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SERS of trititanate nanotubes: selective enhancement of catechol

compounds

Ruochen Liu®P, Edmund Morrisl, Xiaorong Cheng!®, Eric Amigues!, Kim Lau®, Baekman Kim],
Yuanhang Liu,® Zhipeng Ke,!® Sharon E. Ashbrook, Michael Bihl“ and Graham Dawson*[

Abstract: The surface enhanced Raman scattering of trititanate
nanotubes (TiNT) modified with enediol ligands was investigated and
it was found that the functional group dramatically affects the
enhancement observed. For TiNT-4-nitrocatechol, a SERS
enhancement is seen; however, when dopamine is attached, no
signal is seen. The relative band gap positions upon 785 nm laser
excitation are proposed to explain the observed phenomenon. This
attachment is investigated by solid state NMR and UV/Vis
spectroscopy and supported by DFT calculations to offers further
insights into catechol coatings of nanomaterials and SERS by the
chemical method. We expect this non noble metal containing
composite material to have applications in bioimaging and bio and
chemical detection.

Introduction

Semiconducting inorganic nanostructures! 2 have been
extensively investigated for applications in photocatalysis, energy
storage and biomedical probes. Within this field, TiO, has
received considerable of interest due to its photocatalytic
properties® 4, which include high oxidative power and long term
stability. In 1998, Kasuga et al. reported the preparation of titania
nanotubes® through the hydrothermal treatment of TiO, with 10
M NaOH. These nanotubes had a porous structure and high
surface area. The composition of the nanotubes was
subsequently identified as trititanate®, H,Ti;O;. We have
modified these nanotubes with dopamine, which imbued the
nanotubes with photocatalytic properties. This caused the
promotion of electron injection and charge separation and added
activity to the unmodified system!'%l. The modification resulted in
a colour change and a shoulder in the UV-vis spectrum, stemming
from the created charge transfer complex. With a view to
biomedical applications, this was further investigated using
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ssNMR and XRD to discern if any degree of polymerisation had
occurred. Our study found that the dopamine molecules attached
as monomer units through either a monodentate or bidentate
mode of binding!!'l.

Surface enhanced Raman scattering (SERS) is a powerful
analytical technique for chemical sensing of trace amounts of
analyte, providing in-depth structural information. Most SERS
results published to this date have used metallic, particularly silver
and gold, nanoparticles and the enhancement has come from a
mixture of the surface plasmon resonance of the metal
nanoparticles and a charge transfer resonance involving the
transfer of electrons between the molecule and the conduction
band of the metal. A third contribution comes from the resonances
within the molecule itself- the chemical method,['? however the
exact mechanism is still a source of debate. Semiconductor SERS

has been reported!' “Ifor TiO, as well as other semiconductors!'®

161 The chemical method requires a specific interaction between
the adsorbed molecules and the surface, and forms a charge
transfer complex which absorbs light at the excitation wavelength,
producing resonance Raman scattering!™®.  The plasmon
resonance frequency of most semiconductors is either in the
infrared region or of poor quality due to coupling between the
conduction electrons and the interband electronic transitions!'”),
however this type of SERS has been shown for TiO>
nanoparticles modified with enediol catechol ligands!'® ', In this
system nontotally symmetric vibrations lead to deviations in the
symmetry of the modifier and are necessary for the charge
transfer transitions and, therefore, the surface enhancement.

The chemical method of SERS is often described by the
photo-induced charge transfer (PICT) process, however when a
surface complex is involved the Surface Complexes Resonance
Enhancement mechanism is the most appropriate explanation.
Complexes formed by the chemisorption of molecules on the
substrate surface form new highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbitals (LUMO),
which under suitable excitation show resonance Raman
scattering enhancement!'8 191,

The investigation into the SERS properties of various enediol
ligands attached to trititanate nanotubes has shown interesting
results. These nanotubes have a scroll structure with a diameter
of 8 nm and lengths of in excess of 100 nm. We see a dependence
on the SERS effect related to the proximity of the functional group
to the benzene ring for this system. This study offers further
insights into catechol coatings of nanomaterials and SERS by the
chemical method. We expect this composite material to have
applications in bioimaging®® 2" and in bio and chemical?? 23
detection where the biocompatible nature of the system will be an
advantage.?* 29
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Results and Discussion

