997, 0.998, and 0.504 µg/g in 5% aqua regia 
Ag calibrants: 5.055, 1.040, 0.519, 0.105, 0.052, and 0.011 µg/g in 5% nitric acid 
Cu calibrants: 5.065, 1.053, 0.523, 0.104, 0.053, and 0.012 µg/g in 5% nitric acid 
 
Gold nanoparticles treated with (1)AuCl, (1)AgBr, (2)AuCl, (2)AgCl, or (2)CuCl were washed (vide supra), dried on a hot-plate, and 
digested in 0.5 mL aqua regia for at least 30 minutes. Then 9.5 mL of 18 MΩ water was added. The experimental yield of silver or 
copper in the AuNPs treated with Ag or Cu NHC complexes is expressed as the ppm concentration of Ag or Cu divided by the ppm 
concentration of Au in the solution. The theoretical yield is expressed as the mass of Ag or Cu from the NHC complexes over the 
mass of Au in 5 mL of colloids. The percent of Ag or Cu incorporation is expressed as the experimental yield divided by the theoretical 
yield.  
The error associated with the calibration curves was estimated according to the method of Harris20 and used to estimate the error of 
calculated concentrations and percent Ag or Cu alloying with Au. The LINEST Function in Microsoft Excel was used to calculate 
the slope and intercept, error of slope and intercept, and the R2 value. Signal intensities were corrected during data acquisition using 
the Perkin Elmer software. 
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Nanoparticle characterization 

 
 
 

 

 
Figure S1. Extinction spectrum of gold colloids synthesized according to the Lee and Meisel Method. The AuNPs were diluted by a factor 
of 4 in ultrapure water. 

 
 

 
Figure S2. Field emission scanning electron microscopy image of 23 ± 5 nm AuNPs with uncertainties represented using the standard 
deviation.  
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Table S1. DLS analysis of citrate-capped AuNPs synthesized according to the Lee and Meisel method illustrating a diameter of approxi-
mately 22 nm. 

Type Sample ID Eff. Diam. (nm) Polydispersity Count Rate (kcps) Diffusion Coeff. (cm²/s) 

DLS Sample 1 21.74   0.332   433.1   2.257E-07   

DLS Sample 2 21.97   0.320   435.7   2.234E-07   

DLS Sample 3 21.56   0.333   434.6   2.276E-07   
  Mean:   21.76   0.329   434.5   2.256E-07   
  Std Err:   0.12   0.004   0.8   1.223E-09   
  Std Dev:   0.20   0.007   1.3   2.118E-09   
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SERS of AuNPs treated with (1)AuCl and (1)AgBr 
 

 
Figure S3. SERS spectra of AuNPs mixed with (1)AuCl (red) or (1)AgBr (blue) expressed using the bounds of a 95% confidence interval 
calculated using six replicate measurements.  

 
Table S2. Peak locations from SERS spectra (Figure 4, main text) of AuNPs treated with (1)AuCl or (1)AgBr. Peak positions were deter-
mined using the lmfit module to fit a Lorentzian peak shape to each major peak in the spectra. These data illustrate that no significant peak 
shift occurs for each system.  

AgNHC AuNHC Difference 

ω (cm-1) ω (cm-1) ω (cm-1) 

1601.7 1601.4 0.4 

1474.0 1476.9 -3.0 

1463.1 1464.0 -0.9 

1404.0 1406.4 -2.4 

1352.6 1351.0 1.6 

1302.2 1304.4 -2.2 

1292.5 1295.1 -2.6 

1185.1 1184.3 0.8 

1142.6 1143.1 -0.5 

1098.1 1098.2 -0.1 

1071.8 1068.5 3.3 

1023.2 1022.9 0.3 

884.1 884.0 0.1 

804.8 803.9 1.0 
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Figure S4. SERS spectra of AuNPs treated with acetonitrile solvent as a control (top), (1)AuCl (middle), and (1)AgBr (bottom) illustrate 
the rich vibrational signatures of the NHC systems not present in the AuNP control.  
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SERS of AuNPs treated with (2)AuCl, (2)AgCl and (2)CuCl 
 

 

 

 

 
  

Figure S5. SERS spectra of AuNPs mixed with (2)AuCl (red) 
or (2)CuCl (green) expressed using the bounds of a 95% con-
fidence interval calculated using five replicate measurements. 

