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ABSTRACT: Organic−metal interfaces are of vital importance for
regulating the optoelectronic properties of devices in molecular
electronics. Interactions within the metal−adsorbate system
influence the photonic performance through perturbations of the
electronic structure. Such changes and associated interfacial charge
transfer are directly influenced by how the organic molecule
structurally adsorbs to the substrate. Herein, we use a combination
of surface-enhanced Raman scattering (SERS) spectroscopy and
dispersion-corrected density functional theory (DFT-D) to show
that 6,13-bis(triisopropylsilylethynyl)pentacene (TIPS-Pc) adsorbs
through both physisorption and chemisorption on a gold surface
with the TIPS-Pc adopting an adsorption geometry with the
pentacene backbone oriented parallel to the substrate. When
chemisorbed, our results provide direct evidence of Au−C bond formation within the ethynyl moieties. Most importantly, we
demonstrate that the electronic structure of the resulting TIPS-Pc surface system is distinctly dependent on the adsorption
mechanism. These results show new evidence of chemisorption routes for TIPS-Pc on metal surfaces and illustrate the importance of
understanding the interfacial structure at the molecular level for dictating and assessing the performance of molecular optoelectronic
devices.

■ INTRODUCTION
Molecular adsorption at the metal−organic interface is one of
the fundamental aspects of heterogeneous chemistry.1,2

Heterogeneous chemistry lays the foundation for several fields,
including molecular electronics and heterogeneous catalysis.2−4

The exact nature of molecular adsorption to metal surfaces
plays a crucial role in these disciplines. For instance, molecules
can adsorb to a surface covalently via chemisorption or
noncovalently via physisorption.5−7 The strength of adsor-
bate−surface versus adsorbate−adsorbate interactions deter-
mines the preferential adsorption mechanism.8,9 Previous
literature has shown that adsorption, being chemisorption
versus physisorption, determines whether Pt(111) is chemically
reactive toward dissociation of molecular oxygen.10,11 More-
over, work by Wodtke and co-workers has shown how
molecular vibrations can be used to reveal the intricate
interplay between physisorption and chemisorption states that
strongly influence the surface chemistry.2,12

One particular class of molecules that has provided an
exciting new area for molecular electronics is singlet fission
organic chromophores.13,14 Singlet fission chromophores can
exhibit inordinately high quantum efficiencies per photoelectric
event via the process of singlet fission, namely, the process of
converting a singlet exciton into two triplet excitons
intermolecularly.14−19 This process is basically the reverse of
triplet−triplet annihilation in multi-excitonic systems such as

quantum dots.20 Although the exact mechanism is still under
debate, some of the fundamental requirements are well
established. First, the singlet excitation energy must be roughly
double that of the triplet.19 Second, there must be a
neighboring moiety in the ground state with the appropriate
orbital overlap to accept energy from the exciton (either in
dimers or monomer pairs).19 Most literature studies on these
materials focus on acenes, such as pentacene and their
derivatives,14,18,19,21,22 rubrene,23−25 and perylene dii-
mides.26−28 Most of these studies are either in the solution
phase or in single/polycrystalline phases and investigate
elementary charge transfer and electronic processes of these
materials,29−31 assisted by related computational studies.32,33 In
application, however, these chromophores are often in single or
polycrystalline thin films,19,34−36 and characterization of their
properties at interfaces and within thin films becomes essential.
For instance, substrate choice and temperature can be used as a
control for the pentacene phase and orientation in a film.37
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Therefore, the adsorption of molecules on solid surfaces can
alter the chemistry of these organic molecules, especially on
metal surfaces, underscoring the significance of understanding
the strength of the adsorbate−substrate interactions (along
with lateral adsorbate−adsorbate interactions) for determining
molecular orientation, structure and growth and how the
adsorption geometry defines the electronic structure of the
adsorbate−substrate system.
Herein, we examine the adsorption of 6,13-bis-

