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The 9,10-di(thiophen-2-yl)anthracene (TAT), 9,10-di(furan-2-yl)anthracene (FAF) and 2-[(10-(thiophen-
2-yl)anthracen-9-yl)]furan (TAF) cruciform molecular systems were synthesized using one-step coupling
reactions and structurally characterized via Raman, infrared, TH NMR, 13C NMR and mass spectroscopies.
The orientation of the analytes on a gold colloidal surface was inferred from a surface-enhanced Raman
scattering (SERS) study. The metal surface interaction was driven by the S and O atoms of the thiophene

and furan a-substituents, and the plane of the anthracene fragment remained parallel to the surface.
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Theoretical calculations based on a simplified molecular model for the analyte-surface interaction pro-
vide a good representation of the experimental data.
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1. Introduction

Recently, metallic or semiconductor nanoparticle fabrication
and modification techniques have been developed to produce
surfaces with suitable properties for use in electronic, optical and
spectroscopic devices [1—3]. The design of these devices often re-
quires the immobilization of a molecular system on the surface of a
nanostructure or continuous metallic surfaces via specific chemical
adsorption [4,5] or self-aggregation mechanisms [6]. Therefore, the
rational design of this type of molecular device has been focused on
molecular electronics applications, such as molecular wires, recti-
fiers, switches, transistors and sensors that have the ability to
selectively recognize a certain type of substrate. Self-assembled
monolayers consisting of conjugated organic molecules have
generated much interest due to their electronic conduction
controlled by the functional groups at the ends of the structure [7].

In comparison to the extensively developed chemistry of self-
assembled monolayers (SAM) of aliphatic organic molecules on a
surface, relatively few studies on homologous aromatic building
blocks have been performed. Studies on bi-dimensional aromatic
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conjugated compounds of a considerable size adsorbed on metallic
surfaces are also scarce. A significant issue for applications
involving simple aromatic molecules, especially for aromatic thiols
and dithiols, involves the assumption that the formed films have a
specific orientation on the surface. The orientation is dependent on
thermodynamic and kinetic factors, which directly influence the
vertical growth of the monolayer and limit the potential applica-
tions of these systems [8—12].

Currently, surface-enhanced Raman spectroscopy (SERS) has
become a powerful technique for use in various areas (e.g., biology,
cultural heritage, and environmental pollution). The characteristics
of this technique include its high sensitivity. This behavior is pri-
marily due to the substantial electromagnetic enhancement from
the nanostructured metal surfaces, and the resonance effect asso-
ciated with adsorbate-metal charge transfer.

However, one of the most attractive results obtained from the
technique involves the ability to gain insight into the orientation of
molecules that are adsorbed onto metallic nanostructured surfaces.
Intensity changes due to surface effects are interpreted based on
the SERS selection rules [13,14]; modes with a Raman polarizability
z-component that is perpendicular to the surface are most likely to
be more enhanced than the parallel ones. Therefore, the orientation
and organization of the analytes on the metal surface can be
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inferred. The spectral shifting observed due to surface effects for
some bands is related to a probable electronic charge transfer
resulting from the ligand-metal surface interaction.

It is important to note that polycyclic aromatic hydrocarbons,
such as anthracene, do not exhibit a SERS spectrum except when
molecular assemblers are used [15,16]. Both furan and thiophene
compounds exhibit SERS effect when deposited on various nano-
structured metal surfaces [17—19]. Therefore, the furan and thio-
phene substituents in positions 9 and 10 in anthracene may drive or
allow the approximation of the whole molecular system relative to
the metal surface. In addition, SERS possesses unique features that
make it a suitable tool for the study the basic aspects of molecular
devices involving metal contacts, such as substrate-adsorbate in-
teractions and molecular orientations on nanostructured metal
surfaces.

