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Seeking a Au-C stretch on gold nanoparticles with 13C-labeled 
N-heterocyclic carbenes 
Isabel M. Jensena,†, Shayanta Chowdhuryb,† , Gaohe Huc, Lasse Jensen*,c, Jon P. Camden*,b, David 
M. Jenkins*,a

Gold nanoparticles were functionalized with natural abundance 
and 13C-labeled N-heterocyclic carbenes (NHCs) to investigate the 
Au-C stretch.  A combinatorial approach of surface enhanced 
Raman spectroscopy (SERS) and density-functional theory (DFT) 
calculations highlighted vibrational modes significantly impacted 
by isotopic labeling at the carbene carbon.  Critically, no 
isotopically-impacted stretching mode showed majority Au-C 
character. 

 Gold nanoparticles (AuNPs), long prized for their potential 
in biomedicine,1, 2 are rapidly emerging for orthogonal 
applications in sensing,3 catalysis,4 and photochemistry.5  
Advances in these applications are accelerating due to 
development of N-heterocyclic carbenes as an innovative 
surface passivation substrate for gold surfaces.6-10  NHCs feature 
enhanced stability under a variety of thermal, chemical, and 
biological conditions compared to traditional surface ligands 
like thiols.11, 12  Given the myriad uses of NHC-functionalized 
gold nanoparticles, a fast and efficient method to determine 
chemisorption of the NHC to the AuNP is of paramount 
importance. 
 To date, the primary method to determine chemisorption of 
NHCs to AuNPs is X-ray photoelectron spectroscopy (XPS).11, 13-
15  Chemisorption of NHCs on AuNPs is usually verified by the N 
1s transition at 399.9-401.0 eV.7, 16, 17  Yet, there are two 
problems with XPS for fast, routine characterization of NHCs on 

AuNPs.  First, the signal for the N 1s transition is very weak.  
Second, the AuNP must be placed under high vacuum prior to 
measurement.  A vibrational spectroscopic method, such as 
SERS, should allow for fast and effective determination of NHCs 
chemisorption under in situ or ambient conditions. 
 The significance of determining chemisorption of carbon 
ligands (derived from aryl diazonium salts) on gold 
nanoparticles led to competing SERS studies of functionalized 
AuNPs.  McDermott and co-workers assigned the Au-C 
stretching mode to a low intensity band appearing at 412 cm-1 
in the SERS spectrum by comparison with DFT calculations of a 
gold cluster.18  However, a recent SERS study with 13C-labeled 
aryl diazoniums by Li and Plumeré revealed the assignment of 
the 412 cm-1 band may be erroneous, as their spectrum showed 
no shift of this peak with the 13C isotope.19 
 Surface enhanced Raman spectroscopy of NHC-
functionalized gold nanoparticles has rapidly developed since 
the discovery that gold complexes can be employed to append 
the NHCs to the AuNPs.6, 16, 20-23  Indeed, SERS measurements of 
NHCs on AuNPs have tracked post-synthetic modification on the 
nanoparticle surface20 as well as monitoring ligand degradation 
in biological media.21  Yet, despite the proven utility of SERS for 
characterizing NHCs on AuNPs, no SERS study of the Au-C bond 
for NHCs on AuNPs has been conducted.  The closest 
comparison is a tentative assignment of the Au-C bond stretch 
to 420 cm-1 on a Au(111) surface by Crudden and co-workers, 
who collected an HREELS spectra and simulated an IR spectra of 
a structurally similar, free gold complex.24 
 To elucidate the Au-C stretching modes of a chemisorbed 
NHC, we synthesized the gold complex of the 13C-carbene 
isotopologue of the diisopropyl benzimidazole NHC.  This 
13C-labeled gold complex was appended to AuNPs and 
characterized by SERS, and there are clear distinctions in the 
spectra between the natural abundance and 13C-labeled NHCs.  
DFT calculations for NHCs on gold clusters provide key insights 
into the modes that are isotopically impacted and reveal the  
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Scheme 1. Synthesis of 13C labelled NHC gold complex (1-AuCl) and functionalized gold 
nanoparticle (1-AuNP).  All of the species investigated in this study, including the natural 
abundance species (2-H)(Br), 2-AuCl, and 2-AuNP, are shown above and labelled with 
the corresponding colour on all of their spectra. 