(triisopropylsilylethynyl)pentacene (TIPS-Pc), an organic
semiconductor and one of the most popular pentacene
derivatives, on gold (Au) surfaces. The Au substrate has been
selected due to its wide use as an electrode in electronic devices
and previous TIPS-Pc/gold studies on singlet fission and
optoelectronics.38−41 On Au(111), angle-resolved near-edge X-
ray absorption fine structure38 and vibrational high-resolution
electron energy loss spectroscopy39 measurements suggested a
rather parallel physisorption of the acene plane relative to the
surface, and a slight incline was suggested. Our theoretical
calculations, however, deduce that chemisorption of TIPS-Pc
can also occur through breaking the alkyne bond into an alkene
to then form an Au−C bond. Our density functional theory
(DFT) computations suggest that this is energetically the most
stable adsorption mechanism, although this is only possible
when the active carbons are placed above the top sites on the
gold surface. Surface-enhanced Raman scattering (SERS)
experiments of saturated and submonolayer-covered TIPS-Pc-
coated gold nanorods support the theoretical results. Finally,
the presence of both chemisorption and physisorption is
discussed more broadly as these adsorption motifs alter the
electronic structure of the system, with potential ramifications
toward the effect of singlet fission.

■ METHODS
Thin-Film Sample Preparation. Gold substrates were

purchased from EMF Corp., consisting of microscope slides
coated with a 50 Å binder layer of titanium followed by
deposition of a 100 nm bare gold (Au) layer with no protective
overcoat. The substrates are cleaned in the following way to
remove all organic and inorganic contamination from the
surface.42 First, the gold substrates were sonicated in acetone
for 20 min and rinsed in 18.2 MΩ cm−1 nanopure water,
followed by sonication in Alconox detergent (10% in nanopure
water) for 20 min and rinsing again with nanopure water and
sonication for 20 min in only 18.2 MΩ cm−1 ultrapure water
with subsequent rinsing. Upon completion of these rinses,
excess moisture was removed by ultra-high purity N2 gas flow
and dried in an oven at 110 °C under ambient conditions to
completely dehydrate it. Dried substrates were then sanitized in
a UV/ozone cleaner for 2 h. This same procedure was utilized
for cleaning the silica substrates. The gold layer on the
substrates appears to be resistant to the cleaning procedure,
leaving the Au layer mostly unaffected even after ultra-
sonification, heating to ∼110 °C, and exposure to ultraviolet
light, while effectively removing all trace organics from the
surface. However, surface roughness measurements before and
after cleaning were not taken due to limited number of available
substrates. It has been reported that heating in this temperature
range may induce slight grain boundary motion to reduce the
surface roughness.43 TIPS-Pc was purchased from Sigma-
Aldrich and used as received. Solutions of 5.7 mM TIPS-Pc in
chloroform were prepared, allowing for solution processed film
fabrication via drop casting. In all cases, substrates were tilted

between roughly 3 and 10° to maximize homogeneity and limit
macroscopic aggregation at the edges of the substrate. Upon
drop casting, TIPS-Pc droplets settled for 15 min for complete
solvent evaporation. There were no signs of delamination or
cracking of the substrate surfaces (as observed through a
Renishaw Raman microscope as discussed below) caused by the
brief exposure to chloroform. All TIPS-Pc films are expected to
maintain a thickness between 200 and 800 nm according to
previous reports.44

Raman Spectroscopy/SERS. All Raman measurements
taken of TIPS-Pc on gold utilized a Renishaw inVia microscope
with an objective magnification of 50×. The excitation
wavelength used to perform this study was 785 nm because it
is pre-resonant with all electronic transitions of TIPS-Pc in the
solid-state films. The grating was 1200 L/m, and spectra were
acquired for 3 min in 10 s accumulations within a spectral range
of 200 to 2300 cm−1 with switching between various vibrational
regions. All spectra presented are the average of Raman spectra
acquired in triplicate.
To perform the SERS studies, 1 optical density (O.D.)

citrate-capped gold nanorods with a width of 10 nm and length
of 44 nm were purchased from Nanocomposix. The plasmon
resonance for the long axis of the nanorods was centered at 800
nm (Figure S13 in the Supporting Information), so the
excitation wavelength of 785 nm was well within the plasmon
band. The nanorod solution was drop-cast on a glass slide
cleaned using the procedure above and treated with UV/ozone
for 15, 30, and 60 min to remove the citrate capping ligand.
From there, the 5.7 mM TIPS-Pc solution was drop-cast on the
nanorod film. To exclude the concern of potential aggregation,
we also prepared samples using this procedure with a 0.5 μM
solution instead. All instrument parameters were kept identical
between the SERS and Raman experiments. All data were
processed using Igor Pro 8 software with all peaks being fit to
Lorentzian distributions.