Here, we performed a systematic study of the molecular struc-
ture, orientation and organization on gold colloidal nanoparticles of
a family of cruciform molecular derivatives of 9,10-
dibromoanthracene:  9,10-di(thiophen-2-yl)anthracene  (TAT),
9,10-di(furan-2-yl)anthracene (FAF) and 2-[(10-(thiophen-2-yl)
anthracen-9-yl)|furan (TAF) (Fig. 1). The main goal was to clarify the
molecular origin of the self-aggregation process in order to control
the supramolecular organization of organic molecules. Gaining an
understanding of these factors is a pre-requisite for the develop-
ment of new methodologies to fabricate molecular aggregates on
surfaces with a definite structure. The present contribution could
give insights on the fabrication of molecular electronics devices or
specific sensors.

2. Experimental section
2.1. Synthesis of gold nanoparticles

All of the solutions were prepared using water obtained from a
Milli-Q Simplicity system (Millipore), which produced water with a
resistivity in the 10—15 MQ x cm range. Gold nanoparticles (Au-NP)
were obtained by citrate reduction of HAuCl; using the Frens
method [20].
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Fig. 1. Family of cruciform molecular derivatives from 9,10-dibromoanthracene: 9,10-
di(thiophen-2-yl)anthracene (TAT), 9,10-di(furan-2-yl)anthracene (FAF) and 2-[(10-
(thiophen-2-yl)anthracen-9-yl)]furan (TAF).

2.2. Synthesis of symmetrical and unsymmetrical 9,10-
diarylanthracene derivatives

9,10-Di(thiophen-2-yl)anthracene (TAT), 9,10-di(furan-2-yl)
anthracene (FAF) and 2-[(10-(thiophen-2-yl)anthracen-9-yl)|furan
(TAF) were synthesized using a previously published protocol by
Durso et al. [21] and Kotha et al. [22] with modifications via
Grignard reagent (supplementary material S1). The characteriza-
tion of the obtained products is in agreement with that reported by
the authors.

2.3. Instrumentation

The IR spectra were recorded on a JASCO FTIR-4600 spectrom-
eter equipped with a DLA-TGS detector (deuterated -alanine doped
triglycine sulfate) with Peltier temperature control. The spectral
resolution was 4 cm~! and 32 scans were performed. IR spectral
data along with the assignment of the most intense bands are
available as supplementary material S1.

The Raman and SERS spectra were obtained using a Witec Alpha
300 confocal Raman microscope system equipped using an exci-
tation laser wavelength of 785 nm and an electrically cooled CCD
camera. The signal was calibrated using the 520 cm™! line of a Si
wafer and a 20x objective. The laser power on the samples was
2 mW. The resolution was set to 4 cm™! and 20 scans with an
integration time of 1 s were performed. The spectra were recorded
over the 200—1800 cm™! region. All of the samples were photo-
stable when probed at 785 nm.

2.4. Computational details

Similar to our previous studies, we simulated the gold surface by
constructing a large Au cluster with a face centered-cubic structure
using the Hyperchem software [23]. Briefly, a large face centered-
cubic structure with a = 0.4786 nm was built and trimmed to get
a planar double layer composed of 512 gold atoms. The geometry
optimization was carried out at the OPLS level by keeping constant
the bilayer geometry and by letting evolve the probe molecules
over the rigid Au surface. TAT (TAF) were placed at different dis-
tances and orientations from the center of the Au bilayer. No sol-
vent was included in the optimization procedure because the direct
molecule-surface interaction was modeled, which is required to
obtain the SERS spectrum (the other condition involves the
molecule-metal interaction occurring on a hot spot). Extended
Hiickel theory (EHT) was employed to calculate the wave function
of the molecules as isolated systems as well as interacting with the
metal surface. EHT was chosen because within the Har-
tree—Fock—Riidenberg representation, EHT is compatible with the
nonempirical Hartree—Fock method in Roothaan’s form.

On the other hand, the electronic structure of the molecules was
calculated at the B3LYP/6-31G(d,p) level with the Gaussian suite of
programs with full geometry optimization [24]. This last calculation
provided the HOMO and LUMO structures and energies together
with the IR and Raman spectra. This approach provided qualitative
explanations of our previous SERS results for several different
molecular systems interacting with Ag or Au surfaces [25—31].
Further information is available as Supplementary material S2.

