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ABSTRACT
An extremely stable hybrid composite, useable as a pigment in the Cultural Heritage and Materials Science fields, can be obtained by grinding and heating 2 wt% methyl red with palygorskite, a fibrous microporous clay mineral. Dye molecules are incorporated within the clay nanotunnels, being sheltered from the external environment and forming specific host/guest interactions which stabilize the composite. The molecular structure and surrounding interactions of the encapsulated methyl red molecules were studied by means of FT- and (SER) Surface-Enhanced Raman Spectroscopies – useful techniques to analyze adsorbates even at very low concentrations. Comparison between FT- and SER spectra of the pristine dye and the hybrid composite shows that methyl red exists, both before and after encapsulation in palygorskite, in its neutral (azo) and protonated (hydrazo) forms, both with planar morphology. It remains unclear whether incorporation in the host may favour transformation from the azo to the hydrazo species, consistently with the composite synthesis being performed in acidic environment. Diffusion in the clay nanotunnels is expected to cause moderate ring deformations/distortions in the guest molecule, as reflected by the shift of selected Raman modes. The details about the specific orientations and interactions of the dye with the Ag colloid are discussed, as well as their effects on the Raman signal enhancement. Presence of several dye species in the host framework, each contributing to the nanocomposite colour, qualifies the studied complex as a polyfunctional organic/inorganic hybrid composite.
Keywords: Surface-Enhanced Raman, FT-Raman, methyl red, palygorskite, hybrid nanocomposite.
INTRODUCTION
The derivatives of 4-amino-trans-azobenzene are important azo dyes exploited for both natural and synthetic fibres. These materials are widely employed in the light-induced photo-isomerization process, as well as in optical devices for telecommunications and signal processing applications.[1-4] These dyes, characterized by both electron-donor and acceptor groups connected by a conjugated π-system, undergo colour change on protonation due to variations in both their molecular and electronic structure. Due to this, they can be used as pH indicators [5] or spectrophotometric probes in protein chemistry.[6]
Methyl red [acid red 2 (C15H15N3O2); C.I. 13020] is an azo dye whose colour is red when pH < 4.4, yellow at pH > 6.2 and orange in between. Its neutral form shows two common conformers (trans and cis), but two different quinonoid zwitterions also exist (Fig. 1.a).[7] Methyl red is considered an excellent probe for acid-base studies, due to its molecule showing not only variable colours but also distinct spectral features when in neutral (MR), mono- (MRH+) or di-protonated (MRHH2+) and de-protonated (MRA-) species (Fig. 1.a).[8,9] Its use as an indicator diminished in the last decades due to easy reduction and consequent loss of colour.[8] However, alternative uses were proposed which exploit sorption (in one or more of its molecular forms) on adequate hosting substrata. Probing of specific methyl red species adsorbed on catalytically important materials such as Al and Si oxides (γ-alumina and silica alumina respectively) helped in elucidating the acid or basic nature of the active Brönsted sites on the catalyst surface.[9] Methyl red fixation was also tentatively experimented on layered structures such as Ni-Fe materials[10] or clay minerals (i.e. montmorillonite and vermiculite).[11] Incorporation of this dye in amorphous Mn polyphosphate coacervate caused changes in colour by exposing the hybrid complex to acid and base atmospheres.[12] Sorption of methyl red in versatile hosts such as microporous zeolites, showing both proper activity and presence of structural cavities, was also attempted.[13] All these studies brought to synthesize composite hybrid materials whose peculiar properties could be exploited in several fields of Materials Science. 
(INSERT FIGURE 1) 
Promising results were recently achieved by incorporating methyl red in palygorskite (PALY hereafter), a fibrous clay mineral [ideal formula: (Mg,Al)4Si8O20(OH)2(OH2)4•4H2O] whose structure is formed by waving tetrahedral (T) and discontinuous octahedral (O) sheets alternating along x. Its structure can be described as a framework of chessboard connected TOT ribbons,[14] permeated by z-elongated nanotunnels (maximum effective width: 6.4 x 3.7 Å) usually filled by weakly bound zeolitic water (H2O) and/or exchangeable ions (Na, K, Ca). Tightly bound structural water (OH2)[15, 16] completes the coordination of octahedral Mg located at the border of the TOT ribbons (Fig. 1.b). PALY is well-known in Cultural Heritage being the inorganic substratum apt to host and shelter the indigo dye inside its tunnels, thus forming the exceptionally stable Maya Blue pigment.[17] Similarly to the synthesis of Maya Blue, encapsulation of methyl red in the PALY tunnels and/or superficial grooves (half-channels carving the fibres surface)[18] can be achieved by grinding proper amounts of the dye (2 wt%) with the clay and moderately heating (140°C) in acidic environment. As aptly proved in previous works, [19-20] this procedure allows dye diffusion within the PALY pores and stabilization through formation of specific host/guest interactions. The resulting methyl red@palygorskite hybrid composite (METHYLRED@PALY hereafter) shows the same stability of its renowned blue analogue, maintaining its purple/reddish hue and preventing colour change in spite of severe chemical attacks, like drastic pH fluctuations and even prolonged solar/UV-A irradiation. Only severe heating (above 300° C) causes gradual deterioration of methyl red molecules adsorbed on PALY.[21] These peculiar physico-chemical properties cause METHYLRED@PALY to be possibly considered as a valid, ecological surrogate to other synthetic pigments used nowadays in the Materials Science and Cultural Heritage fields.[20]
Most studies probing the sorption of organic molecules on inorganic substrata exploit the detection capability of vibrational spectroscopies such as FT-IR and Raman. The conventional Raman approach, however, is limited by the low amounts of adsorbed guest molecules – often below the sensibility threshold of this technique. To avoid this inconvenient, specific improvements were adopted such as Resonance Raman (RR) and Surface-Enhanced Raman (SER) spectroscopies. These techniques represent valid devices aimed to exalt the intensity of the scattered Raman signals and improve the method sensibility. SERS, in particular, is nowadays considered an ultrasensitive technique capable of increasing the Raman signal up to 1010, allowing detection of a wide range of adsorbate molecules in very low concentrations – sometimes even down to the single molecule limit.[22-24]
SERS can detect molecules adsorbed on nanostructures made of noble metals (e.g. Au, Ag), assuming that the analyte is brought into close proximity (within a few monolayers) of the nanoplasmonic surface.[25] Silver colloidal pastes were employed in this work to obtain SER signals of METHYLRED@PALY. Such an approach was used, together with FT-Raman spectroscopy, to further inspect the encapsulation of methyl red inside the PALY tunnels for what concerns the identification of the molecular species interacting with the host framework as well as to gain further details on their mutual interactions. Furthermore, the enhancing action exerted by the plasmonic substrate on the encapsulated guest dye molecule is considered.
MATERIALS AND METHODS
Materials