Computational Details.Dispersion-corrected DFT (DFT-
D) calculations were performed with VASP45 to obtain binding
energies (BEs) for TIPS-Pc to Au(111) surfaces through
geometry optimizations. The revPBE (revised Perdew−Burke−
Ernzerhof) GGA functional46,47 with the Grimme348 dispersion
correction was used with a Monkhorst−Pack49 (3 × 3 × 1) k-
grid for all TIPS-Pc to Au(111)-adsorbed systems. A plane-
wave basis set of 500 eV was used. The projector augmented
wave method50,51 was employed to treat the core states. All
atoms were allowed to relax fully within the surface−adsorbate
geometry optimizations, except for the bottom two layers of the
four-layer Au(111) slabs. The computed bulk lattice constant of
4.138 Å was chosen to model the Au surfaces. All BEs were
calculated as follows:

= − −‐E E EBE surface adsorbate adsorbate surface

The charge density difference (CDD) isosurfaces52 were
obtained in a similar fashion to that of the BE but by using
respective charge densities instead of energies. Furthermore,
DFT-D calculations were performed with the ADF53 software
package. The revPBE-D346−48 functional and dispersion
correction, along with a TZP basis set,54 were used to obtain
IR and Raman vibrational spectra for a simplified TIPS-Pc
model adsorbed to an Au surface. In all other surface−
adsorbate calculations, a full four-layer Au(111) surface and
TIPS-Pc with its isopropyl groups were used. The core
electrons were frozen, and the relativistic scalar ZORA56

method was used as Au exhibits relativistic effects. In the IR and
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Raman calculations, the isopropyl groups of TIPS-Pc were
modeled using hydrogen atoms to reduce the computational
cost, and the Au surface was removed, except for the Au atoms
forming Au−C bonds in the chemisorbed system. The
replacement of the isopropyl groups with hydrogen atoms is
not expected to cause major wavenumber vibrational differ-
ences in the whole of TIPS-Pc given that differently
functionalized halobenzenes adsorbed to surfaces possess only
minor IR vibrational energy differences (less than 20 cm−1 in
C−C stretches and less than 10 cm‑1 in C−H stretches).55 In all
other surface−adsorbate calculations, a full four-layer Au(111)
surface and TIPS-Pc with its isopropyl groups were used.

■ RESULTS AND DISCUSSION
Studies have shown that molecular orientation and packing on
surfaces generated by processing conditions, interfacial
interactions, or chemical substitutions can have a profound
impact on the resulting charge carrier mobility. Drop casting
TIPS-Pc on a substrate, for instance, yields polycrystalline thin
films, which is believed to positively influence the charge carrier
mobility of these materials based on polaron hopping
theory.57−59 As nuclear motion can play a vital role in the
charge mobility and transport behavior in solid-state semi-
conductor materials, we use Raman scattering to directly
monitor the influence of the substrate on the intermolecular
and intramolecular vibrations within the TIPS-Pc thin films.
Substrate Dependence Experiments. We performed a

comparative study between gold and silica substrates because of
their different conductive nature. Silica is a common dielectric
substrate, and it is assumed that no charge transfer occurs
between the substrate and the TIPS-Pc film. Conversely, gold is
a conductive material, allowing for the possibility of charge
transfer between the semiconducting organic film and the
substrate. Work by Amy et al. has shown that the photoexcited

pentacene energetics are appropriate for such processes on
gold.60 Such interactions can therefore significantly influence
the optoelectronic properties of thin films of organic semi-
conductors.61

To determine the influence of the substrate on the vibrations
of TIPS-Pc as a film, Raman spectra were collected from 200 to
2300 cm−1 using an excitation wavelength of 785 nm. This
wavelength is off-resonance with the well-documented
electronic transitions in solid-state TIPS-Pc to minimize the
potential influence of vibronic coupling.31,62 There is no
reported substrate-dependent effect discussed in these studies.
Our measurements on a semitransparent 5 nm gold film (not
shown) display no major frequency shifts of the lower-energy
transition (centered ∼700 nm), with the 785 nm excitation
being well in the far low-energy tail of the absorption spectrum
of the film. The spectra (Figure 1) were normalized to the
intensity of the 1577 cm−1 band. We normalize our spectra to
this band because it is both the strongest Raman band observed
and does not change in intensity based on the adsorption
mechanism. Overall, the unnormalized Raman intensity for the
film on gold is enhanced compared to the film on silica (Figure
S14 in the Supporting Information). This could be due to the
chemical enhancement mechanism (CEM) in Raman scattering
or the plasmonic enhancement mechanism. We briefly discuss
the arguments for both cases. The CEM enhancement is
obtainable in this case via changes in orientation of the
adsorbed TIPS-Pc on the gold substrate (vs those in the bulk)
altering the polarizability of a given vibrational mode.63

Additionally, the magnitude of the enhancement is
approximate with that of the CEM (101 to 102 times) as
shown in Figure S14 in the Supporting Information. However,
there are no reports to our knowledge about the CEM for
polyacenes on plasmonic or noble metal surfaces.