3. Results and discussion
3.1. Raman spectral analysis
3.1.1. Bands assignment

The Raman band assignment for TAT, FAF and TAF was per-
formed using general spectral information [32—34] and analysis of



200 J. Mufoz-Pérez et al. / Journal of Molecular Structure 1122 (2016) 198—204

the vibrational spectra of anthracene [35] and naphthalene based
on density functional calculations by Lokshin et al. [36] and Sri-
vastava and Singh [37] as well as vibrational analysis of furan and
thiophene spectra reported by El-Azhary et al. [38]. The analysis
was performed for the 1800—200 cm™' spectral region (Fig. 2).
Table 1 displays the most probable Raman bands assignment of the
cruciform molecular systems. The bands at 1588 and 1498 cm™!
were only observed in the spectra for FAF and TAF, in the last case
the unsymmetrical derivative indicates a frequency shift to 1597
and 1505 cm ™!, respectively due to the furan moiety, especially the
aromatic vCC mode. The weak band located at 1372 cm~, is
assigned to a coupled vCC ring/CH deformation (6CH) mode of the
furane moiety. The strong band at approximately 1563 cm~! was
most likely due a vibration containing an important contribution
from vCC modes from the thiophene and furan substituents. This
band was observed at 1563 cm™! for TAT, 1557 cm~! for FAF and
1559 cm™! for TAF. The band located at 1539 cm™! for TAT, which
was observed at similar wavenumbers for FAF and TAF, was due to
vCC modes of the anthracene ring. The shoulder at 1529 cm™! was
only observed for TAT, which suggests a thiophene vibration vCC
mode. In the three molecular systems, the weak band that was
observed at approximately 1484 cm~! was a coupled mode con-
sisting of 8CH and vCC modes from the anthracene moiety. The
weak medium bands at 1439 and 1350 cm ™! of TAT and 1443 and
1350 cm™! of TAF correspond to thiophene vibrations involving the
dCH and vCC modes, the medium band at 1079 cm~' in TAT and
1074 cm~! in TAF, are mainly 3CH modes of thiophene. The strong
bands located at 1410 and 1286 cm ™! for FAF are observed in TAT at
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Fig. 2. Raman spectra of the solids of the cruciform systems: a) FAF, b) TAT and c) TAF.

Table 1
Raman and SERS wavenumbers (cm~') and the most probable bands assignment of
the cruciform systems in the 1800—200 cm ™! spectral region.

Raman* SERS
TAT FAF TAF TAT FAF TAF

Bands assignment”

1588m  1597vw 1601m 1588w  vCCg
1563s 1557m  1559vw 1563m 1560m 1560m  vCCf, vCCr
1539m 1540w 1540vw 1539w 1542w 1538w  vCCp
1529sh vCCr
n.d. 1498m  1505vw 1504w 1504vw VvCCg
1484w 1480w  1483vw vCC/d3CHA
1439m 1443vw  1439m vCC/d3CHt
1406vs 1410vs 1407vs 1406s 1410s 1391s  vCCg vCCr
1372w 1370w vCC/dCHE
1350m 1339m 1350w vCC/d3CHt
1279s 1286s 1282s 1279m 1286s 1294m  vCCg, vCCr
1271w vCCg, vCCr
1217m 1222w 1219m dCH/vCCa
1183m  dCH/vCCg, vCCr
1176vw  1176vw  1176vw dCH/vCCa
1161m  dCH/vCCg, vCCr
1079m 1074m d3CHt
1022m  1027m 1022m SCH/vCCa
979w 976w 979w dCH/vCCa
958vw  950vw 961w dCH/vCCa
887vw  884vw 896w ring def.
867m 858m pCHr
820w 836m 824w pCHa
746m 744m pCHr
689vw 691w ring def.r, ring def.r
672sh 669sh 670m ring def.r, ring def.r
664m 662m pCHrp
600m 596vw  598m pCHrr
493w 502w 498w 489w ring def.r, ring def.r
479w 479m 477w 463w 475w ring def.p
450w 446w ring def.r, ring def.p
436vw 438m pCHrt
422s 430m 426s 422m  428m  424m ring def.r, ring def.p
399s 401s 399s 401m 401m 403w ring def. 5
369w  VvAuO
276w vAuS
241m 235sh 239m 239w ring def.g
226w 222m ring def.r,
202m 200m 202w ring def.;

2 Symbols refer to signal intensity, and the legend of symbols is as follows: vs,
very strong; s, strong; m, medium; w, weak; vw, very weak; sh, shoulder.

b Symbols refer to vibrational modes, and legend of symbols is as follows: »,
stretching; 9, in plane deformation; p, out of plane deformation; A, anthracene ring;
F, furan ring; T, thiophene ring.