Methyl red powder [acid red 2: 4-(CH3)2NC6H4N:NC6H4∙2-COOH; C.I. 13020], hydrochloric and nitric acids, methanol, silver nitrate and sodium citrate were purchased from Carlo Erba reagents (Arese, Italy). Ultra High Quality (UHQ) water was obtained by a Millipore (Darmstadt, Germany) Direct-q 3 system. All the glassware was cleaned with aqua regia (HCl:HNO3 3:1, v/v) and rinsed tenfold.

Natural PALY, coming from Mexico (State of Chiapas), was hand-ground and purified before use. After mechanical removal of macroscopic impurities, PALY powders were dispersed in deionized H2O to isolate the thinner suspended fraction from possible quartz and calcite impurities, soaked in 20% HCl aqueous solution for 1 min to eliminate fine-grained calcite residues and repeatedly washed in deionized H2O.[26-27] Conventional X-ray powder diffraction proved PALY to be the only detectable phase.
METHYLRED@PALY was prepared according to the laboratory synthesis of fresh Maya Blue analogues.[28-29] 2 wt% of methyl red (the average indigo content in Maya Blue)[30-31] was mixed and ground with PALY adding few ethanol drops. The mixture was dispersed in a Petri dish with HCl (20%) and heated up to 140°C for 20 h. Finally, powders were Soxhlet-extracted in ethanol to remove superficial dye excess and dried in air.
Silver colloidal pastes were prepared according to the procedure reported in Idone et al.[32] 500 mL of UHQ water were heated and 0.09 g of silver nitrate were added while stirring (600 rpm). When vigorously boiling, 10 mL of a 1% sodium citrate solution (0.1 g in 10 mL) was added and all kept boiling for 30 minutes. The whole procedure was carried out in the dark. Ag colloidal pastes were prepared after cooling the colloid at room temperature. 1 mL colloid aliquots were centrifuged at 3600 rcf for 15 minutes. After every cycle, the supernatant was discarded and further 1 mL colloid was added to the tube. The procedure was repeated 10 times. The LSPR was investigated in reflectance mode and the pastes showed a minimum at 520 nm. Specimens for analyses were prepared by putting small amounts of palygorskite, methyl red or METHYLRED@PALY onto a microscope glass and dropping 2 µL of silver colloidal paste.

Methods

Conventional Raman and SER measurements were performed with a Renishaw (Stonehouse, United Kingdom) In-Via micro-Raman spectrometer. Raman and SER signals were obtained by focusing three different laser beams (532, 633 and 785 nm) onto the sample through a 50X or 100X magnification objective of a Leica (Wetzlar, Germany) DM2500 M optical microscope, coupled to the spectrometer. A dispersive grating of 1800 lines/mm was employed with the 532 and 633 nm excitation wavelengths, whereas 1200 lines/mm were employed with the 785 nm excitation wavelength. Power at the samples was kept low, never exceeding 300 µW for all the employed excitation wavelengths, using a series of neutral density filters and measured before each measurement session through a ThorLabs (Dachau, Germany) 110D power metre provided with a S121C Si detector. The integration time was 10s. Data were collected in the 100-3500 cm-1 range, though most spectra are limited to the 1800 cm-1 limit (beyond which no significant band appear). SER data were collected several times in order to ensure reproducibility of the obtained spectra.
FT- Raman spectra of powdered samples were collected with a Bruker Vertex 70 spectrophotometer equipped with a RAMII FT-Raman module. Samples were excited with a 1064 nm laser with an excitation power of 50 mW; 3000 scans were collected at a resolution of 4 cm-1.
RESULTS AND DISCUSSION
Spectroscopic data were tentatively collected on both isolated precursors (PALY and methyl red) and on the METHYLRED@PALY composite. Since conventional Raman and SER data collected with the 532 nm and 785 nm excitation wavelengths gave lower quality spectra with respect to those acquired with λ = 633 nm, only these latter are discussed in the following sections. Table 1 summarizes the positions of the main Raman, FT-Raman and Surface-Enhanced Raman-active modes for pristine methyl red and the PALY-conjugated hybrid composite, together with the indication of the mutual intensities, tentative attribution (according to different literature sources) and responsible dye species. The possible contribution of spurious signals from the Ag colloidal paste is also reported. Small shifts of the SERS bands with respect to other Raman techniques (conventional and/or Resonance Raman – RR) may also be related to weak Ag-dye interactions.[33]

