Downloaded via UNIV OF NOTRE DAME on September 30, 2024 at 16:40:52 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL
CHEMISTRY

A JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JPCC

Vibrational Mode Assignment of Diisopropyl Benzimidazolium

N-Heterocyclic Carbenes on Gold

Published as part of The Journal of Physical Chemistry C virtual special issue “Celebrating SO Years of Surface

Enhanced Spectroscopy”.

Shayanta Chowdhury,L Gaohe Hu," Isabel M. Jensen, Alyssa V. B. Santos, David M. Jenkins,*

Lasse Jensen,™ and Jon P. Camden™

Cite This: J. Phys. Chem. C 2024, 128, 13550-13557

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations |

@ Supporting Information

ABSTRACT: Raman, surface-enhanced Raman, and infrared
vibrational spectra of diisopropyl benzimidazolium N-heterocyclic
carbenes were experimentally measured and calculated using first-
principles theory. Experimental data were in excellent agreement
with the theory and allowed for assignment of previously
unreported vibrational modes in the molecule. Key vibrational
motions of the Au—C bond, benzene ring, and isopropyl wingtips
were isolated using '*C-labeled isotopes, and weighted SERS
calculations reveal the specific characteristics of these motions in

the SERS signatures.

B INTRODUCTION

In recent years, N-heterocyclic carbene (NHC) ligands have
emerged as thiol alternatives, utilizing strong sigma bonds to
form well-defined, highly ordered self-assembled monolayers
(SAMs) on transition metal surfaces and nanoparticles.' > With
the first reports of NHC-functionalized nanoparticles by Tilley
and co-worker* and Fairlamb and Chechik and co-workers® and
subsequent formative work by Crudden and co-workers,’
Johnson and co-workers,” and Glorius and Ravoo and co-
workers® NHCs have been established as SAMs with excellent
surface passivation and structural diversity, enabling applications
in fields of biomedicine,” catalysis,m sensing, ~ and molecular
electronics.'”'* NHCs were originally, and still continue to be,
prized in organometallic chemistry for homogeneous catalysis
applications."* Consequently, there are many works focusing on
the spectroscopic characterization of NHCs including benzimi-
dazolium salts,">'¢ imidazolium salts,'” free carbene moieties,'®
and CO, adducts."”

Vibrational spectroscopies such as high-resolution electron
energy loss spectroscopy (HREELS),'"”" surface-enhanced
Raman spectroscopy (SERS),”"** and reflection absorption
infrared (IR) spectroscopy (RAIRS)**** have been applied as a
tool to study NHC SAMs. They are often used to monitor
monolayer formation and stability,”**° surface chemical
reactions,”””” and catalysis.”**>* While previous studies have
reported on a subset of the imidazolium and benzimidazolium
NHC vibrational modes,'"”*® a systematic and rigorous
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vibrational mode analysis of NHCs bound to gold is missing
in the literature. This absence is likely due to the complexity
arising from the NHC being bonded to the metal surface and
from the coupling of ring modes, isopropyl wingtip modes, and
carbene-metal modes in the molecule.

In this paper, we focus on the well-studied diisopropyl
benzimidazolium NHC and its 1*C-labeled isotopologue, both
as a gold(I) chloride salt and as a ligand bound to gold
nanoparticles (Scheme 1). Table S1 provides a comprehensive
view of previous studies reporting on vibrational modes of
NHCs bound to various flat metal surfaces, with descriptions of
the modes assigned by the authors.'">**** This survey is the
starting point for the current study, although it is necessary to
realize that detailed normal mode coordinates are not always
reported in these previous studies. Prior work by our group using
SERS to study NHCs on gold nanoparticles has focused
specifically on normal modes with Au—C character.”’ The
diisopropyl benzimidazolium NHC complex has C,, symmetry
and, as such, possesses some normal modes that are only Raman-
active or only IR-active. Given the complexity of the molecular
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Scheme 1. Structures of NHC Gold(I) Complexes and Gold
Nanoparticles Functionalized with NHCs Examined in This
Work
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structure, we additionally expect many vibrational bands to
overlap, which complicates the interpretation and identification
of specific spectral features utilizing group theory alone. Thus, to
understand the spectra, we compare experimental measure-
ments of the Raman, SERS, and IR spectra of the two
isotopologues to first-principles theory calculations, which
allows us to assign previously unreported vibrational modes.
Further analysis of the weighted character of motions of the
wingtip, benzene ring, and gold—carbon stretch provides a
deeper understanding of the constituents of these normal
modes.