In our previous work we have proposed mixed bidentate and
monodentate in-situ structural models for dopamine on trititanate
nanotubes using solid state NMR and powder XRD. The
dopamine monomer units exist in a close packed arrangement on
the nanotube surface!''l. We have previously shown this system
to be photocatalytically activel’?. In this current work we have
examined the surface enhanced Raman activity of a series of
enediol functionalized TINT systems. The position of the
sidechain/functional group is of paramount importance to the
SERS effect. Figure 1 shows the solid drs UV/vis of TINT
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Figure 1. UV/Vis spectra for TINT and TiNT-modified samples
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functionalized by various enediol ligands. As can be observed, all
samples show a similar profile: a charge transfer'¥ band
dominating the visible range of the spectrum with an onset from
600 nm and showing a shoulder leading into the band edge at
around 380 nm. The intensity of the shoulder is greatest for the 4-
nitroctechol modified sample, however all samples show a similar
profile indicating a similar attachment mode for all compounds,
which is expected from this selection of organic modifiers. The
colour of the samples can be seen in SF1. Our calculations have
confirmed the existence of charge transfer complexes and will be
discussed later.

Solid state NMR: "*C NMR spectra of the modified samples
showed attachment through a bidentate or monodentate Ti-O-
aromatic C, as previously observed for TINT-dopaminel'!l. This is
shown in Figure 2 for TiNT- 4-nitrocatechol (a), TiNT-3-
hydroxytyrosol (b) and TiNT-3,4-dihydroxybenzoic acid (c). In all
cases a peak shift to higher ppm values was observed upon
functionalization caused by the replacement of C-OH bonds by C-
OH-Ti bonds. These findings are corroborated by computation of
the ®C NMR chemical shifts of the parent catechol (free and
attached to a Ti1cO20 model cluster, see ESI). These results show
that the best fit with the experimental data comes for the
configuration that retains one OH group upon binding to the
nanotube surface, and is not fully deprotonated. Furthermore, we
observed downshifting of an aromatic C signal, ascribed to -1
stacking of the dopamine monomers on the nanotube surface.
This is also seen for 3,4-dihydroxybenzoic acid, 3-hydroxytyrosol
and 4-nitrocatechol. -1 stacking is supported by the XRD
patterns shown in figure SF2.
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Figure 2 ssNMR spectra of the TiNT-modified samples (a-c) and the starting materials (d-f).



For the starting material 4-nitrocatechol, shown in Figure 2 (d),
the *C NMR signals are assigned as follows: the two carbon
atoms attached to the hydroxyl groups at & = 143.2 and 151.1
ppm, the nitro functionalized carbon at & = 140.4 ppm and the
other three aromatic carbon atoms at 6 = 111.6, 117.2 and 119.6
ppm. Upon functionalization the two hydroxyl carbon signals show
a shift to larger ppm values, indicating conversion of the C-OH to
C-O-Ti bonds, 156.8 and 167.2 ppm. From our computation of the
13C NMR chemical shifts we can conclude that the 4-nitrocatechol
is not fully deprotonated upon binding to titanate surfaces, but
most likely retains one of the OH groups (see Figure S12 and
S13). The aromatic carbon signals appear at 8 = 107.6, 111.8 and
120.1 ppm in the product, all downshifted compared to the starting
material. The peak at & = 140.2 ppm is assigned as the C attached
to the nitro group on the aromatic ring.

a) 0 b)

4 R R

TiNT

Figure 3. (a-c) structures of organic modifiers and (d) proposed general modes
of attachment