(INSERT TABLE 1)
Precursors
Palygorskite

No appreciable conventional Raman signal could be collected from pristine PALY with the 532, 633 or 785 nm excitation wavelengths, due to the well-known fluorescence effects reported in literature.[30,34-36] Conversely, the FT-Raman spectrum shows the occurrence of signals at 145 (s), 268 (m-s), 352 (m), 676 (s), 705 (m-s), 903 (w) 1104 (m-w) cm-1 (Fig. 2, pattern ‘a’). All of these bands correspond to Raman-active Ag (parallel-polarization) or Bg (cross-polarization) fundamental modes, related to the octahedral (Mg/Al-O6) and silicate sheet (below 750 cm-1) or to the internal tetrahedral sheet (above 750 cm-1), as reported in literature.[35]
Unfortunately, the persistence of strong fluorescence occurring even after the addition of silver colloidal pastes prevented the collection of SER spectra from PALY.
(INSERT FIGURE 2)
Methyl red

Conventional Raman spectra collected on solid methyl red (powder) (Fig. 3, pattern ‘a’) using the 633 nm laser are mostly comparable – both per positions and intensities of the bands – with literature data.[8,9,12,37,38] Though the assignments may vary according to the different literature sources, all observed modes can unequivocally be related to the neutral form of the dye (MR). Absence of protonated methyl red is further confirmed by lack of any appreciable signal around 1615-1620 cm‑1, where the most intense MRH+ band should appear.[9,39]
It is known from literature that use of excitation wavelengths close to near-infrared, as opposed to visible lasers adopted in conventional Raman instruments, implies a significant decrease of the dye fluorescence.[40] For this reason, FT-Raman spectra of solid methyl red were also collected (Fig. 3, pattern ‘b’). Not only all bands recorded with the 633 nm excitation wavelength are observed in the FT-pattern as well, but also the mutual intensities are strictly comparable (Table 1). The n(CH) region shows appreciable modes only in the FT-spectra, with signals observed at 3035, 3071, 3081 (shoulder) and 3097 cm‑1 (not shown, for sake of brevity, in Fig. 3) Some of these modes can be related to the hydrazo (protonated) species of the dye (Table 1), thus suggesting that MRH+ may also be present – together with the neutral (azo) form.
Amplification of the Raman signal ensured by adsorption on Ag colloidal paste allowed the collection of good quality SER spectra from pure methyl red. SER data of the pristine silver colloidal paste were also collected, in order to evaluate its possible contribution in the considered spectral range. No significant variations, in terms of peak positions and/or intensities, could be observed by repeating SER measurements on solid methyl red using the 633 nm laser, thus ensuring reproducibility of the obtained outcomes. These spectra (Fig. 3, pattern ‘c’) are virtually consistent with previously published SERS data.[25,38,41-43]
Reflectance spectra in the visible range of solid (powder) methyl red had been collected in previous works.[19-20] Since the dye absorption maxima are located at 465 and 575 nm, any possible contribution to the SER spectrum due to resonance or pre-resonance effects can virtually be excluded. According to Lee et al.[44] most bands can be related to the ortho-isomer of the dye, possibly the dominant one. Contributions from the meta- and para- isomers, if any, are of secondary importance. The pattern is basically dominated by the strong bands at 1364 and 1396 cm-1, the latter slightly down shifted (6 cm-1) with respect to that of the dye in solution.[41] These modes are easily recognisable also in the conventional Raman pattern (Fig. 3, pattern ‘a’) and, together with other sharp features at 1143 and 1113 cm-1, can be related to the neutral azo form of the dye.[9,39,41] Another strong band at 1618 cm-1, together with secondary modes at 1486, 1190, 1176, 908 527 and 474 cm-1, can instead reasonably be attributed to the hydrazo (protonated) species of the molecule,[39] confirming the existence of quinonoid character of the ring system in the protonated form.[43]
Vibrational modes related to both the azo and hydrazo (quinonoid) forms of methyl red (MR and MRH+, respectively) are therefore unequivocally present throughout all the SER spectrum (Table 1), although their sharp attribution is sometimes ambiguous due to the positions of some bands remaining essentially unaltered upon protonation.[8] This proves that both species coexist in the same specimen – an evidence apparently contrasting with the conventional Raman outcomes, which only show features related to the azo (neutral) form. Such an oversight might be related to the potential increased ability of the SER approach to specifically detect some molecular species (i.e., the protonated methyl red). Although presence of MRH+ was also hinted by FT-Raman results, an intervened partial protonation of the dye after interaction with the Ag colloidal paste cannot definitely be excluded. However, coexistence of both MR and MRH+ is consistent with previous results which reveal presence of both the quinonoid and azobenzene structures in solid methyl red.[19,41,44] Switching from one species to another may possibly be explained by intramolecular proton transfers occurring in the dye crystal structure. Changes in the electronic structure upon protonation were described as being related to an increase in conjugation and π-electron delocalization in the dye molecule.[8] The structural features of the neutral form of methyl red, besides, provide no additional clue about this.[45]
A careful comparison of the spectra collected for solid (powder) methyl red with conventional, FT- and Surface-Enhanced Raman (Fig. 3) suggests that no significant variation affects the mutual intensities of the dye vibrational modes, with the sole exception of a marked increase – in the SER pattern – of those signals related to MRH+. These modes are usually more intense than those related to the neutral form of the dye (MR), possibly as the result of an intervened variation in the overall polarizability induced by presence of positive charges, as well as rearrangement of mutual bonds.
Presence of traces possibly related also to the di-protonated dye form (MRHH2+) is suggested by a weak band in the SER spectrum at 1523 cm-1, exclusively associated to this species (Fig. 3, pattern ‘c’).[9] The same form, besides, might also subordinately contribute to the intensity of other spectral modes (Table 1).
(INSERT FIGURE 3)
Methyl red@palygorskite hybrid composite (METHYLRED@PALY)

