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Synthesis of a Surface Mounted Metal-Organic Framework on 
Gold Using a Au-Carbene Self-Assembled Monolayer Linkage 
Esther Frederick, †,a Travis W. Shaw,a Matthew G. Frith††, a and Steven L. Bernasek*,a,b

Applications using metal-organic frameworks (MOFs) in devices require a degree of positional control that necessitates an 
attachment more robust than direct MOF growth on a bare substrate. To date, the precise positioning of MOFs on Au 
surfaces has been accomplished using thiol-Au linkages, which lack the long-term stability needed for device applications. 
This study utilized a Au-carbene monolayer with long term stability developed by Crudden et. al. as the linkage between a 
gold substrate and MOF. The Au-carbene surface mounted MOF (surMOF) was successfully synthesized using layer by layer 
deposition and characterized using XRD, XPS, and AFM.

BACKGROUND
Metal-Organic Frameworks(MOFs) are a versatile material with 

high porosity,1 surface area,2 and potential for post-
functionalization.3 They have been extensively researched and are of 
interest for numerous applications;4-11 including natural gas 
vehicles,5 molecular storage,6,7 catalysis,8 separations,9 medicine,10 
and commercial success in the food industry.11 Applications using 
MOFs in devices require positional control of the MOF12 which 
requires a more robust attachment than provided by the direct 
growth of the MOF on a bare substrate. One promising method 
involves growing a MOF on a functionalized substrate13-16 such as a 
self-assembled monolayer (SAM).17 Previous attachments to gold 
substrates rely on Au-thiol linkages,13-16  which have limited stability 
and undergo rapid degradation in ambient conditions.18 In this work, 
an Au surface mounted MOF (surMOF)  was successfully synthesized 
and characterized using a carbene linkage based on self-assembled 
monolayer work by Crudden et. al.19 followed by a layer by layer MOF 
deposition method to form a surMOF. The robust carbene-Au bond 
surMOF provides a platform to utilize Au substrates in devices 
requiring positional control of MOFs.

Carbenes are a highly utilized ligand that bind to metals through a 
lone pair of electrons on neutral carbon atoms.20 To increase 
stability, two heteroatoms can be added adjacent to the carbene 
atom to form a n-heterocyclic carbene.21 Crudden et al. developed 
novel gold surface linkages based on Au-carbene chemistry19  which 
display long range order and stability under a variety of organic, 
aqueous, pH, and temperature conditions, due to their high 

desorption barrier.22  Experimental studies of stability were 
supported in the same work with density functional theory methods, 
which calculated the most stable carbene-Au binding mode as 25 
kJ/mol stronger than the Au-S bond energy.19 Additionally, the azide 
termination of the SAM allows for versatile post-modification to 
easily alter SAM properties.

In this work, an Au-carbene SAM was used as a foundation for a 
novel gold mounted metal-organic framework (Figure 1). The azide 
terminated SAM was modified to form a carboxylic acid termination. 
The step-by step building of a surMOF on the SAM was demonstrated 
to successfully form a surMOF linked to a Au substrate via a robust 
Au-linkage.

Figure 1. Schematic of a surface mounted MOF using a self-
assembled monolayer to attach the MOF to the substrate. 

EXPERIMENTAL METHODS
Carbene synthesis and surface functionalization were done using 
adapted literature methods (Figure 2).19,23 See SI for details about 
carbene synthesis (SI 1) and surface functionalization (SI 2).
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Figure 2. Scheme for Au-carbene SAM synthesis modified from the 
literature.25
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The Cu-biphenyl dicarboxylic acid (Cu(bpdc)) surMOF was built 
using a layer by layer deposition method (Figure 3). AFM, XPS, and 
grazing incidence XRD were used to confirm SAM formation, 
successful post-modification and surMOF deposition. Detailed 
surface characterization information is available in the 
Supplementary Information (SI 3).
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Figure 3. Schematic of building SurMOF using layer-by-layer 
deposition.

RESULTS AND DISCUSSION
Step 1: Attachment of azide terminated SAM to Au substrate via 
carbene linkage:

XPS was used to confirm the successful formation of the SAM via 
a carbene-Au linkage (SI 4, Figure SI 7). The presence of an N 1s peak 
at 400.5 eV, with a residual of 1, matched the published N1s binding 
energy for electron-rich azide nitrogen atoms.24 The C 1s region was 
fit to three peaks with a residual of 1.6. The C 1s peak at 284.8 eV 
was attributed to adventitious C and C-C and C-H bonds from the 
functionalizing molecule, the peak at 285.9 eV was attributed to a C-
N bond and corresponded well to literature values of 286.0 eV,25 and 
the peak at 287.3 eV was attributed to the carbene species whose C 
1s binding energy was shifted to higher binding energy due to 
bonding with two adjacent nitrogen atoms. The Au effects on shift to 
lower binding energy  was minimal compared to the effect of the 
nitrogen atoms due to the greater electronegativity difference 
between N and C than Au and C, and less significantly, due to bonding 
with two N atoms versus bonding to only one Au atom. O 1s 
displayed a single peak, residual of 1, at 532.2 eV attributed to 
adventitious contamination.  