absence of a primary Au-C stretch in favour of more complex 
conjugated modes. 
 Synthesis of the 13C-labelled benzimidazole (1-1) and 
benzimidazolium salt (1-H)(I) proceeded via modified literature 
methods from commercially available 13C-formyl labelled 
triethyl orthoformate in two steps (Scheme 1).25  Synthesis of 
the gold complex (1-AuCl) is challenging, as a typical base used 
for these reactions,6, 20, 23 potassium hexamethyldisilazane, 
generated an undesirable side product containing 
hexamethyldisilazane that could not be separated from the gold 
complex.  Screening of alternative bases led to selection of 
potassium tert-butoxide, which, while slower to deprotonate 
(1-H)(I), cleanly generates the free carbene in THF at room 
temperature over two days.  The free carbene was reacted in 
THF with Au(SMe2)Cl over three days at room temperature to 
provide mono-NHC gold chloride complex (1-AuCl).  1-AuCl was 
purified via multiple rounds of column chromatography with 
two different stationary phases to remove the bis-NHC gold 
chloride complex.  This process gave 1-AuCl in 36% isolated 
yield.  This laborious process was chosen to eliminate the 
possibility of halide confusion (between Cl and I), which we have 
previously found when using more conventional synthetic 
methods.20  The enhanced carbene resonance from the 13C-
label is found in 13C NMR at 176.33 ppm (Fig. S2).  The 
isostructural unlabelled compounds 2-AuCl and (2-H)(Br) were 
purchased from commercial vendors. 
 Both gold complexes, 1-AuCl and 2-AuCl, were separately 
appended to 60 nm quasi-spherical citrate-capped gold 
nanoparticles (AuNPs).  The complexes were dissolved in 
solutions of methylene chloride and were then added to the 
nanoparticles in water at room temperature following our 
previously reported procedure, yielding the 13C labelled 1-AuNP 
and natural abundance 2-AuNP from the corresponding 
complexes.20  This method is known to form an Au-C bond 
between the NHC and the AuNP via an adatom.26, 27 

   
Fig 1.  Direct comparisons of NHC-gold vibrational Raman and SERS spectra of gold 
complex and functionalized gold nanoparticles.  A. 13C labelled NHC as complex 1-AuCl 
and chemisorbed 1-AuNP.  B. Natural abundance NHC as complex 2-AuCl and 
chemisorbed 2-AuNP. 

 We began by identifying the spectral differences between 
the chemisorbed and physisorbed NHCs.  For the chemisorbed 
case, we employed 2-AuNP.  For the physisorbed case, we 
deposited the diisopropyl wingtip benzimidazolium bromide 
salt (2-H)(Br) (Scheme 1), which is unable to form a Au-C bond.  
The lack of Au-C bond for (2-H)(Br) is demonstrated by 
comparisons of both the SERS spectra (Fig. S5A) and the LDI-MS 
(Fig. S5B) versus 2-AuNP.16  Of note is the appearance of a band 
at 423 cm-1 in the physisorbed case, which cannot be associated 
with a Au-C stretching mode as there is no Au-C bond present.  
The chemisorbed carbene from 2-AuNP also displays peaks in 
this region, with a peak and shoulder appearing at 453 cm-1 and 
430 cm-1 respectively. 
 A comparison of the vibrational spectra of the precursor 
NHC gold complexes versus the NHC-functionalized AuNPs is 
shown in Fig. 1.  The evaluation of both spectra allowed us to 
identify four regions of interest: 425-435 cm-1, 650-660 cm-1, 
795-805 cm-1, and 1285-1300 cm-1.  In the SERS spectra for 1-
AuNP, a peak is observed at 430 cm-1 , but there is no 
corresponding peak in the Raman of 1-AuCl (Fig. 1A).  This 
distinction is what led McDermott to conclude this stretch is 
related to the Au-C bond in aryl films on gold nanoparticles.18   
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Fig. 2.  Comparison of experimentally measured SERS vibrational spectra of 13C-carbene labelled and natural abundance NHCs on gold nanoparticles, 1-AuNP and 2-AuNP, 
respectively.  Top: Full range of relevant regions with highlighting (green) that show clear isotopic shifts.  A. Close-up of 430/433 cm-1 peak and corresponding calculated vibrational 
mode.  B. Close-up of 649/659 cm-1 peak and corresponding calculated vibrational mode.  C. Close-up of 799/805 cm-1 peak and corresponding calculated vibrational mode.  D. Close-
up of 1286/1297 cm-1 peak and corresponding calculated vibrational mode. 