1406 and 1279 cm™’, respectively. This spectral behavior is asso-
ciated with the mass effect of the furan and thiophene substituents.
Therefore, the corresponding vibration should contain information
regarding modes involving the corresponding O and S heteroatoms.
The weak bands located at 1217 and 1176 cm™~ ' and the medium
band at 1022 cm~! which were observed in all three systems, were
due to coupled 3CH/vCC modes of the anthracene component. A
similar assignment is proposed for the weak bands in the
1000—900 cm ™! range. Several weak medium bands were observed
in the 900—780 cm™ ! range, and the spectral behavior suggests that
these bands may be due to ring deformations and out-of-plane CH
deformations (pCH) of the anthracene, thiophene and furan rings.
In fact, the band located at 867 cm ™! was observed for TAT and TAF
and corresponded to thiophene vibrations. However, the band
located at 820 cm ™! was observed for TAT and at 836 cm ™! for FAF
and corresponded to an anthracene vibration. The medium bands
at 746 cm ! in TAT, and at 744 cm™! in TAF correspond to a thio-
phene pCH. The observed wavenumber shifting of the thiophene
and furan bands in the 710—670 cm™~' range was associated to
vibrational modes involving the COC and CSC molecular fragments.
The bands located at approximately 670 and 600 cm ™" in the TAT,
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TAF and FAF spectra could be associated to pCH deformations. The
bands at 502 and 450 cm~! in TAF and 493 and 436 cm™! in TAT
corresponded to the same vibration (i.e., a ring deformation),
involving O and S atoms, respectively. The mass effect caused the
observed wavenumber shift. The bands at 479 and 399 cm™!
maintain the same wavenumber in all three cases; these bands
correspond to the anthracene fragment and most likely out-of-
plane ring deformations. In contrast, the strong band located at
approximately 430 cm™! shifts to a lower wavenumber due to the
mass effect, which indicates that the corresponding vibrational
mode corresponds to a structural fragment of heterocycles
involving the O and S atoms. The bands at 241 cm~! for FAF and
226 cm~! for TAT were due to ring deformations involving het-
eroatoms. In TAF, the first band was observed at 235 cm™~', and the
thiophene band was observed at 222 cm™ .. The broad band located
at 202 cm~! for TAT and 200 cm™! for TAF may be primarily due to a
thiophene vibration, and no bands were observed for FAF.

3.2. SERS spectral analysis

The SERS spectral profiles of the TAT, FAF and TAF molecules are
similar (Fig. 3). The similarities are primarily related to bands cor-
responding to the anthracene moiety, and the differences are
related to vibrations of the heterocyclic substituents. In fact, the
furan bands at 1588 and 1498 cm™! remain in the SERS spectrum
with a slight shift to 1601 and 1504 cm™!, respectively; see Table 1.
The relative intensity of the first band increased due to the surface
effect, and the intensity of the second band decreased. According
the SERS selection rules [13,14], these bands should correspond to
vCC modes vibrating tilted or perpendicular to the metal surface.
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Fig. 3. SERS spectra of a) TAF, b) FAF and c) TAT, on gold nanoparticles, in the
1800—200 cm ™! region (top) and 600—200 cm™! region (bottom).

