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Figure S1. SERS of Au Mirrors Subjected to Deposition Conditions without NHC 
Precursors. SER spectra of an Au mirror exposed to a solution of KHMDS in THF without 
adding NHC precursor (red). SER spectra of Au mirror heated at 120 °C in vacuo for 24 
minutes (green). SER spectra of Au mirror incubated in methanol without any NHC 
precursors (blue) for 24 hours. No SERS signatures with a comparable signal intensity to 
the benchmark free carbene method (black) were observed for any controls.
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Figure S2. LDI-MS of Au Mirrors Subjected to Deposition Conditions without NHC 
Precursors. LDI-MS spectra of gold mirrors subjected to the free carbene, vacuum, and 
methanolic deposition methods without NHC precursors. The LDI-MS spectra are shown 
for the [1-H]+ ion channel (A) and the [(1)2Au]+ ion channel (B).
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Figure S3. SERS and LDI-MS of Au Mirrors Treated with 1-CO2. (A) Deposition 
procedures starting with 1-CO2. (B) SERS and (C) LDI-MS data of Au mirrors treated with 
1-CO2 via room temperature methanolic deposition (green), heated methanolic deposition 
(blue), and the heated deposition in vacuo (red). The SER spectrum of the free carbene 
deposition is overlayed for comparison (black). SERS and LDI-MS data is in excellent 
agreement with an NHC bound to gold with the exception of the room temperature 
methanolic deposition. In this case, the SERS signatures differ dramatically from the free 
carbene benchmark method and no evidence of NHC-Au bond formation was observed 
in LDI-MS (i.e. [(1)2Au]+ ion at 601 m/z).