The same fluorescence phenomenon already observed for PALY prevented any attempt to collect conventional Raman spectra on METHYLRED@PALY – as already reported by Giustetto et al.[20]

Conversely, FT-Raman and SER spectra were successfully collected from this hybrid composite (Fig. 4, patterns ‘a’ and ‘b’ respectively; Table 1). These data were compared with those collected on solid methyl red (Fig. 2 and Fig. 5, respectively), in order to appreciate any possible shift and/or intensity variations. 
The main bands detected on the FT-Raman spectrum of METHYLRED@PALY are quite similar to those observed on solid methyl red (Fig. 2, pattern ‘b’). Besides, some new signals appear which were not observed on the pristine dye, namely a shoulder at 1456 cm-1 and three moderate bands at 1181, 1502 (shoulder at 1491 cm-1) and 1610 cm-1. Conversely, no Raman-active fundamental mode belonging to pristine PALY is observed.
SER spectra collected on the powders of METHYLRED@PALY  show more or less marked differences if compared to those of solid methyl red (Fig. 5), both per positions and/or intensities of the Raman-active modes. The seemingly lower quality of the hybrid composite SER spectra may be explained, at least in part, by the specific interaction of the laser with a photosensitive substrate such as palygorskite, which might induce some alteration in the adsorbed dye. Besides, the dependence of the SER spectra on the excitation wavelength has been widely acknowledged.[46] Once again, the possible contribution of resonances or pre-resonances effects to the SER signals was taken into account, but since the absorption bands of the hybrid composite in the visible range occur at 540 and 580 nm,[19] such a hypothesis was discarded. Besides, no significant variations in terms of peak positions and intensities was observed by reiterating data collection, thus ensuring the reproducibility of the obtained outcomes. 
The most significant variations between the SER spectra of solid methyl red and that of METHYLRED@PALY (Fig. 5, patterns ‘a’ and ‘b’, respectively), occurring mostly at higher wavenumbers, can be resumed as follows (Table 1):
i) At first glance, most features related to protonated methyl red (MRH+) tend to basically maintain their relative intensities after incorporation in PALY, i.e. the group of bands between 1585 and 1617 cm-1 [ν(C=C) + ν(C=N) and ν(C-ring)] and those at 1486 and 1449 cm-1 (ring stretching vibrations). This suggests that the host may hold sites able to donate protons to the adsorbed guest molecules. Conversely, those bands related to the azo form of the dye (MR) generally undergo a severe intensity decay. In particular, a clear decrease affects the strong features observed in the solid dye at 1396, 1364, 1312 (band disappears; stronger shoulder at 1300 cm‑1) and 1114 cm‑1 (band disappears). All these bands are exclusively or predominantly referred to neutral methyl red (MR) and tend to fade from the Raman pattern after protonation of the molecule. Analogous behaviours were also observed for methyl red adsorbed on silica[39] or silica-alumina,[9] whereas mixing with polyethylene evidenced no significant variations.[37] The systematic recurrence of these intensity decays in all collected sequences suggests that a lower degree of azo-dye character may occur in the molecular system of METHYLRED@PALY, due to gradual (but partial) transformation of neutral methyl red (MR) to its protonated form (MRH+) after encapsulation in PALY.
Quite a similar evolution was also observed in the SER spectra of ortho-methyl red (the prevailing isomer in our material) in aqueous solution with and without Raman signal enhancement granted by interaction with the Ag colloid (see Lee et al.,[44] top of Fig. 4). 
ii) A significant decrease of those bands at 1470, 1395, 1364, 1313, 1201 and 1113 cm-1 is observed in the spectrum of METHYLRED@PALY. These bands can be attributed (see Table 1) to normal modes with main in-plane (ip) character. In particular, the strong feature at 1113 cm-1 mostly related to the δip(H-ring) of neutral methyl red disappears in METHYLRED@PALY, whose spectra instead show bands at 1158, 1172 and 1186 cm-1. Again, such an occurrence might be explained by an intervened partial transformation of MR to MRH+ after incorporation in the hybrid composite – which is consistent with its synthesis occurring in acidic environment. The in-plane C-H-ring bending modes are coupled with C=C ring stretching, which increase their frequencies after the quinonoid transformation from MR to MRH+, possibly favoured by diffusion in PALY. An analogous behaviour was observed for methyl red sorption on silica,[39] whereas mixing and/or absorption on polyethylene or γ-alumina gave no such evidence.[37] A broad signal at 1242 cm-1 in the SER spectrum of pristine methyl red undergoes an intensity decrease.
iii) Spectral variations observed from solid methyl red to METHYLRED@PALY in the range between 1200 and 1400 cm-1 of the SER spectra can possibly be related to changes in the quinonoid structure of the absorbed dye molecules. The coupled vibrations of the carboxyl group C-O stretch and OH deformation, in fact, together with the symmetric stretching vibration of the COO- group, should be expected to affect the Raman signals in this interval.[47] These variations, however, could also be interpreted in terms of a partial transformation of the adsorbed molecules from their protonated (MRH+) to one zwitterionic form (zwitterion II),[7] achieved through COOH deprotonation in an acid-base, pH-dependent equilibrium. This is consistent with the gradual conversion of the trans-isomer of methyl red to one (or more) of its zwitterionic forms consequent to heating and encapsulation in PALY – an occurrence already remarked in literature.[19,20]
iv) Persistence of traces of di-protonated methyl red (MRHH2+) also in the hybrid composite is suggested by the detection of a weak band at 1527 cm-1. Again, the same species might also subordinately contribute to other modes principally related to different dye forms (Table 1).[9]
(INSERT FIGURE 4)