 
In the 650 cm-1 region, we see a shift and the disappearance of 
a shouldering peak, most noticeable between 2-AuCl and 2-
AuNP (Fig. 1B).  The higher energy regions (around 800 cm-1 and 
1300 cm-1) both show a significant red shift between complex 
and nanoparticle. 
 A comparison of the surface-bound isotopically-labeled 
carbene versus natural abundance carbene shows significant 
shifts in these four regions of interest (Fig. 2).  The SERS spectra 
shows red shifting in the 1-AuNP spectra versus the 2-AuNP 
spectra in four bands: 430 cm-1/433 cm-1, 649 cm-1/659 cm-1, 
800 cm-1/805 cm-1, and 1286 cm-1/1297 cm-1.  The more intense 
450 cm-1 peak beside the faint 430 cm-1 peak did not shift at all 
between the isotopologues. 
 Computational modelling can assist in assigning the 
different modes in these four peaks that demonstrate isotopic 

shifts.  Computational Raman and SERS spectra for 1-AuNP, 1-
AuCl, 2-AuNP and 2-AuCl were generated, and the 
corresponding peaks identified.  The peak at 433 cm-1 
correspond to the computational mode at 394 cm-1, the peak at 
659 cm-1 with a mode at 643 cm-1, the peak at 805 cm-1 with a 
mode at 816 cm-1, and the peak at 1297 cm-1 with a mode at 
1272 cm-1.  The specific vibrational modes associated with each 
peak is shown in Fig. 2A-D.  Further calculations to determine 
the weighted character of the vibrational modes found that the 
calculated peaks at 394 cm-1 and 643 cm-1 have around 33-37% 
carbene-carbon contribution to the vibrational mode, the 
calculated peak at 816 cm-1 has around 14% carbene carbon 
contribution, and the peak at 1272 cm-1 has 20% carbene 
carbon contribution.  The two lower energy stretches have the 
carbon moving perpendicular to the Au-C bond, while the two 
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higher energy modes have the stretch in line with the Au-C 
bond.  The combined results clearly indicate that the modes 
containing the carbene carbon contribution are quite complex, 
and the proposition of a localized Au-C stretch along the bond 
axis does not accurately represent the actual vibrational modes 
of the surface-bound NHC. 
 Taking all of the data together, we must conclude that for 
benzimidazolium-based NHCs on gold, there is no singular or 
distinct peak that can be considered a characteristic Au-C 
stretching mode on AuNPs.  We believe that this result is due to 
the conjugation of the NHC ring system, which contributes to 
the overall delocalization of the normal modes over the entire 
molecule.  Furthermore, we must caution against the use of low 
intensity bands near the 400-460 cm-1 region as diagnostic 
peaks for NHC chemisorption, as the normal modes for these 
NHCs are much too complex.  Therefore, we believe that a more 
holistic evaluation of the entire vibrational spectra is necessary 
when confirming chemisorption of NHCs to gold nanoparticles. 
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