5



Figure S4. SERS and LDI-MS of Au Mirrors Treated with the (1-H)(OTf). (A) 
Deposition procedures starting with (1-H)(OTf). (B) SERS and (C) LDI-MS data of Au 
mirrors treated with (1-H)(OTf) via room temperature methanolic deposition (green), 
heated methanolic deposition (blue), and the heated deposition in vacuo (red). The SER 
spectrum of the free carbene deposition is overlayed for comparison (black). The SER 
spectra for all triflate depositions differ dramatically from the benchmark free carbene 
deposition, which illustrates that these triflate procedures produce different surface 
structures than the benchmark. However, under vacuum annealing conditions, both the 
SER spectra and the observation of the [(1)2Au]+ ion at 601 m/z in the LDI-MS suggest 
that the triflate precursor does produce legitimate overlayers, but only under these 
specific conditions.
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Figure S5. SERS and LDI-MS of Au Mirrors Treated with (1-H)(HCO3). (A) Deposition 
procedures starting with (1-H)(HCO3). (B) SERS and (C) LDI-MS data of Au mirrors 
treated with (1-H)(HCO3) via the room temperature methanolic deposition (green), heated 
methanolic deposition (blue), and the heated deposition in vacuo (red). The SER 
spectrum of the free carbene deposition is overlayed for comparison (black). All SERS 
and LDI-MS data are in excellent agreement with an NHC bound to gold with the 
exception of the room temperature methanolic deposition. In this case, the SER spectra 
differ significantly from the benchmark free carbene method.
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Figure S6. Cyclic Voltammograms of Au Electrodes Treated with NHC ligands. (A) 
The benchmark free carbene displays low initial capacitive currents (black trace, t = 0 
hour) and remains unchanged even after 24 hours of continuous voltammetric cycling (t 
= 24 hours, red trace). These results indicate extensive electrode passivation and good 
electrochemical stability even after extensive cycling. For all gold electrodes treated with 
(1-H)(OTf) (B), 1-CO2 (C), or (1-H)(HCO3) (D), comparable capacitive currents to the 
benchmark free carbene method were observed except for select deposition methods 
with 1-CO2. For the deposition of 1-CO2 in vacuo at 120 °C and in methanol at 25 °C, 
larger capacitive currents and decreased electrochemical stability were observed relative 
to the free carbene method. The solid lines and shaded regions represent the average 
and standard deviation of at least 4 samples, respectively. All capacitive currents were 
sampled at 0.1 V, using a voltage scanning rate of 100 mV s-1.
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Figure S7. Capacitive Current Measurements for Au Electrodes Treated with NHC 
Ligands. (A) Table presenting the capacitive current at 0.1 V at t = 0 hour and after 
continuous electrochemical cycling of the NHC-Au electrode (t = 24 hours). (B) The 
capacitive current measurements with standard deviation at t = 0 hour (black) and t = 24 
hours (red). As Figure S6 illustrates, the deposition of 1-CO2 in vacuo at 120 °C and in 
methanol at 25 °C produces gold surfaces with higher capacitive currents and reduced 
electrochemical stability relative to the other methods.
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Figure S8. XPS Survey Scans of Au Mirrors Subjected to Deposition Conditions 
without the NHC Ligands. XP spectra for the Au mirror (green), Au mirror soaked in 
HPLC grade methanol for 24 hours at room temperature (blue), Au mirror in vacuo at 120 
°C for 24 minutes (red), and Au mirror treated with KHMDS in THF (black). The C 1s 
peaks in the spectra of Au mirror blanks arise from adventitious carbon, which forms on 
surfaces exposed to atmospheric conditions as is well documented in XPS.1-4 Trace 
amounts of iodine are present on the surface after exposure to KHMDS in THF, illustrating 
that trace iodine impurities are present in commercial KHMDS samples.
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Figure S9. XPS N 1s Elemental Scans of Au Mirrors Subjected to Deposition 
Conditions without the NHC Ligands. The presence of a nitrogen peak in the N 1s 
region of Au mirrors treated with methanol illustrates that there may be a nitrogen 
containing impurity in the HPLC-grade methanol. Trace organic impurities in methanol 
have been reported in the literature5-7 and may give rise to nitrogen containing surface 
contamination. N 1s signals observed for the Au mirror treated with KHMDS in THF 
(bottom spectrum) are attributed to residual KHMDS. 
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Figure S10. XPS Survey Scan of Au Mirrors Prepared via the Free Carbene Method. 
Iodine was detected as a trace surface contaminant, which has been observed in previous 
studies of NHCs on gold.8 
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Figure S11. XPS N 1s Elemental Scan of Au Mirrors Prepared via the Free Carbene 
Method. The presence of a nitrogen peak in the N 1s region at 398.6 eV arises from 
residual KHMDS. The N 1s signal from the free carbene is 2x more intense than control 
signals and is in agreement with the N 1s peak position for NHC-Au systems between 
399.9 and 401.0 eV.9-12
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Figure S12. XPS Survey Scan of Au Mirrors Treated with 1-CO2. Au mirrors treated 
with 1-CO2 via room temperature methanolic deposition (blue), heated methanolic 
deposition at 55 °C (red), and in vacuo deposition at 120 °C (black). Iodine was observed 
in the XPS spectra, which has been observed in previous studies of NHC monolayers on 
gold.8
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Figure S13. XPS N 1s Elemental Scans of Au Mirrors Treated with 1-CO2. Au mirrors 
treated with 1-CO2 via room temperature methanolic deposition (top), heated methanolic 
deposition at 55 °C (middle), and in vacuo deposition at 120 °C (bottom). For room 
temperature methanolic deposition, the N 1s signal at 399.4 eV is approximately the same 
intensity as the peak arising from a nitrogen containing impurity observed in the control 
experiment (Figure S9). This feature in the spectra therefore may arise due to the 
impurity. The other N 1s signal at 401.4 eV is in agreement with previously reported 
binding energies for unbound NHC ligands.12-14 The heated methanolic deposition and 
vacuum deposition conditions are in agreement with the N 1s peak position for NHC-Au 
systems between 399.9 and 401.0 eV.9-12
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Figure S14. XPS Survey Scan of Au Mirrors Treated with (1-H)(OTf). Au mirrors 
treated with (1-H)(OTf) via room temperature methanolic deposition (blue), heated 
methanolic deposition at 55 °C (red), and in vacuo deposition at 120 °C (black). Iodine 
was observed in the XPS spectra, which has been observed in previous studies of NHC 
monolayers on gold.8
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Figure S15. XPS N 1s Elemental Scans of Au Mirrors Treated with (1-H)(OTf). Au 
mirrors treated with (1-H)(OTf) via room temperature methanolic deposition (top), heated 
methanolic deposition at 55 °C (middle), and in vacuo deposition at 120 °C (bottom). The 
N 1s peak position for NHC-Au systems prepared via all three methods is within the 
literature range for NHC bound gold surfaces (399.9 and 401.0 eV).9-12
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Figure S16. XPS Survey Scan of Au Mirrors Treated with (1-H)(HCO3). Au mirrors 
treated with (1-H)(HCO3) via room temperature methanolic deposition (blue), heated 
methanolic deposition at 55 °C (red), and in vacuo deposition at 120 °C (black). Iodine 
was observed in the XPS spectra, which has been observed in previous studies of NHC 
monolayers on gold.8
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Figure S17. XPS N 1s Elemental Scans of Au Mirrors Treated with (1-H)(HCO3). Au 
mirrors treated with (1-H)(HCO3) via room temperature methanolic deposition (top), 
heated methanolic deposition at 55 °C (middle), and in vacuo deposition at 120 °C 
(bottom). For all of these systems, a N 1s signal between 399.9 eV and 401 eV in 
agreement with an NHC bound to gold was observed,9-12 and an additional signal at >401 
eV was also observed.12-14
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Figure S18.  1H NMR spectrum of (1-H)(Br) in CDCl3.
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Figure S19. 13C{1H} NMR spectrum of (1-H)(Br) in CDCl3.
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Figure S20.  1H NMR spectrum of (1-H)(PF6) in CDCl3.
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Figure S21.  13C{1H} NMR spectrum of (1-H)(PF6) in CDCl3.
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Figure S22.  31P{1H} NMR spectrum of (1-H)(PF6).