Moderate band shifts towards higher or lower wavenumbers (i.e., maximum 6 cm-1; see Table 1) in the SER spectra of METHYLRED@PALY with respect to the pristine dye suggest that the guest molecule may undergo specific structural changes (i.e., ring deformation and/or distortion) after incorporation in the clay framework and formation of host/guest interactions – an occurrence already hinted in literature for this and other analogous hybrid composites.[20,34,48] Interpretation of intensity variations, on the other hand, is more problematic. Evaluation of band intensities in a SERS experiment is known to be quite troublesome. SERS is reputed to dramatically and somehow erratically amplify the response of the Raman signals, such an inconvenience being further worsened by the adoption of different excitation wavelengths. Despite this, some aspects are worth being discussed. The major contribution to signal enhancement in a SERS experience is the concentration of electromagnetic fields adjacent to the metallic nanoparticles on which the analyte is adsorbed.[23,24] In the studied system, fluctuations in intensities may be related to possible variations in the mutual amounts of different isomers and/or adsorbate species[39] as well as to several other factors,[49] but are also inevitably influenced by the orientation of the adsorbed molecules interacting with the enhancing substrate (Ag nanoparticles). SERS selection rules state that the adsorbate profile strongly depends on the orientation of its main molecular axis with respect to the silver colloid surface.[50,51] In particular, those modes showing a higher perpendicular polarizability component with respect to the metal surface should show higher enhancement. In the case of pristine methyl red, some authors proposed that COOH should be the group interacting with the Ag nanoparticles in a SERS experience. These interactions would imply an increase in the energy transfer efficiency, causing different isomers of the dye to have variable, pH-dependent adsorption orientations on the silver surface.[44] As far as the ortho-isomer is concerned, the benzene ring moieties are expected to lie from flat (pH = 2) to slightly tilted (pH = 6) with respect to the Ag surface, thus causing the out-of-plane (oop) modes to increase their relative intensities. No enhancement, on the other hand, should affect the in-plane (ip) modes.[38,41,44] 
When METHYLRED@PALY is concerned, however, premises are slightly different. First, it is not the dye itself which interacts with the Ag colloidal paste, but rather the whole hybrid composite structure. Furthermore, specific host/guest interactions are known to exist between the clay and the dye – namely H-bonds donated by the PALY structural water (OH2) to methyl red carboxyl groups[19,20] or, if high T are concerned, straight COOH/octahedral Mg bonds.[21] In our opinion, therefore, those perturbations detected in METHYLRED@PALY (similar to those observed in the RR spectrum of methyl red adsorbed on silica and attributed to both MR and MRH+ forms)[33,39] should be attributed to the specific relationship established between the host and the guest during the composite synthesis, rather than to straight COOH/Ag colloid interactions formed after addition of the silver colloidal paste. Diffusion within the tunnels and/or in the superficial grooves of PALY may shelter, at least in part, the methyl red molecule from the external environment, thus causing any interaction between the silver colloid and the adsorbed analyte to be somehow mediated by the interjected host framework. In this and analogous hybrid composites, however, the dye molecules are mostly encapsulated at the tip of the clay channels (near their external outlets) or stuck in the superficial grooves, as their diffusion towards the inner core of the fibre seems unlikely. [18,19] Both of these accommodations cause the reactive groups of the incorporated methyl red molecules to still be very close to the metal surface, thus guaranteeing the auspicated enhancement effect. Besides, one should consider that the investigated hybrid composite, when mixed with the Ag nanoparticles, is expected to behave in a totally different way with respect to the isolated dye. In addition, all of the adsorbed dye monomers are supposed to be iso-oriented in the tunnels of each PALY fibre, their major molecular axis being aligned parallel to the fibre elongation – namely along the z crystallographic axis (Fig. 1.b).[20] Such an arrangement may possibly modulate the intensity of some bands in METHYLRED@PALY when compared to the analogous ones observed in the SER spectra of the pure dye. Besides, the remote possibility for the Ag nanoparticles to directly interact with dye molecules randomly stuck to the surface of the PALY fibres is thwarted by the performed Soxhlet treatment after composite synthesis, aimed at eliminating any superficial dye cluster (see section ‘Materials’). 