B METHODS

The synthesis of 1,3-diisopropyl benzimidazolium gold(I)
chloride and the corresponding *C labeling of the carbene
carbon were done according to previously published proto-
cols.’>*' Scheme 1 summarizes the naming convention of the
resulting complexes and nanoparticles used throughout this
paper. A top-down ligand exchange method™® was used to
functionalize 60 nm quasi-spherical citrate-capped AuNPs with
both the naturally abundant and '*C-labeled complexes.

Previous work by our group has shown that the SERS spectra
are 1nvar1ant over a range of different sizes of AuNPs from 20 to
100 nm.”

The ATR-FTIR spectra of the neat powders of '>*C—AuCl and
13C—AuCl were measured on a Thermo Scientific Nicolet iS10,
with a Smart iTR accessory. 10 mM solutions of ">*C—AuCl and
13C—AuCl dissolved in CH,Cl, were drop-casted on a clean
glass slide and left to evaporate under ambient conditions for
Raman measurements. The Raman spectra were taken on a
custom-built setup using 633 nm excitation by focusing the laser
on the dried sample with a 20X Nikon objective (NA =0.5) inan
inverted Nikon Eclipse Ti—U microscope. The SERS spectra
were measured in the same setup by focusing on self-aggregated
clusters of '>C—AuNP and "*C—AuNP.

To assign the vibrational modes observed experimentally, the
spectra were compared to calculations obtained from a local
version of the Amsterdam Density Functional (ADF) engine
from Amsterdam Modeling Suite. 3233 Bor SERS calculations,
the NHCs were bound to a 58-atom gold cluster. Geometry
optimizations were performed with the constraint that only the
adatom and carbene molecules were relaxed. Mobile block
Hessian was used for frequency calculations based on the
optimized geometry.””*> The vibrational frequencies and
normal modes were calculated within a harmonic approxima-
tion. For all DFT calculations, the Becke—Perdew (BP86) XC
functional’®*” with dispersion correction Grimme3 BJDAMP**
was used. The structures and normal modes of the model
systems were plotted with PyMOL.*

Modeling of SERS of NHCs on gold nanoparticles was done
assuming a strong local field enhancement perpendicular to the
surface such that only contributions from the Raman tensor
along the local field were included. This ensures that the SERS
surface-selection rules are obeyed. Chemical effects were
included by including a small metal cluster in the calculations.
This approach neglects the coupling between the chemical and
electromagnetic effects.*® For the NHCs studied in this work,
this is a reasonable approximation due to the strong binding of
the NHCs through an adatom. An Au58 cluster with an adatom
was chosen to ensure a large enough cluster to support the
wingtips of NHCs in a flat configuration. Previous work using
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Figure 1. Experimental (top) and theoretical (bottom) Raman spectra of NHC gold complexes *C—AuCl and *C—AuCl. The assigned modes @,
Wo& W, @), and @,&w 5 are highlighted in green, blue, orange, and red, respectively.
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Figure 2. Normal mode images of assigned Raman and IR active modes of '>’C—AuClL The experimental and calculated frequencies are denoted below
the modes in units of cm™, with experimental values in black and calculated values in blue.
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Figure 3. SERS spectra of NHC-functionalized gold nanoparticles '>*C—AuNP and '*C—AuNP. Experimental spectra (top) can be interpreted with a
combination of the vertical (middle) and flat (bottom) orientations of the NHCs on the gold cluster. The assigned modes w,, 0¢&ws, @,, @1, and
®,&w1; are highlighted in green, gray, blue, orange, and red, respectively. The theoretical Raman cross section (do/dQ) for the theory plots is in units

of 107 cm? st .