For the starting material 3-hydroxytyrosol, shown in Figure 2 (e),
the *C NMR are assigned as follows: the carbon atoms in the
chain & = 37.8 and 64.2 ppm, the two carbon atoms attached to
the hydroxyl groups at & = 143.5 and 144.9 ppm, the chain
functionalized carbon at 6 = 133 ppm and the other three aromatic
carbon atoms at & = 116.8, 119.2 and 122.7 ppm. Upon
functionalization the two hydroxyl carbon signals show a shift to
larger ppm values, indicating conversion of the C-OH to C-O-Ti
bonds, 154.8 and 156.8 ppm. The aromatic carbon signals appear
at®=114.8, 120.8 and 132.6 ppm in the product. The carbon with
the lowest ppm signal downshifted from & = 116.8 to 114.8 ppm.
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The carbons on the chain are still present, as is also true for
dopamine moadification, showing that no cyclisation has occurred.
For the starting material 3,4-dihydroxybenzoic acid, shown in
Figure 2 (f), the '®*C NMR signals are assigned as follows: the
carbon atom in the carboxylic acid group © = 174.7 ppm, the two
carbon atoms attached to the hydroxyl groups at 6 = 151.5 and
143.1 ppm, and the four other aromatic carbon atoms at & = 126
(overlapping 2 peaks), 119.6 and 116.5 ppm. Upon
functionalization the carboxylic acid group signal is downshifted
to 171.6 ppm. The two hydroxyl carbon signals show a shift to
larger ppm values, indicating conversion of the C-OH to C-O-Ti
bonds, 156 and 163.6 ppm. The aromatic carbon signals are all
downshifted to 6 = 124.8, 121, 112 and 105 ppm.

For the three structures shown in Figure 3, structures a-c,
ssNMR and XRD show attachment through the proposed
mechanism depicted generally in Figure 3 d.

Surface Enhanced Raman Scattering: SERS is mainly
observed with metallic nanoparticles, however it has been shown
to occur on semiconductors.[''®1 Furthermore, Rajh and
coworkers have shown SERS on TiO, nanoparticles attached to
enediol ligands!'>'4, which occurs through the formation of a
charge transfer complex. We have observed a similar
enhancement on TiNT, although the enhancement is dependent
on the structure of the enediol organic ligand. The formation of
charge transfer complexes for all modifiers is indicated by the
UV/vis spectra; the computed HOMO and LUMO positions of
TiNT modified with catechol, 4-nitrocatechol and protonated
dopamine are shown in Figure 4. The values of band gaps are
1.35eV, 1.62 eV and 1.88 eV respectively. The Raman laser used
in the experiments had a wavelength of 785 nm, which
corresponds to 1.58 eV. Our experiments show that the TiNT-4-
nitrocatechol system displays a SERS enhancement, but that the
TiNT-dopamine system does not. It is reasonable the excitation
wavelength of the laser does not have enough energy to promote
electrons across the band gap for the TiNT-dopamine
system,(Note, however, that the computed band gap depends on
the protonation state and presence of counterions, see Figure S9)
resulting in no SERS effect for this system, but showing a SERS
enhancement for the TiNT-4-nitrocatechol system. Without the
organic modification the band gap of the TiNT system is 3.4 eV,
much too large to be excited by the 785 nm laser directly!'8 261,

As can be seen in Figure 5 a and b, an enhanced Raman
signal is observed for TiNT-4-nitrocatechol and TiNT-3,4-
dihydroxybenzoic acid. We also expected to see an enhancement
for the TiNT-dopamine and TiNT-3-hydroxytyrosol systems as
they had shown similar optical profiles in the UV-vis spectra; in
fact, no distinguishable peaks were observed and this is explained
by the calculated band gaps.
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Figure 4. Molecular orbital scheme for dopants and the molecular models of
dopants on TiNT (PBE level).

Both the nitro and carboxylic acid substituents are electron
withdrawing groups. The nitro group is a strong electron
withdrawing group, whilst the carboxylic acid group is a moderate
electron withdrawing group. The alkyl side chains are weak
electron donating groups. This trend matches our computation
results of calculated band gaps shown in Figure 4. The UV/Vis
spectra does not change significantly between samples.