Figure 1. Raman spectra of thick TIPS-Pc films on gold (A) and silica (B) used as a control study. The structure of TIPS-Pc is in Figure 1B. The
excitation wavelength is 785 nm, and all spectra are normalized to the 1577 cm−1 peak intensity. Figure 1A,B shows the range from 200−1900 cm−1.
The alkyne response is in the inset of Figure 1A. Figure 1C depicts the low-frequency modes of TIPS-Pc on gold (red I), silica (blue II), and the
difference spectrum of the two (black III). Figure 1D shows a close-up of the shaded region in 1C. The yellow shaded area highlights the region
attributed to the Au−C stretching as discussed in the text.
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Thus, it is also possible that plasmon enhancement due to the
ultrathin gold thickness and surface roughness (normally 103 to
109 times) was simply less effective as a result of the TIPS-Pc
film thickness63,64 and the metallic layer thickness.65 The
plasmonic mechanism solely enhances Raman scattering for
molecules in close proximity with said plasmons,66 so a 100 nm-
thick film would predominately yield Raman scattering from
molecules unassociated with the plasmons of the gold substrate.
Indeed, this is reflected in our spectra, which are nearly identical
to those of previous Raman studies of bulk TIPS-Pc.67,68

In general, these Raman results are split into four categories:
(1) intermolecular motions and various deformation bands
from 200−700 cm−1, (2) aromatic C−H bending modes from
775 to 1200 cm−1, (3) aromatic C−C/CC stretching modes
from 1250−1650 cm−1, and (4) the alkyne stretching mode at
∼2120 cm−1. The alkyne response is below the signal-to-noise
threshold for TIPS-Pc on silica (Figures 1B and S14 in
Supporting Information) due to TIPS-Pc fluorescence not
being quenched, as opposed to the TIPS-Pc on gold (Figures
1A and S14).
In the low-frequency region (200−700 cm−1), we notice a

broad feature around 420 cm−1 (Figure 1D) by taking the
difference between the spectra in Figure 1A,B. This feature
appears as a dip below unity, as opposed to a positive peak,
because the Raman intensities were calculated as TIPS-Pc/SiO2
minus TIPS-Pc/Au. This broad feature bears characteristics
attributable to those reported for Au−C stretching modes in
the 370 to 420 cm−1 region on electrode surfaces,69−71

clusters,72 and nanoparticles.73 This is also analogous to results
of a Pt−C bond extramolecular vibration from the previous
literature.74

Electronic Structure Modeling. To understand the
substrate dependence of organic thin films, we modeled the
adsorption of TIPS-Pc to Au(111). Both physisorption and
chemisorption are possible on gold slabs, with the adsorption
type being controlled by the binding site above which the
molecule aligns. Physisorption is observed in nearly all
structurally optimized systems except those where the alkyne
carbons, attached to the silicon atoms in TIPS-Pc, are above top
sites of the Au surface. In these instances, the alkynes modify
into alkenes and create Au−C bonds. A detailed summary of
the computed physisorbed and chemisorbed TIPS-Pc/Au
models is shown in Table 1. Physisorption is most preferred
above a Hfcc-binding site for the central pentacene ring. The BE
for the chemisorbed model is −6.89 eV while the BE is −6.41
eV for the physisorbed model, detailing that Au−C bond
formation is favorable to CC to CC bond dissociation.
Our results suggest that if the TIPS-Pc achieves a bridge

adsorption site for the central pentacene ring and top
adsorption sites for the alkyne carbons attached to the silicon
atoms, chemisorption will occur as it is thermodynamically

preferred through the BEs. However, with the need to meet
multiple preferable adsorption site alignments for the TIPS-Pc
to gold, chemisorption is not anticipated to be met for each
TIPS-Pc in a complete monolayer, where steric repulsion and
molecular spacing considerations must be accounted for.
Binding sites necessary for inducing physisorption (Figure
2g) versus chemisorption (Figure 2h) are shown.
Bader charges, plane-averaged charge density difference