this cluster model has shown good agreement with experimental
SERS spectra.”>*" For all calculations, the BP86 XC functional
was chosen because predicted vibrational frequencies are
typically in good agreement with experimental frequencies
without the need for a scale factor.*" Additionally, a mobile
block Hessian was used to decouple the vibrational motions of
Au atoms in the cluster with molecular vibrations. In this way,
low-frequency vibration motions such as Au—Au stretching
motions are eliminated from the simulated spectra. The low-
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frequency vibrational modes are often very anharmonic and are
therefore difficult to assign. For this reason, the assignment of
new modes was limited to the range of 750—1650 cm™". Further
details of the synthesis procedure and subsequent character-
izations and computational analysis can be found in the
Supporting Information.
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Figure 4. Normal mode images of assigned SERS active modes. The experimental and calculated frequencies are denoted below the modes in units of

cm™', with experimental values in black and calculated values in blue.

B RESULTS AND DISCUSSION

We begin by exploring the 750—1650 cm™" region, where the
strongest Raman signatures are obtained; however, this region
also has multiple overlapping bands. Figure 1 compares the
experimental neat Raman spectra and corresponding calculated
spectra of "*C—AuCl and "*C—AuCl. The full wavenumber
region of the experimental spectra is shown in Figure S4. The
two strongest Raman signals occur in the experimental spectra at
1311 and 1417 cm ™", with their corresponding calculated peaks
at 1277 and 1415 cm™". Both modes show red shifts for *C—
AuCl, and they have comparable relative intensities for both
isotopes. Hence, these are assigned the vibrational normal
modes denoted as wy and @, respectively, comprising a mix of
different wingtip motions and an Au—C stretch, as shown in
Figure 2. @y, has a calculated frequency of 1313 cm™" and does
not contain significant Au—C motion, thus showing no red shift
with the isotope. Deconvolution of the experimental cluster of
peaks around 1300 cm™ reveals the @, mode to be a shoulder
peak observed experimentally at 1322 cm™' and is further
confirmed by its lack of an isotope shift (Figure S3). This mode
may be correlated to the ~1360 cm™ mode reported in prior
studies (Table S1). The 816 cm™ peak, which does show an
isotopic shift, is assigned to the normal mode w,: a mixture of
the Au—C stretch, ring in-plane symmetric stretch, and wingtip
mode. Assignment of a Au—C stretch in this region is missing in
previous reports, although we have found this mode to have one
of the highest percentages of Au—C character.”’ Finally, the
1605 cm™ peak in the experimental spectra is assigned to the
degenerate modes @, and @3, corresponding to ring in-plane
symmetric stretches and asymmetric stretches of the benzene
ring, respectively. Benzimidazoles are known to show similar
stretches of the benzene ring.'® This is a well-reported ~1615
cm ™ mode on flat metal surfaces, described to possess multiple
ring vibrations (Table S1). This assignment is also consistent
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with our previous study of the effect of deuteration of wingtips to
the SERS of NHCs, which showed no shift in this mode with
deuteration.”

We extend our analysis to surface-bound NHCs by recording
the SERS spectra of *C—AuNP and "*C—AuNP which are
shown in Figure 3. The normal modes in the Raman analysis are
all found to have direct counterparts in the SERS spectrum,
where they are slightly shifted to lower wavenumbers. The
surface enhancement provides a significant boost in signal
intensity but adds complexity because of its preferential
enhancement of vibrations perpendicular to the surface of the
metal.*** Hotspot dependence of SERS enhancement is a well-
reported phenomenon, and care needs to be taken when
analyzin§_ low concentration or single molecules quantita-
tively."*™ Previous work by our group has shown SERS to be
a robust technique in providing a consistent picture of NHC
binding on gold, as evidenced by agreement with other
techniques that do not preferentially utilize hotspots, such as
HREELS.”" Additionally, NHC ligands bind as an adatom on
gold with an upright or a flat orientation (or really any other
angle in between) depending on the packing on the surface, as
shown by multiple groups using various techniques.””**~*
Recent work by our group has shown that each of these
orientations has their unique SERS signatures.”” To circumvent
this issue, we consider the theoretical spectra of our NHC
molecule as if it was only flat and only vertical independently as
two different spectra and then examine the experimental spectra
as a combination of the two. While this simplifies the analysis, we
do not consider any angles between the flat and vertical
orientations, which likely oversimplifies the actual orientation
due to the bulk of the isopropyl wingtips.