AFM after the next step of carboxylic acid modification was used 
to further confirm surface functionalization (SI 4, Figures SI 8 & SI 9). 
A decrease in RMS for height images from 10 on the bare sample to 
3 nm on the modified substrate indicated greater uniformity 
attributed to SAM functionalization. Phase images displayed a visible 
change, with an increase of RMS to 16 from a RMS of 5 on the bare 
substrate indicating a greater variation in chemical composition due 
to surface functionalization.
Step 2: Post-modification to form COOH terminated SAM: 

XPS was used to confirm the successful click chemistry post-
modification of the SAM to alter the terminating group to a 
carboxylic acid (SI 4, Figure SI 10). The C 1s region was fit to three 
peaks with a residual of 1.1 The 284.8 eV C 1s peak corresponded to 
adventitious C and C-C and C-H bonds from the sample, the 285.7 eV 
peak was from the C-N bond,25 and the 288.8 eV peak was attributed 
to the carboxylic acid carbon corresponding to literature values of 
289.1 eV.26  The O 1s region displayed two peaks, at 530.4 eV and the 
one at 531.8 eV, as compared with the one peak of the azide 
terminated SAM, with a residual of 1.1. The peak at 531.8 eV 
corresponds well to the published26 carboxylic acid O shift of 532.0 
eV (carbonyl) atoms. The N 1s region displayed three peaks at 401.8 
eV, 400.1 eV, and 398.0 eV with a residual of 0.97. The 401.8 eV and 
400.1 eV peaks were assigned, as with the azide terminated SAM, to 
the azide nitrogen atoms. The new peak at a lower binding energy 

was ascribed to the newly formed N-C bond of the triazole.24 Overall, 
the presence of a C 1s peak at 288.8 eV, two peaks in the O 1s region, 
and triazole presence in the N 1s region was in agreement to 
observed XPS binding energies in similar systems,19 confirming the 
success of the reaction. The presence of an azide peak in the C1s and 
N1s spectra indicated that the SAM was not completely converted to 
a –COOH terminated SAM.  
Step 3: Formation of surMOF 

XPS (SI 4, Figure SI 11) and XRD (Figure 4) measurements of 
samples post-surMOF attachment demonstrated successful surMOF 
synthesis. XPS of the Cu region displayed a peak fit with a residual of 
1.6. The broad peak at 932.2 eV corresponded to literature values for 
Cu ion species, and the 940.9 eV peak was attributed to a Cu(II) 
shakeup peak.27 The O 1s region displayed a single peak at 532.3 eV, 
residual of 1.1, which conforms well to published O 1s values of 532.5 
eV for broad peaks inclusive of –COOH and –COO- species.28  The C 
1s region displayed two peaks with a residual of 1, with a large peak 
at 284.8 eV corresponding to adventitious C and C-C and C-H bonds 
from the surMOF molecules and a peak at 288.8 eV consistent with 
literature values for COO- and –COOH species.26  The C1s peak did 
not indicate the presence of a C-N, however, that was likely due to a 
lack of resolution as nitrogen containing species were present in the 
N1s region, which displayed a single peak at 398.2 eV, residual 1, 
attributed to the N-C bond of the triazole.27 The observation of this 
signal, which is normally weak,  was likely due to the surMOF porosity 
and non-uniformity of the coverage which may allow for greater X-
ray penetration and electron escape depth. Overall, the XPS spectra, 
particularly the presence of peaks in the Cu region, provides evidence 
of Cu and –COOH species. 

XRD measurements confirmed the molecules were deposited in 
an organized surMOF structure. The XRD spectra displayed large 
peaks around 2θ values of 6 and 12, and a broad peak stretching from 
17 -18 2θ (Figure 4) which matched previously published peak values 
for a Cu(bpdc) surMOF with three peaks around 2θ values of 6,12, 
and 18.14  A second set of smaller peaks at 2θ values of 6.5, 12.4, and 
17-18  appeared after several hours of scanning and were likely due 
to XRD induced changes in the surMOF material.    

Noticeable changes in the surface appearance were visible by eye 
post-XRD in the exposed region. While initially attributed to 
structural decomposition, the appearance of smaller peaks at 6.5, 
12.4 and 17-18 2θ peaks during later scan times suggested the visible 
change may be due to the formation of a second, ordered crystalline 
structure on the surface. ATR-FTIR on both XRD and non-XRD 
exposed regions of the same sample (SI 4, Figure SI 12., further show 
that the XRD exposed region displayed a peak at 2921 cm-1, which 
corresponds to the presence of hydrocarbon species. As data was 
acquired from the same sample, the results indicate the presence of 
a new species rather adsorption of adventitious molecules onto the 
surface or into the MOF over the course of the overnight scans. A 
change in the chemical composition of the surMOF or integration of 
a newly formed species diffusion limited to the local area would lead 
to a new set of weaker peaks in the XRD spectra. This may be of 
interest to explore in future work. 
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Figure 4: Measured data (red, top) (Cu Kα 1.5418 Å) and line 
representation of published XRD data (black, bottom) for out of plane 
reflection for tetragonal P4 structure identified for Cu(bpdc) in 14. The 
set of larger peaks in the experimental data matched the literature 
patterns. The set of small peaks is due to the formation of a second 
crystalline structure which appeared after several hours of XRD data 
collection.

     AFM images (SI 4, Figure SI 13) were obtained to gain an 
understanding of the surMOF structure. Interestingly, the AFM 
displayed irregularly shaped islands with phase images indicating 
that the borders of the surMOF islands differ in chemical composition 
from the center.

Conclusions
A novel Au mounted surMOF was successfully synthesized using a 
carbene linkage and layer by layer surMOF deposition methods. 
AFM, XPS and XRD results suggest the successful formation of the 
surMOF. The results of this study indicate that the change in SAM 
morphology did not affect the successful formation of the surMOF 
and its morphology. The synthetic method demonstrated in this work 
is highly versatile as there are many choices for metal terminations 
and MOF structures. The interchangeability of the carbene-based 
layer-by-layer surMOF components makes them useful in a wide 
variety of future studies. Longer XRD scan times resulted in 
diffraction patterns suggesting the presence of a second crystalline 
phase as a result of X-Ray irradiation. This unexpected result may be 
of interest for exploration in future work.
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