(PACDD), CDD isosurfaces, bond distances, and bond orders
are provided (Table 1 and Figure 2). The Bader charges show
that the physisorbed TIPS-Pc transfers 0.23 e to the Au(111)
surface; this value is much greater than the 0.02 e transferred to
Au(111) by the chemisorbed TIPS-Pc. Charge transfer is more
pronounced in the van der Waals-driven physisorption while
covalent Au−C bond formation induces less charge transfer.
The PACDD (Figure 2a,b) possess a noticeably higher
maximum between the surface and molecular adsorbate in
the chemisorbed system, indicating large electronic charge
density between the molecule and surface in the chemisorbed
system and suggestive of the formation of covalent Au−C
bonds. Qualitative CDD isosurfaces in Figure 2 highlight a gain
of charge directly between the Au−C bond of the chemisorbed
model that is absent in the physisorbed model. Furthermore,
the CDD suggests that the electronic structure of the TIPS-Pc
undergoes much more noticeable charge modification when
chemisorbed, supporting stabilization in the Au−C bond
formation. The physisorbed TIPS-Pc is calculated to adsorb
further away at an Au−C distance of 3.26 Å relative to the
chemisorbed TIPS-Pc Au−C bonds formed at shorter distances
of 2.19 Å. This closer adsorption distance in the chemisorbed
TIPS-Pc results in an Au−C bond order of 0.93, supporting
single covalent bond formation, thereby transforming from
alkyne to alkene with newly attained organometallic character.
The charge gain above Au atoms surrounding the TIPS-Pc,
resulting from the charge pillow effect, is larger in the
physisorbed versus chemisorbed models. This is rationalized
through the PACDD data detailing a larger charge loss
underneath the physisorbed adsorbate due to Pauli repulsion.
The highest occupied molecular orbital of TIPS-Pc/Au shows
evidence of Au−C bonding character whereas the lowest
unoccupied molecular orbital displays Au−C antibonding
character (see Section S3 of the Supporting Information).
Therefore, the computational investigation of TIPS-Pc supports
chemisorption over physisorption on Au(111) when the
adsorption sites are aligned appropriately Supporting Informa-
tion.

Experimental SERS Findings. It is important to note that
while the gold films are polycrystalline, they are composed of a
continuous layer of contiguous islands or grains known to have
a dominant (111) facet at the exposed interface while other
facets might also be present.75 Although the computations were

Table 1. Electronic Properties of the Physisorbed and Chemisorbed TIPS-Pc/Au(111) Modelsa

system binding site
BE
(eV)

TIPS-pentacene Bader
charge (e)b

PACDD
(e/Å)

Au−C bond
distance (Å)

Au−C Mayer
bond order

CC/CC bond
distance (Å)

C 1s orbital
energy (eV)

physisorbed hollow (Hfcc) −6.41 +0.23 15.9 3.26 0.22 1.24 269.9 (269.5)d

chemisorbed bridge (B) −6.89 +0.02 18.6 2.19 (2.07)c 0.84 (0.93)c 1.28 270.3
aThe binding site of the central pentacene ring and BE (eV), calculated by subtracting the adsorbate and surface energies from the surface−
adsorbate system, are given. The positive Bader charge of the TIPS-Pc (e), the electronic charge gained directly between the TIPS-Pc and Au(111)
surface from the plane-averaged charge density difference (PACDD) in e/Å, the ethynyl Au−C bond distance (Å), the Au−C Mayer bond order
from ADF, and the ethynyl/ethene bond distances (Å) are provided. The C 1s orbital energy is presented for the carbon atom involved in
chemisorption in the ethynyl. bThe Au(111) surface is equal but opposite in Bader charge to the TIPS− Pc Bader charge. cOptimized TIPS− Pc
model with two Au atoms on the reactive alkyne/alkene carbons instead of an Au(111) surface. dGas-phase C 1s core orbital energy.
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performed, as a proof of principle, with Au(111), the defect and
facet-dependent chemisorption is an important issue out of the
scope of this work. To confirm the theoretical findings, we also

used SERS with citrate-capped gold nanorods. Treatment in a
UV/ozone cleaner effectively removes the citrate capping
ligand after 15 min (Figure S11). Even after 60 min these