By straightly comparing the FT-Raman and SER spectra of METHYLRED@PALY (Fig. 4, patterns ‘a’ and ‘b’ respectively), some variations in terms of peak positions and mutual intensities are observed. Again, these differences may be explained by taking into account the dependence of the SER spectra on the adopted laser excitation wavelength. As far as positions are concerned, the most significant variations affect those signals at 1181-1188 and 1610-1617 cm-1, possibly related to band convolution in the FT-spectrum; moreover, moderate shifts are also observed for the 1456-1447 and 1491-1485 cm-1 modes (see Table 1). For what concerns intensity fluctuations, the comparison of the FT- and SER patterns brings to the following considerations. The SER spectrum of METHYLRED@PALY is clearly dominated by bands related to MRH+, with only weak signals attributable to MR. As hinted above, basing on these premises – and assuming that conventional Raman of pristine methyl red shows no trace of intervened protonation – one may be tempted to conclude that encapsulation in palygorskite favours consistent conversion of the guest dye from its neutral to the protonated form. It should be noted, however, that the signals related to the protonated dye apparently intensify as well in the SER spectrum of pristine methyl red (Fig. 5, pattern ‘a’), for reasons possibly different from an intervened change in the molecule protonation (see Section ‘Precursors’). Furthermore, the supposed increase of the MRH+ fraction in METHYLRED@PALY is apparently contradicted by FT-Raman evidences – whose spectra are dominated by signals related to MR, with only subordinate contributions of MRH+. The unequivocal evidence of these data is therefore represented by the fact that in METHYLRED@PALY – as well as in pristine, solid-state methyl red – both the neutral and the protonated forms of the dye coexist. For technical reasons, those signals related to MRH+ are significantly more enhanced in the SER spectra rather than by other Raman approaches. Although a certain increase of the MRH+ fraction after encapsulation in PALY cannot be definitely excluded, a reliable quantification can hardly be reached.  
By straightly comparing the SER spectra of methyl red and METHYLRED@PALY with the conventional Raman spectrum of the pristine dye – and normalizing all patterns using the 1114 and 838 cm-1 bands (attributed mainly to in-plane modes), a general and marked intensity increase can be appreciated in the 500-300 cm-1 region of the SER spectra. Such an enhancement, which involves particularly some out-of-plane (oop) modes, is consistent with the abovementioned SERS selection rules.[52] Besides, both the 1395 [mainly ((N=N)] and 1366 cm-1 [mainly ((ring-C)] bands of METHYLRED@PALY also show a marked intensity decrease. As the intensity of a Raman band is strictly linked to the involvement of components of the Raman polarizability tensor in a given vibration,[52] these intensity changes could be justified by keeping into account the particular orientation model of the guest dye when encapsulated into the host fibres. Incorporation of methyl red molecules parallel to each other in the PALY tunnels (that is, aligned in the z-axis direction of the clay crystal structure), coupled to the establishment of mutual interactions between the host and the guest, may alter some components of the polarizability tensor oriented parallel to the fibre elongation, while interacting with the silver colloid.
(INSERT FIGURE 5)
CONCLUSIONS
An in-depth SER and FT-Raman spectroscopic study was performed on METHYLRED@PALY, an exceptionally stable hybrid composite formed by incorporation of methyl red in the nanotunnels which permeate the palygorskite structure. Such an approach – especially SERS (which is known to represent an ultrasensitive tool capable of detecting a wide variety of adsorbate molecules even in extremely low amounts) – allowed an exhaustive characterization of the dye species incorporated in the host tunnels. Details of the signal amplification granted by the specific interactions and/or orientations of the guest dye with the colloid surface were also studied, together with the possible distortions which may affect the guest molecule after incorporation in the host framework.
Although it remains unclear whether encapsulation in PALY may favour transformation of the guest dye from the neutral (MR) to the protonated form (MRH+), the unequivocal existence in the host tunnels of different topological methyl red isomers – namely neutral (and related zwitterionic forms) and mono- and di-protonated species – causes METHYLRED@PALY to be aptly considered as a polyfunctional organic/inorganic hybrid composite. Such a definition is consistent with the one coined by Doménech et al.[53-57] for the famed blue-analogue formed by indigo fixation in PALY (Maya Blue). As already ascertained in previous studies,[19-21] these different isomers of the guest dye are bound to the hosting matrix by means of specific host/guest interactions, each contributing to the composite colour.
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Table captions

Table 1. Conventional Raman (λ = 633 nm), FT-Raman (λ = 1064 nm) and Surface-Enhanced Raman (λ = 633 nm) active modes for solid methyl red in powder and FT-Raman (λ = 1064 nm) and Surface-Enhanced Raman (λ = 633 nm) active modes for the methyl red@palygorskite composite with indication of related tentative assignments (vs = very strong, s = strong, m = medium, w = weak, sh = shoulder, * = Ag paste contribution). 