As a result of different substituent groups on the catechol ring,
different electron densities, dipole moments and polarizability will
be observed in the charge transfer complex. A greater electron
withdrawing effect has shown a larger SERS enhancement in the
para position in mercapto benzene derivatives!'®.

For TiNT-3,4-dihydroxybenzoic acid, five high intensity, sharp
peaks are observed. Similar peaks are observed for TiNT-4-
nitrocatechol, shown in Table 1. In both Raman spectra that show
an enhancement, the bands can be assigned?’?% as the
phenolate C-O stretch (~1279 cm™, vco) , stretching between the
two hydroxyl carbons (~1482 cm™, vi9,) and skeletal modes of the
benzene ring (~1330 cm™, v3, 1430 cm™ vio, and 1584 cm™', vs,
combined vsp).

Bands that show enhancement for TiNT-3,4-
dihydroxybenzoic acid are in the range of 1100 to 1600 cm™',
which are the modes associated with ligand to metal charge
transferl'327.28]. The peak observed in both functionalized
nanotube samples at around 820 cm™ is interesting. A peak is
observed in 4-notrocatechol around this wavenumber, and is
assigned as a NO; bend. There is no peak observed in 3,4-
dihydrobenzoic acid or the unmodified nanotubes around this

wavenumber, although the same peak is observed in both
modified samples. The appearance of this band suggests that
upon attachment of the modifier to the nanotube surface the
symmetry of the surface is altered, allowing this band to be
observed, and is therefore proposed to be Ti-O-Ti framework
stretching.

Table 1. Raman peaks and assignments

TiNT- + Vco V3 V19a Vi9b
3,4- 825 1279 1334 1431 1487
dihydroxybenzoic

acid

4-nitrocatechol 818 1278 1322 1419 1474

Transmission electron microscope (TEM) images shown in
Figure SF4 are representative of the modified nanotubes, and
show a thin amorphous coating of 1-2 nm. The thermogravimetric
analysis (TGA) and CHN analysis for the three modified materials
is shown in table ST1. The surface coverages are calculated
assuming a coverage of 19.6 A2 for the enediol ligands, with a
BET surface area of 249.4 m?/g. The internal surface area of the
nanotube will not be available for functionalization, resulting in the
observed external surface coating. All samples have a surface
coverage on the same order of magnitude, ranging from 12 to 6 %.
Also shown in Figure 5 a and b are the Raman signals observed
for 3,4-dihydrobenzoic acid and 4-nitrocatechol at concentrations
of 0.1 M. This concentration equates to a wt% of 1.5 % for the two



modifiers, which is of a similar magnitude to the modified TiNT
samples. Compared to this concentration, the enhancement of
signal is ~ 10 fold for TiNT-3,4-dihydrobenzoic acid and ~75 fold
for TiNT-4-nitrochatechol. In Figure 5 ¢ we can observe the
Raman spectra for the unmodified TiNT along with the spectra for
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Figure 5. (a) and (b) Raman spectra for modified TiNT, modifier spectra without
TiNT also shown for comparison. (c) Raman spectra of TiNT and TiNT-4-
nitrocatechol.

TiNT-4-nitrocatechol, which also confirms that the enhancement
in signal is due to the attached organic modifier.

The enlarged Raman spectra for 0.1 M 3,4-dihydroxybenzoic
acid is shown in Figure SF3 for reference.
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Conclusions

In this study the structure and SERS enhancement of trititanate
nanotubes modified with enediol ligands was investigated, and it
was found that the functional group dramatically affects the
enhancement observed. When 4-nitrocatechol and 3,4-
dihydroxybenzoic acid were attached to the nanotubes, a
functional group attached directly to the benzene ring, a SERS
enhancement is seen. In contrast, when the functional group is
attached via a carbon chain, in the case of 3-hydroxytyrosol and
dopamine, no signal is seen. Calculated band gaps for the TiNT-
4-nitrocatchol and TiNT-dopamine systems suggest that the laser
energy is the limiting factor in whether a SERS enhancement is
seen. The attachment was investigated by solid state NMR and
UV/Vis spectroscopy and offers further insights into catechol
coatings of nanomaterials and SERS by the chemical method.