Figure 2. (a,b) Plane-averaged CDDs for the (a) physisorbed and (b) chemisorbed TIPS-Pc/Au(111) models. (c,d) Side view of the CDDs
(isovalue = ±0.01 e/Å3) for the (c) physisorbed and (d) chemisorbed TIPS-Pc/Au(111) models. (e,f) The top-down-view of the CDDs (isovalue =
±0.003 e/Å3) for the (e) physisorbed and (f) chemisorbed TIPS-Pc/Au(111) models. Electronic charge gain (red) and electronic charge loss (blue)
isosurfaces are shown in (c−f). (g,h) Structures for the (g) physisorbed and (h) chemisorbed TIPS-Pc/Au(111) systems. Gold/black/white/teal
atoms are Au/C/H/Si.
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nanorods generally maintain their rod shape, although some
changes in morphology may appear.76 There is a slightly
reduced SERS enhancement, however, which may be due to
slight changes in the morphology of the uncapped nanorods.
This slightly reduced the SERS enhancement (Figure 3). In

all UV/ozone treatments and heat treatment (Figure 4), we see

the alkyne stretching response around 2125 cm−1 and the Au−
C stretching mode around 420 cm−1. These responses are
expected because all adsorption models calculated refer to
monolayer or submonolayer coverages on the gold surface and
we do not have that. Indeed, under the current experimental
conditions, there should be a minimum of a bilayer on the gold
nanorods. Moreover, the chemisorption model only works
under specific alignment with a gold surface according to our
theoretical models. The nanorods offer a unique scenario,
where (111) and (110) are typically the most stable but other
surface textures might be present depending on the growth
mechanism. Our work is merely meant to show that
chemisorption is possible on a gold surface under particular
conditions in addition to physisorption. Thus, the presence of
an alkyne response does not imply a lack of chemisorption but
rather it shows the presence of physisorption.
To further exemplify this point, we performed this measure-

ment again using a 0.05 μM solution of TIPS-Pc. This
concentration falls below the aggregation concentration for
TIPS-Pc such that depositing the chromophore on the gold

nanorods would not lead to multilayer coverage. The results
(Figure 5) show first and foremost that there is no alkyne

response above the noise in Figure 5a. This means that either
there is no alkyne moiety present in this TIPS-Pc/gold system
or that there are too few to be detected by our instrument (i.e.,
too low surface coverage to detect). In a chemisorption model,
the more peripheral carbon involved in the alkyne bond (the
one closer to the silicon atom) covalently bonds to a gold atom
and transforms the alkyne into an alkene. However, no
additional resolved alkene CC stretching modes appear in
the spectra in Figure 5. This is likely due to near degeneracy of
the newly formed alkene stretching mode with the alkene peak
observed at about 1620 cm−1.
Second, in all cases, the Raman bands at around 420 cm−1

remain as seen in Figure 5b. This response appears in our
calculations in both adsorption models (see Section S2 of the
Supporting Information), albeit for nearly degenerate modes. In
the chemisorbed model, this mode is attributed to the Au−C
stretching mode, calculated closer to 429 cm−1, whereas in the
physisorbed model, there is a mode attributed to the
deformation mode calculated around 400 cm−1 (see Section
S2 of the Supporting Information). Hence, we looked at the
difference spectrum in Figure 1C,D which shows a clearly
distinguishable broad feature that we attribute to the Au−C
extramolecular vibration resonant around 410−420 cm−1. This
bears resemblance to reported Au−C bands70 and the
extramolecular vibration reported by Humbert et al. corre-
sponding to the formation of a Pt−C bond.74

Because there is a vibrational mode in both models in this
congested frequency range, all acquired spectra, regardless of
sample conditions, yield a signal in this region (see Figures 1-5).
According to our calculations (see Section S2 of the Supporting
Information), the deformation mode in the physisorption
model is not highly polarizable and thus not strongly Raman-

Figure 3. SERS spectra of TIPS-Pc thin films on UV/ozone-treated
gold nanorods under 785 nm excitation. Treatments lasted 15 min
(black I), 30 min (red II), and 60 min (blue III), respectively. The
spectra are vertically offset for clarity.

Figure 4. Temperature-dependent film fabrication SERS spectra of
TIPS-Pc thin films on gold nanorods under 785 nm excitation at room
temperature (blue I) and 121 °C (red II). Gold nanorods were treated
with UV/ozone for 30 min prior to the observation. Spectra are offset
for clarity.