24

N N

PF6
-



-180-160-140-120-100-80-60-40-200
f1 (ppm)

-7
3.

58
-7

2.
07

Figure S23.  19F{1H} NMR spectrum of (1-H)(PF6).
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Figure S24.  1H NMR spectrum of 1-CO2 in CD3OD.
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Figure S25. 13C{1H} NMR spectrum of 1-CO2 in CD3OD.
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Figure S26. 1H NMR spectrum of (1-H)(HCO3).
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Figure S27.  13C{1H} NMR spectrum of (1-H)(HCO3).
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Figure S28. The Crystal Structure of (1-H)(HCO3). (1-H)(HCO3) was crystallized in the 
NMR tube during solvent evaporation under ambient condition with CDCl3 as a solvent.  
Clear colorless block crystals were obtained and selected for SCXRD analysis.  There 
are seven water molecules in the asymmetric unit indicating the molecule is highly 
hygroscopic.
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Compound NHC-HCO3
Empirical formula C14H34N2O10

Formula weight 390.43
Temperature/K 100.00
Crystal system triclinic
Space group P–1

a/Å 8.0865(4)
b/Å 11.5014(5)
c/Å 12.6813(7)
α/° 63.784(2)
β/° 86.101(2)
γ/° 85.115(2)

Volume/Å3 1053.66(9)
Z 2

ρcalcg/cm3 1.231
μ/mm-1 0.886
F(000) 424.0

Crystal size/mm3 0.534 × 0.2 × 0.026
Radiation CuKα (λ = 1.54178)

2Θ range for data collection/° 7.776 to 136.624

Index ranges
-8 ≤ h ≤ 9

-13 ≤ k ≤ 13
-15 ≤ l ≤ 15

Reflections collected 16270

Independent reflections
3838 

[Rint = 0.0355, 
Rsigma = 0.0267]

Data/restraints/parameters 3838/0/293
Goodness-of-fit on F2 1.130

Final R indexes [I>=2σ (I)] R1 = 0.0380, 
wR2 = 0.1001

Final R indexes [all data] R1 = 0.0405, 
wR2 = 0.1018

Largest diff. peak/hole / e Å-3 0.21/-0.25

Table S1. Crystallographic data of (1-H)(HCO3).
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Figure S29. NMR of (1-H)(HCO3) as a Function of Concentration. A) The structure of 
(1-H)(HCO3) with the highlighting the 2-position with a yellow dot (carbene carbon)). B) 
Chemical shift of the proton at 2-position with respect to the concentration of (1-H)(HCO3) 
in solution. C) The 1H NMR spectra of (1-H)(HCO3) at concentrations ranging from 0.945 
mM to 378 mM.
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