Despite this issue, the enhancement in intensity allowed us to
make two additional mode assignments. The pair of
experimental peaks highlighted in gray (1120—1200 cm™) in
Figure 3 has comparable peaks in the calculated spectra when we
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J. Phys. Chem. C 2024, 128, 13550—13557


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c02228/suppl_file/jp4c02228_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c02228/suppl_file/jp4c02228_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c02228/suppl_file/jp4c02228_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c02228/suppl_file/jp4c02228_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c02228?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c02228?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c02228?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c02228?fig=fig4&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.4c02228?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

W& Ws3
T ] L} T T

Experiment

12¢c.Aucl
——13¢c.Aucl

Normalized Intensity Normalized Intensity

R

Theory

—12¢_aucl
—¢c.aucl

1 1 1 1 -

700 800 900 1000

1100

1200 1300 1400 1500 1600

Wavenumber (cm'1)

Figure 5. Experimental (top) and calculated (bottom) ATR-FTIR spectra of NHC gold complexes '>*C—AuCl and '*C—AuCl. The assigned modes w,
Wy, O5, W7, By, @1, and @,&w 5 are highlighted in cyan, green, violet, brown, blue, orange, and red, respectively.

consider their placement, relative intensity, and isotope shifts.
The experimental peak at 1144 cm™' does not shift, and is
assigned as wg, which is seen to consist of wingtip motion of the
flat molecule coupled to in-plane bending of part of the benzene
ring, with no Au—C vibration, as shown in Figure 4. This mode
may be the previously reported mode at ~1155 cm™" with
wingtip and aromatic CH vibrations for the diisopropyl
benzimidazolium NHC on flat metal surfaces (Table S1). The
experimental 1186 cm™" peak is assigned as wg whose motion
couples the wingtip motion and the Au—C motion, evident by
the isotope shift of this mode. The much lower intensity of these
two peaks compared to the @, peak highlighted in blue makes
sense when we compare the Raman cross sections (do/d€2) on
the y axis. The highest signal for the vertical orientation spectra is
30X stronger than the highest signal in the flat orientation
spectra. The Raman mode w, is difficult to pinpoint in the
SERS spectra and is likely hidden in the cluster of peaks in the
1300 cm™" region. We also see isotopic red shifts in the same
bands at 804, 1297, and 1405 cm™’, which reconfirm our
assignments in the Raman spectra.

Figure 5 shows the IR spectra of complexes *C—AuCl and
BC—AuCl Again, some of the normal modes from Raman and
SERS are present in the IR, ie., @,, @y, ®;;, and @,&®,3. The
intense peak at 747 cm™! shows no shift, but peaks at 816, 1094,
1174, 1311, and 1417 cm™" do show red shifting due to isotope
labeling. This allows for the identification of three more modes
that are only IR-active: @3, @5, and ;. These modes are all
asymmetric stretches. The specific motions of the atoms in the
normal mode images shown in Figure 2 verify that these
vibrations change the dipole moment of the molecule with no
change in the polarizability, resulting in only IR active modes. w;
has been reported in HREELS and RAIRS to consist of out-of-
plane aromatic CH vibrations at ~750 cm™.'"** Table 1
summarizes the experimental IR, Raman, and SERS vibrations
and their complementary theoretical peak positions.