Figure 5. (A) SERS spectra of TIPS-Pc below the aggregate
concentration on gold nanorods under 785 nm excitation and (B)
close-up of the extramolecular Au−C bond stretching mode at ∼420
cm−1. Shaded areas are visual guides to the alkyne and Au−C modes,
respectively.
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active. In the chemisorption model, the vibrational mode at 420
cm−1 (429 cm−1 from DFT-D, see Sections S1 and S2 of the
Supporting Information) for the Au−C stretch is highly
polarizable and therefore more likely to be observable under
the 0.05 μM submonolayer coverage condition. In Figure 5B,
we still observe a broadened peak at ∼420 cm−1. Thus, this
broadening evidently contains both vibrational modes. Never-
theless, while this feature is not solely conclusive of a
chemisorption mechanism, it is compelling when paired with
the reduction of the alkyne response.
Interestingly, XPS studies by Gnoli et al.38 showed that the C

1s spectra displayed two main features at BEs of 284.1 and
283.7 eV (labeled P1 and P2, respectively) and a third weak low
BE shoulder (labeled P3), which appeared at 282.8 eV,
altogether at lower coverages on Au(111). P2 disappears far
above full monolayer coverages and into multilayers while P1
remains most prevalent and P3 gains character. P3 was absent
in the case of pentacene and was therefore attributed to the C8
atoms in the TIPS units but specifically on the ethynyl C atom
bonded to Si (see Section S4 of the Supporting Information and
Table 1). Their vdW-DF-PBE and experimental gas-phase
TIPS-Pc XPS spectra agree with one another and support the
assignment of P3 to the C8 ethynyl atom and then P1 to the
C1−C7 atoms. The isopropyl carbons are attributed to P1 as
well. The vdW-DF-PBE simulations involving Au(111)
adsorption were not able to describe the P2 band that only
emerges upon adsorption experimentally as P2 is not noticeable
in the gas-phase spectra. It was therefore assumed that this P2
feature did not derive from the interaction between the
Au(111) substrate and isolated adsorbed TIPS-Pc molecules.
The origin of the P2 feature in the experimental structure was
speculated to be due to a stronger interaction with the surface
via defects or to an interaction between TIPS-Pc molecules that
was not picked up in theoretical calculations performed on
isolated molecules.
Their computed XPS spectra do not explain the lowering of

P3 and the emergence of P2 as TIPS-Pc goes from the gas phase
to being adsorbed on Au(111) experimentally. The computa-
tional structures in their study placed TIPS-Pc in two
significantly tilted adaptations relative to the flat Au(111)
surface. As a byproduct of these tilted geometries, the ethynyl
C8 atom did not significantly interact with the metal. Our
parallel TIPS-Pc adsorption model induced strong Au−C
chemisorption on the C8 carbon, which increased the C 1s BE
by +0.8 eV, being in good agreement with the experimental
+0.9 eV difference between the P2 and P3 BEs (see Table 1 and
Section S4 of the Supporting Information). If the C8 increase in
BE only occurs from Au−C bond formation, then coverages
above the monolayer into the multilayer will have a lower
percentage of Au−C bonds, resulting in P2 disappearing and P3
emerging, which is exactly what is observed in their
experimental XPS spectra. Therefore, we conclude that both
P2 and P3 are associated with C8 but with P2 resulting from
increased BE in Au−C chemisorption and P3 resulting from
free TIPS-Pc. Of note is that Gnoli et al.38 speculated that P2
could come from a stronger interaction on Au(111) via a
surface defect, which is akin to our chemisorbed model as
defects would be more reactive.
Figure 6 encompasses all trends in our experimental data that

led us to conclude that the molecule is chemisorbed. The top
plot in Figure 6 compares the fitted peak intensity of the alkyne
peak and the strongest feature at 1577 cm−1, which is attributed
to a CC stretching mode along the pentacene long axis.

Theoretical Raman spectra display larger-intensity peaks
around 1600 cm−1 in the chemisorbed model versus those in
the physisorbed model (see Section S2 in Supporting
Information). The black square at time zero represents this
intensity ratio for the spectrum acquired in Figure 1A. The red
dots are the three UV/ozone treatment durations for the TIPS-
Pc-coated gold nanorods. Finally, the blue triangle denotes the
heated TIPS-Pc-coated nanorod system. In the bottom plot, the
green diamond at time zero denotes the peak intensity ratio of
the 420 cm−1 peak and the 1577 cm−1 peak for the spectrum
acquired in Figure 1. All other times refer to the analogous
systems denoted in the top plot as red dots. The heated system
is not shown here.
The intensity ratio is helpful in clarifying the absolute Raman