	Methyl red
	METHYLRED@PALY
	Assignment
	Species
	Comments

	Raman  λexc=633 nm

FT-Raman λexc=1064 nm
	SERS λexc=633 nm


	FT-Raman 

λexc=1064 nm
	SERS 

λexc=633 nm


	
	
	

	323
	w
	335
	br
	321
	vw
	
	
	S16a[C] + δ(C-C-N)1; 16a (C-ring) + δ(C-C-N)2; S16b[N] (15) + τ(C4N7) (14) + τ(C9N8) (20) + τ(C12N27) (19)1; δ(C,N-rings)7
	MR; MRH+
	

	396
	w
	
	
	397
	vw
	
	
	S16a[C] + S16b[C] + δ(C-C-O)1; 16a,16b (C-ring) + δ(CCO)2
	MR
	

	
	
	423
	w*
	
	
	424
	w*
	S4[N] (18) + S16a[N] (20) + S16b[C] (17) + ω(C-N) (18)1
	MR
	

	
	
	439
	w*
	
	
	441
	w*
	4,16a(N-ring) + 16b(C-ring) + ω(C-N)2; 6b,16a(C-ring)2
	MR; MRH+
	predominant MR contribution

	469
	w
	
	
	469
	vw
	
	
	S16a[N]1; 4,16a (N-ring) + ρ(CNC)2
	MR
	

	
	
	474
	m
	
	
	475
	m
	δ(C-ring)7; 4,16a(N-ring) + τ(C-N)2
	MRH+
	

	499
	vw
	
	
	501
	vw
	
	
	δ(C11C12N27) (12) + δ(CNC) (11) + ρ(CNC) (18)1;
	MRH+
	

	527°
	vvw
	527
	m
	527
	vw
	527
	m
	δ(C-ring)7; 6a(N-ring) + δ(C-N-C)2
	MR; MRH+
	predominant MRH+ contribution

	545
	vw
	
	
	
	
	
	
	τ(CO)2
	MR
	

	582°
	vvw
	575
	w
	
	
	581
	vw
	S4[C] (11) + S16a[C] (10) + S16b[N] (11) + ω(C-N) (16)1
	MR
	shift

	
	
	623
	vw
	624
	vvw
	624
	w
	6b(C-ring) + δ(C-C-O)2
	MR
	

	637°
	vvw
	637
	vw
	635
	vvw
	634
	vw
	S6a[C] (46)1; S6a[C] (51)1
	MR; MRH+
	

	
	
	
	
	650
	vvvw
	646
	sh
	S6b[N] (47) + S8b[N] (47)1
	MRH+
	

	
	
	690
	vw*
	690
	br
	695
	vw*
	δ(N-ring)7
	MR
	

	731
	vvw
	730
	m
	731
	vvw
	731
	m
	δ(N-ring)7; 6a(C-ring)2; 1,6b(N-ring) + ν(C-C)2
	MR; MRH+
	

	766
	vw
	762
	w
	767
	vw
	
	
	6a(N-ring) + 6b(C-ring) + νs(N-C)2
	MR
	Band disappears

	789
	vvw
	
	
	789
	vw
	
	
	4(N-ring)2 (783)
	
	

	801
	vvw
	
	
	800
	vw
	
	
	S4[N] (64) + ω(C9N8) (10) + ω(C12N27) (13)1
	MR; MRH+
	

	
	
	805
	m*
	
	
	808
	w*
	S4[N] + ω(C-N)1
	MR
	

	
	
	
	
	
	
	826
	vw
	ω(C1H17) (30) + ω(C2H16) (19) + ω(C6H18) (14) + ω(C4N7) (13)1
	MRH+
	

	838
	s
	834
	m*
	839
	m
	
	
	δip(ring-C)3; 1 (N-ring) + 12 (C-ring) + ν(C-N)2; δ(N-ring)7
	MR; MRH+; MRHH2+
	predominant MR contribution; band disappears

	
	
	854
	m
	857
	vvw
	855
	m
	δ(N-ring)7
	MR; MRH+
	

	
	
	908
	m
	
	
	905
	m
	ν(C2-N+)7; ν(C-N-C)9
	MRH+
	

	926
	m/w°
	923
	sh*
	925
	vw
	929
	w*
	ν(C-N-C)7; νs(N-C)7; νs(C-N-C)2,3; δs(C-N-C)3
	MR; MRH+; MRHH2+
	predominant MR contribution; shift

	
	
	980
	vw
	978
	vvw
	975
	vw
	ring br.7; 12,19a,21a (N-ring)2; δip(C-ring)3
	MRH+
	

	
	
	999
	vw
	992
	vw
	999
	vw
	((C1H17) + ((C2H16) + ((C3H15) + ((C4N7) + ((NH)1
	MRH+
	

	1038
	w
	
	
	1037
	vw
	
	
	ν(ring breathing)3; ν(C-OH) + δ(O-H) + δ(C-H)4
	MR; MRH+; MRHH2+
	

	
	
	1045
	w* br
	1042
	vvw
	1042
	m*
	ν(ring breathing)3; νas(NC) (56) + ρip(CH3) (19) + ρip(CH3’) (19)1
	MRH+
	

	1087
	vw/w°
	1085
	vw
	1088
	w
	1088
	vw
	δ(CH3 rocking)3; δ(C-ring)7
	MR; MRH+; MRHH2+
	predominant MR contribution; clear intensity decay

	1114
	vs
	1113
	m
	1114
	vs
	
	
	δip(ring-H)3; ν(C-C) + (C-C deformation)5; ν(N-ring)7; 12,19a,21a (C-ring)2
	MR; MRH+; MRHH2+
	down-shifted with respect to ref.7; band disappears