Experimental Section

Materials: Titanium dioxide (anatase) and dopamine hydrochloride were
purchased from Sigma-Aldrich. 4-Nitrocatechol, 3,4-Dihydroxybenzoic
acid and 3-Hydroxytyrosol were purchased from Aladdin. Structures are
shown in Figure 3 a-c. Clear glass microscope slides were purchased from
Fisher Scientific.

Instrumentation: UV-Vis absorbance spectrum were recorded using Cary
300 UV-Vis for solid samples, and Cary 60 Uv-Vis for liquid samples.'3C
solid state NMR spectra were measured on a Bruker Advance IIl 400
spectrometer equipped with a 4 mm H/X DVT probe. CHN Element
Analysis were measured on an Elementar vario MACRO CHNS. Powder
X-ray diffraction was recorded on a Bruker D8 advance diffractometer with
Cu Ka at 40 kV and 40 mA. Transmission electron microscope (TEM)
images were carried out on a FEI Tecnai F20 operating at 200 kV.

Synthesis: Synthesis of TINT was carried out based on the literature
procedurel?: anatase TiO2 (1 g) was added into a 10 M NaOH solution
(20 mL). The resulting slurry was transferred to a TEFLON vessel, and put
into a hydrothermal autoclave maintained at 140 °C for 72 hours. The
autoclave was then cooled under running water. The white solid was
removed and washed with water, 1 M HCI solution and finally with large
amount of water until the pH value of the effluent was neutral. Surface
modification of TiNT. Typically, TINT was suspended in MilliQ water, then
10 wt% of organic compound was added. For TiNT-3,4-dihydroxybenzoic
acid, TiNT-4-Nitrocatechol and TiNT-3-hydroxytyrosol, the mixture was
stirred at room temperature overnight. The resulting solid was removed,
washed with water and ethanol in order to remove any excess ligand.

Raman Experiments: Raman measurements were made using HORIBA
Scientific XploRA. For solid samples, the powder was put on the centre of
glass slide, focused by microscope. For liquid samples, a flat metal plate
was firstly measured as background. Several drops of liquid samples were
dropped on the centre of metal plate, focused by laser, and were measured
immediately to minimize the effects of evaporating. A 785 nm laser was



used for excitation. Typical spectra acquisition parameters were: laser:
785nm; Filter: 100%; Hole: 300; Slit: 100; Grating: 1200T; RTD exposure
time: 1s; Exposure time: 5s; Accumulation number: 3. Experiments were
repeated several times on the same sample, and spectra shown are
representative and reproducible.

Computational details

Non-periodic calculations were carried out using Gaussian 09 (Gaussian
09, Revision B.01)B". Structures were fully optimized at the B3LYP levell®Z,
employing 6-31G* %% basis on the dopants (catechol, dopamine and 4-
nitrocatechol), the LanL2DZ pseudopotential ¥4 and associated valence
basis on Ti, and 6-31G ¥ on the remaining O atoms of the cluster.
Computed harmonic vibrational frequencies were all real indicating the
optimized structures are true minima. The structures were then re-
optimized at the dispersion-corrected B3LYP-D3 levell®®l. A small Ti10O20
cluster from the literaturel®”) was used as a model for TiNT surfaces. The
catechol derivatives were added to one Ti site and a few selected
tautomeric forms with H atoms placed on different positions of the cluster
were explored. Invariably, a singly deprotonated catechol moiety with that
proton attached to an O atom of the cluster was most stable (see Figures
S5-S8 in the ESI). Because dopamine is used in form of its hydrochloride,
the N atom was protonated in the calculations (see ESI for non-protonated
and zwitterionic models with counterion). Single point calculations were
performed using the B3LYP-D3 structures, PBE functionall®®], the same
LANL2DZ/6-31G basis set/pseudopotential on TiO2, and a larger basis set
(IGLO-II, designed originally for NMR parameters®¥ on dopants.
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