The wavenumber shift was associated with a probable charge
transfer of the entire molecular system interacting with the metal
surface. The anthracene weak band at 1539 cm~! remained at a
similar wavenumber with a very low intensity due to surface effects
in the three molecules. Therefore, the aromatic molecular fragment
of anthracene is most likely far from the surface and inclined
relative to the surface. The coupled vCC/3CH mode of thiophene at
1439 and 1350 cm ™! was observed with a low intensity in the SERS
spectrum of TAT and maintaining the same wavenumber. This
mode was not observed for TAF. Based on this spectral behavior, the
thiophene ring is most likely perpendicular to the surface in TAT
but less perpendicular in TAF. The strong bands for FAF at 1410 and
1286 cm! and in TAT at 1406 and 1279 cm~ ' maintained their
intensities and wavenumber due to the surface effect. If these bands
correspond to vCC modes, and the anthracene moiety is parallel to
the surface, these vibrations correspond to the furan and thiophene
rings being oriented perpendicular to the surface. The spectral
behavior of the TAF system differed, and the corresponding bands
observed at 1407 and 1282 cm~! maintained the same intensity
due to the surface effect but shift to 1391 and 1294 cm™', respec-
tively. Therefore, the position of the vCC modes of both thiophene
and furan that are rather perpendicular to the surface is closer to
the surface. A similar situation is proposed for the SERS bands at
1271, 1183 and 1161 cm™! of TAF, the last two bands coupled to CH
in plane deformations. The bands due to in-plane modes in the
1100—900 cm™~! range corresponding to the anthracene ring were
not enhanced due to the surface effect which indicates that the ring
is far from the surface and parallel to the surface. The band at
1217 cm™! in TAT and at 1222 cm~! in FAF due to vCC/3CH of
anthracene disappeared by surface effect. The above results sup-
port the fact that the most probable orientation of the anthracene
moiety is parallel to the surface and the substituents remains
perpendicular to the surface. One of the observed spectral changes
caused by the surface effect in the 670—700 cm™! region was
associated to ring deformations involving the OCO and OCS moi-
eties. The TAT double band with maxima at 672 and 664 cm™! is
observed in SERS at 670 cm~' with medium relative intensity,
supporting the perpendicular position of the thiophene ring on the
surface. The fact that the band at 664 cm™! is not observed in SERS
could be associated to CH out of plane deformations of thiophene or
furane. Fig. 3 shows the 200—600 cm™! region: The anthracene
SERS bands located at approximately 400 and 478 cm ™' due to out-
of-plane ring deformations maintain their Raman intensities,
which supports the hypothesis regarding the planar parallel
orientation of the anthracene ring on the gold surface. The Raman
bands at 430 cm ™' for FAF, 422 cm™! for TAT, and 426 cm™! for TAF,
are observed with similar wavenumbers in SERS, suggesting modes
vibrating close to the surface. For TAF and FAF, the band near
370 cm™! appearing by surface effect (Fig. 3) may be related to the
vAuO mode following that reported for dimethylgold(Ill) carbox-
ylates where this vibration was observed in the 500—250 cm™!
region [39]. Both the vAuO and vAuS vibrations were observed in
the SERS spectrum of TAF at 369 and 276 cm™!, respectively. The
last SERS band was broad and weak for TAF and very weak for FAF
(see Fig. 3); the weak intensity is related to a feeble analyte-surface
interaction. According to Razmuté-Razme et al. [40]| and Sanchez
et al. [41]. The Raman bands at 241 and 235 cm~! observed only in
TAF and FAF maintain the relative intensity and wavenumbers by
surface effect which suggests that they belong to furan ring vi-
brations close to the metal surface. The Raman bands located at
226 cm~ ! in TAT and 222 cm™! in TAF attributed to a thiophene ring
deformation mode, are not observed by surface effect; assuming
that the thiophene ring is perpendicular to the surface the molec-
ular ring fragment is far from the surface or the corresponding
mode has the o, component parallel to the surface [13]. On the
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basis of a similar argument the SERS band at 202 cm™! should
correspond to a thiophene ring mode vibrating close to the surface.

3.3. Theoretical calculations

In the isolated gold layer, the valence and conduction bands
overlap, indicating that the microscopic model employed here is a
good representation of a metallic cluster. Also, the Au layer has not
the HOMO and LUMO (that can be considered respectively as being
closer to the upper part of the valence band and the lower part of
the conduction band of the cluster) localized on its center.