response of the vibrational modes of interest. In the first case
(top), the intensity of the alkyne response diminishes by a
factor of roughly 15 when the gold nanorods are treated for 15
min. The average for the TIPS-Pc film on a gold slide versus the
TIPS-Pc-coated nanorods is a factor of 10. No significant
differences arise when heated to 121 °C. We deduce that the
overall Raman response shown in Figures 1−4 is attributed only
to a monolayer or oligolayer of TIPS-Pc on the gold nanorods
because the massive plasmon-induced SERS enhancement only
applies to those few molecules that feel the plasmons of the
nanorods. Thus, we can conclude a significant reduction of
alkyne moieties of TIPS-Pc molecules near the gold nanorod
surface. Otherwise, the alkyne response should be enhanced
equally to the rest of the Raman features depicted above, which
it is not. In other words, assuming that there is no mode-
selective SERS enhancement from the plasmon-induced SERS
effect, the lack of alkyne signals is a direct result of a lack of

Figure 6. Fitted peak intensity ratios of alkyne (top) and Au−C bond
(bottom) versus reference peak at 1577 cm−1. Time zero is taken from
the Figure 1 top spectrum while the remaining times were taken from
the respective spectra in Figure 3.
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alkyne moieties at the surface, supporting a chemisorption
model of adsorption on the gold surface. This observation is
supported by our Raman calculations that display no alkyne
vibrations in the chemisorbed model that are clearly present
during physisorption. Finally, in the submonolayer coverage
instance depicted in Figure 5, we calculated a peak intensity
ratio for 2125 cm−1/1577 cm−1 of 0.04, which is in agreement
with that shown in Figure 6.
In addition to this result, the opposite trend occurs for the

420 cm−1 feature, which we attribute to the Au−C stretching
mode, relative to the 1577 cm−1 CC stretching mode. Again,
in a physisorption model, there would still be a peak at ∼420
cm−1 frequency, attributed to a deformation mode, which
explains the presence of said feature in the spectra in Figure 1;
however, if there was chemisorption of TIPS-Pc to gold, the
Raman intensity of this feature would increase relative to the
1577 cm−1 mode. The enhancement is less significant than the
alkyne diminution discussed before as the overall average
enhancement is only a factor of about 2. Indeed, even in the
submonolayer coverage scenario (Figure 5), we calculated a
peak intensity ratio for 420 cm−1/1577 cm−1 of 60 × 10−3,
which is in agreement with that seen in Figure 6 (bottom).
When comparing these results to the results shown in Figure

5, where there is no formation of a multilayer, we deduce that
chemisorption occurs. We also note that this adsorption model,
while energetically favorable, is only detectable in submono-
layer systems and only if there is appropriate alignment between
the peripheral alkyne carbon and a gold atom along the surface.
This means that there is no immediate way to ensure only one
type of adsorption over another, and thus, physisorption and
chemisorption both occur in device-applicable systems such as
OFETs of photovoltaics.

■ CONCLUSIONS
In summary, we show direct evidence of chemisorption of
TIPS-Pc on gold and co-existence of chemisorbed and
physisorbed species. The adsorption mechanism of TIPS-Pc
plays a vital role in the electronic structure of the
chromophore/gold interface. The presence of both adsorption
mechanisms in various TIPS-Pc on gold systems was detected
using Raman and SERS. Evidence of TIPS-Pc chemisorption
was demonstrated through SERS on an unaggregated film of
TIPS-Pc, where the Raman response of the alkyne is diminished
relative to the reference response at 1577 cm−1. The opposite
trends also occur as the relative intensity of the Raman peak at
420 cm−1, attributed to the Au−C stretching mode, which
increases with respect to the reference band at 1577 cm−1.
Chemisorption does not appear to be the exclusive binding
mechanism, thus, some Raman response stems from
physisorbed TIPS-Pc as well. This being more prominent for
multilayered TIPS-Pc films when stock solutions with
concentrations higher than 0.05 μM are used. The adsorption
geometry and properties of the charge−surface complex at
interfaces between donor and acceptor moieties are essential for
the overall elucidation of interfacial optoelectronic systems
consisting of organic semiconductor/metal devices such as
OFETs and organic photovoltaic devices. The adsorption
geometry and the strength of the molecule−surface and
molecule−molecule interactions define the electronic structure
of the system and excitonic dynamics. Practically, this can
impact light emission and absorption, charge and energy
transport, and charge carrier mobility. Furthermore, studies on
OFETs and organic photovoltaics properties would ultimately

determine what adsorption instance is preferable to these
technologies.
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