After assigning the modes of the major peaks in each of the
spectra discussed above, we investigate the contribution of the
different motions that form the basis of each normal mode
image. To isolate the isopropyl wingtip, benzene ring, and Au—C
vibrations in the modes, we theoretically determine the weighted
SERS of each of these motions. The weighted SERS spectra are
calculated by scaling the original SERS intensity by a mode
composition factor.”” The mode composition factor (shown in

Table 1. Vibrational Modes of Diisopropyl Benzimidazolium

NHC”
vibrational
v (em™) VRaman (€cm ™) vggrs (cm™) assignment
expt  theory expt theory expt theory
434 394 w,
659 643 ,
747 721 w,
816 816 816 816 805 817 [on
1094 1102 ws
1144 1175 [on
1174 1191 o,
1186 1230 ws
1311 1277 1311 1277 1297 1272 Wy
1322sh 1313 1316sh 1307 W
1417 1415 1419 1415 1405 1408 (o
1603 1591 1605 1591 1603 1589 W,
1603 1595 1605 1595 1603 1580 w3

“Experimental and calculated IR, Raman, and SERS frequencies of the
modes assigned in this study. sh: shoulder peak.

eq 1) determines the contribution from each of the atoms to a
certain normal mode where m; is the atomic mass and 7, is the
atomic displacement for that mode. For a certain region of the
system, such as the wingtip, the original Raman is scaled by
summation of mode composition factors in this region for each
mode, respectively.

mr?
i

=5
J Xmy;

(1)

Figure S6 visualizes the results of this analysis as a bar plot for
the flat and vertical orientations of the NHC on the gold cluster.
The y axis represents the percentage of the total intensity of the
normal mode that can be attributed to the isolated vibration.
The color map represents the calculated total intensity of the
normal modes in question. Only the modes assigned in this
study have been shown in the figure for simplicity. Importantly,
our previous assignments of the vibrational character can be
verified by looking at the specific frequency regions. For
example, the green shade representing the 816 cm™" (w,) mode
shows mainly a mixture of Au—C and ring vibration, and the
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1603 cm™" (®w;,) mode shaded in red is almost entirely ring
motion.

Until now, for ease of mode assignment, we discussed only the
side-down wingtip orientation in the theory calculations. The
frequency region below 800 cm™ is comprised of mainly ring
and wingtip vibrations, but these can show variation with
wingtip substituents, as evident in the SERS reported in our
wingtip-dependent orientation study.”” This trait is also
observed in imidazolium salts with similar structures.'” Below
800 cm ™', the up/down configuration becomes significant when
considering the weighted SERS of the wingtips, as can be seen in
Figure S7H and 1. This can be attributed to the increased SERS
enhancement as one approaches the surface. For other bands,
the weighted SERS of the benzene ring and the Au—C bond is
not dependent on wingtip configuration, which allowed us to
assign two unique modes in our previous Au—C bond study: the
434 cm™' mode is assigned , with Au—C vibration coupled to
wingtip motions and the 659 cm™' mode @, with out-of-plane
motions in the benzene ring coupled to both wingtip and Au—C
motion.”" Previous reports assign the metal-carbene stretch of
NHCs on surfaces in the 420—430 cm ™ region, while the ~650
cm™! mode is assigned a ring stretch (Table S1). Through this
analysis, we are able to get a more complete picture of these
normal modes and can conclude that they have significant Au—
C character (Figure S6). Below 400 cm™, wingtip character
completely dominates the spectra (Figure S7) but is harder to
interpret due to the low intensity of the peaks and the effects of
anharmonicity.

Bl CONCLUSIONS

In this paper, we compare experimentally measured Raman and
IR vibrational spectra of a model NHC with theoretically
calculated spectra for a set of isotopically labeled compounds.
Using this comparison, we can identify several previously
unassigned modes, allowing us to attain a more comprehensive
picture of the normal modes associated with the IR, Raman, and
SERS bands. While a complete description of all NHC
vibrational modes is not possible due to overlapping bands or
low-intensity peaks, we report detailed mode assignments of 13
modes in this paper, three of which are only IR-active. Weighted
SERS calculations additionally allow us to verify the vibrational
character of these band assignments and discern the dominant
character of the normal modes in specific regions.
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