3.3.1. TAT molecular system

The results in Fig. 4a indicate that each sulfur atom has three Au-
S interactions (3.13, 3.21, 3.22, 3.13, 3.22 and 3.21 A). The rings of
the central anthracene system are not coplanar due to the
pentagonal substituents. The EHT and DFT results show that the
HOMO and LUMO of TAT are localized on the anthracene moiety
and have very small localization on the sulfur atoms that are par-
allel to the gold surface. Therefore, we cannot expect charge

C

Fig. 4. Predicted molecular model for the (a) TAT (b) FAF (c) TAF-gold surface
interaction.

transfer from the S atoms to the surface. Due to the distance be-
tween the anthracene moiety and the surface, no charge transfer
process is expected. In addition, no overlap occurs between the
frontier MOs of the partners. Therefore, the electrostatic forces
most likely dominate the TAT-surface interaction.

3.3.2. FAF molecular system

As shown in Fig. 4b, for FAF, two interactions were observed
between the oxygen atom of furan and the Au surface (2.83 and
2.84 A). The EHT results, which were confirmed by B3LYP/6-
31G(d,p) calculations with full geometry optimization, indicate
that the HOMO is not localized on the oxygen atoms and the LUMO
has a very small electronic density on these atoms. Moreover, the
HOMO and LUMO are localized on the anthracene moiety and very
far from the surface due to the two perpendicular pentagonal rings.
These orbitals do not overlap with the frontier MOs of the Au layer.
Therefore, charge transfer from the molecule to the surface and vice
versa may be discarded. However, the electrostatic forces appear to
dominate the FAF-metal surface interaction.

3.3.3. TAF molecular system

Fig. 4c shows six molecule-surface interactions. Three of these
interactions correspond to Au-S (3.31, 3.19 and 3.18 A). The
remaining interactions are Au-O interactions (2.94, 3.07 and 3.15 A).
Importantly, the gold-sulfur interaction distance was calculated to
be close to the 2.6 A, which is consistent with that thiophenols
adsorbed on gold [42]. The furan, thiophene and the central
anthracene rings are not coplanar. For FAF, the calculations indicate
that the HOMO is not localized on the oxygen and sulfur atoms. In
addition, the LUMO has a very small electronic density on these
atoms. Similar to previous cases, no overlap was observer between
the frontier MOs of the partners. Charge transfer between the
molecule and the surface can be ignored. However, electrostatic
forces appear to predominate the TAF-surface interaction.

If the TAT and FAF molecules are oriented as shown in Fig. 4a and
b and are on a hot spot and the laser line is perpendicular to the
surface, the coupled in-plane 3CH/vCC mode of anthracene should
disappear due to the surface effect according to the SERS selection
rules [13], which is the case for the band at about 1220 cm™. In
addition, the equivalent coupled mode for TAF, (Fig. 4c) should be
intense in SERS, which is the case for the band at 1219 cm™ . A
similar situation is related to the out of plane ring modes of
anthracene, (i.e., the bands at approximately 480 and 400 cm~! in
the Raman spectrum); the intensity of these Raman bands is pre-
dicted to increase due to the surface effect, which was confirmed by
the SERS spectrum where these bands were observed with medium
weak intensities.

4. Conclusions

The 9,10-di(thiophen-2-yl)anthracene (TAT), 9,10-di(furan-2-yl)
anthracene (FAF) and 2-[(10-(thiophen-2-yl)anthracen-9-yl)|furan
(TAF) cruciform molecular systems were synthesized and struc-
turally characterized. The Raman and surface-enhanced Raman
scattering (SERS) data allowed us to propose that the ligands
interact with the gold surface primarily through the heterocycles,
especially through the O and S atoms. The rings of the anthracene
fragment are not exactly coplanar, and the anthracene ring moiety
is far from the surface and maintains a parallel orientation on the
surface. The substituents are out of the anthracene plane and tilted
with respect to the gold surface. The calculations provide a good
representation of the experimental data. Based on these results, the
ligand-metal surface interaction is proposed to be dominated by
electrostatic forces rather than formal bonding. The calculated
distances are 3.3—3.1 A for Au-S and 2.8—3.1 A for Au-O.
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