Figure S6. SERS spectra of AuNPs mixed with (2)AuCl (red) or 
(2)AgCl (blue) expressed using the bounds of a 95% confidence 
interval calculated using five replicate measurements. 
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Exact Mass Measurements of (2)AuCl 

 
  

 

Figure S7. +MS2 spectra of (2)AuCl illustrating formation of [((2)Au)2CN]+ ions at 1196.5107 (ppm of 0.99). These data provide 
corroborating evidence for our assignment of the peak observed in LDI-MS at 1196 as [((2)Au)2CN]+ ions.  
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XPS survey scans 
 
 

 
Figure S8. XPS survey scan of AuNPs treated with (1)AuCl (top) or (1)AgBr (bottom) . The spectra illustrate that the ITO substrate is not 
completely covered by the AuNPs since some peaks corresponding to indium oxide or tin oxide appear in each spectrum.  
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Figure S9. XPS survey scan of AuNPs treated with (2)AuCl (top), (2)AgCl (middle) or (2)CuCl (bottom). The spectra illustrate that the ITO 
substrate is not completely covered by the AuNPs since some peaks corresponding to indium oxide or tin oxide appear in each spectrum.  
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Theoretical Bonding Energy of (1)Au58 and (1)AgAu57 

 
 
Table S3. Bonding energy calculations for ligand 1 bound to an Au57 cluster through either an Au or an Ag adatom with either isopropyl 
groups in the down or up configuration relative to the surface.  

  
 

Au58 Au57Ag Difference 

isopropyl down -94.9 kcal mol-1 -81.7 kcal mol-1 -13.2 kcal mol-1 

isopropyl up -80.0 kcal mol-1 -67.7 kcal mol-1 -12.3 kcal mol-1 
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ICP-OES Analysis of AuNPs Treated with Ligand 1 Metal Complexes 
  
 
Figure S10. ICP-OES calibration curves for Au (left) and Ag (right).   

 
 
Table S4. The slope and intercept, standard deviation of the slope and intercept, and R2 values for Au and Ag calibration curves are shown 
here.  

Au Calibration Curve  
 slope intercept 
parameter 207413.06 -26696.62 
std dev 887.27 34104.29 
R2 0.9999  
Ag Calibration Curve 
 slope intercept 
parameter 975763.36 51090.89 
std dev 15164.94 32459.14 
R2 0.9990  

 
 
Table S5. Experimentally determined Au and Ag concentrations for AuNPs treated with (1)AuCl and (1)AgBr. The concentration of Ag in 
AuNPs treated with (1)AgBr is highlighted in green. 

System AuNPs + (1)AuCl AuNPs + (1)AgCl 
Au concentra-
tion  31.9 ± 0.4 18.6 ± 0.2 

Ag concentra-
tion  

-0.04 ± 0.03 0.25 ± 0.03 

Percent Ag  
Incorporation 

N/A 102 ± 14 % 
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ICP-OES Analysis of AuNPs Treated with Ligand 2 Metal Complexes 

  

 
Figure S11. ICP-OES calibration curves for Au (left), Ag (middle), and Cu (right).  

 
 
Table S6. The slope and intercept, standard deviation of the slope and intercept, and R2 values for Au, Ag, and Cu calibration curves are 
shown here. 

Au Calibration Curve  
 slope intercept 
parameter 196615.5 22183.32 
std dev 617.26 21966.04 
R2 0.9999  
Ag Calibration Curve  
 slope intercept 
parameter 1045727 38055.66 
std dev 9004.48 17656.98 
R2 0.9996  
Cu Calibration Curve  
 slope intercept 
parameter 1097815.94 -1868.87 
std dev 994.29 1954.60 
R2 0.9999  

 
Table S7. Experimentally determined Au, Ag, and Cu concentrations for AuNPs treated with (2)AuCl, (2)AgCl, and (2)CuCl. The 
concentration of Ag or Cu in AuNP samples treated with (2)AgCl or (2)CuCl are highlighted in green.  

System AuNPs + (2)AuCl AuNPs + (2)AgCl AuNPs + (2)CuCl 
Au concentra-
tion  24.6 ± 0.47 41.3 ± 0.2 30.1 ± 0.5 

Ag concentra-
tion  

-0.02 ± 0.02 0.12 ± 0.02 -0.03 ± 0.02 

Cu concentra-
tion 

0.004 ± 0.002 0.005 ± 0.002 0.015 ± 0.002 

Percent Ag In-
corporation 

N/A 31 ± 5 % N/A 

Percent Cu In-
corporation 

N/A N/A 10 ± 1 % 
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