	1145
	vs
	1143
	s
	1146
	vs
	1146
	s
	ν(C-N=) + δip(ring-H)3; ν(C-N) + (C-C deformation)5; ν(C,N-rings) + ν(Ph-N)7; δip(H-ring)3
	MR; MRHH2+
	predom. MR contribution; intensity decay

	1161
	sh vvw
	1156
	sh
	1161
	sh
	1160
	s
	S14[C] (45)1; ν(Ph-N)7
	MR; MRH+
	

	
	
	
	
	
	
	1172
	s
	S1[C] (11) + ν(NN) (24) + ν(C5C23) (10) + δ(COH) (15)1; ν(N-N)7
	MRH+
	

	1174
	vvw
	1176
	s
	1181
	m
	1177
	s
	unresolved δip(C-H)(C-ring) + δ(C-OH)6; ν(N=N)7; νip(ring-H)3; S12[C] (11) + ν(C5C23) (17) + δ(COH) (28)1
	MR; MRH+; MRHH2+
	clear intensity decay

	
	
	1186
	sh
	
	
	1188
	s
	ν(C,N-rings) + ν(Ph-N)7; ρip(CH3) (20) + ρip(CH3’) (26)1; S8b[C] (13) + δ(COH) (10)1
	MR; MRH+
	

	1202
	s
	
	
	1202
	s
	
	
	ν(=N-C) + δip(ring-C)3; ν(C-C) + ν(C-N)5; ν(C,N-rings)7; ν(C-N) + δip(C-H)(N-ring)2
	MR
	

	
	
	1208
	w
	
	
	1210
	m
	ν(C4N7) + δip(CH) (N-ring)2; δip(ring-H)3
	MRH+; MRHH2+
	

	1235
	sh
	
	
	1233
	sh
	
	
	S14[C] (13) + δ(C2C1H17) (23) + δ(C3C2H16) (29)1
	MRH+
	

	1242
	s
	1240
	s
	1240
	s
	
	
	δip(ring-H)3; ν(C-N) + ν(C-C) + (C-C deformation)5; -COOH group8
	MR; MRH+
	

	
	
	1251
	sh
	
	
	1250
	vs
	ν(C,N-rings) + ν(NNH)7; -COOH group8; ν(N=N) + ν(=N-C)3; ν(Ph-N) + δ(C-H)4; δ(φcC-H)ip9
	MR; MRH+
	predominant MRH+ contribution

	1276
	s
	1276
	s
	1276
	s
	1276
	s
	δip(ring-H)3; ν(Ph-N) + δ(NH)7; (N-ring) + νas(N-C)2
	MR; MRH+
	clear intensity decay

	
	
	1303
	sh
	
	
	1300
	s
	14(N-ring) + δip(C-H) + (C-ring)1,2; ν(N-ring)7
	MR; MRH+
	

	1312
	s
	1312
	s
	1313
	s
	
	
	ν(amine N-C)3; δ(C-H)4; (C-H deformation)5; ν(N-ring)7; ν(C-N)2
	MR; MRH+; MRHH2+
	Band disappears

	1342
	w
	
	
	1343
	w
	
	
	δ(C-O-H)3 ; ν(C12N27) (35) + ρip(CH3’) (11)1
	MR; MRH+
	

	1365
	vvs
	1364
	vs
	1365
	vvs
	1366
	s
	ν(ring-C)3,7; ν(C-C)5; unresolved νip(C-H/N-C) ring6
	MR; MRH+; MRHH2+
	marked intensity decay

	1396
	vvs
	1396
	vs*
	1396
	vvs
	1395
	s*
	ν(N=N) + δ(C-C-H)1; ν(N=N) + ν(C-N)5; ν(N=N)3,6,8,9
	MR
	clear intensity decay

	1419
	vw
	
	
	
	
	
	
	ν(N-ring)7; δs(CH3)3; ν(N=N)9
	MR; MRH+; MRHH2+
	

	
	
	1449
	m
	
	
	1447
	m
	S19b[N] (19) + S21b[N] (10) + δ(C12C13H21) (14)1
	MR
	

	
	
	
	
	1456
	sh
	
	
	δs(CH3) (34) + δs(CH3’) (29)1; ν(C-ring)3; ν(C,N-rings) 19a, 19b7;
	MR; MRH+; MRHH2+
	

	1470
	m
	1468
	w
	1470
	m
	
	
	ν(ring-C)3,7; (C-N deformation)5; (N-ring) + δip(C-H)(N-ring)2
	MR
	Band disappears

	
	
	1486
	s
	1491
	sh
	1485
	vs
	ν(N-ring)7; δip(ϕc C-H)19b9
	MRH+
	

	
	
	1506
	vw
	1502
	m
	
	
	ρ(φcring)9
	
	

	
	
	1524
	w
	
	
	1527
	w
	ν(C-ring)3
	MRHH2+
	possible evidence of di-protonated methyl red

	1578
	w
	
	
	1579
	sh
	
	
	S8a[C] (61) + δ(C3C2H16) (13)1; ν(ring-C)3; ν(C-C)4; ν(COOH)5; ν(C-ring)6
	MR
	

	
	
	1585
	vs
	
	
	1585
	vs
	ν(C-ring)3,6
	MRH+; MRHH2+
	

	1594
	w
	
	
	1592
	sh
	
	
	S8a[C] (10) + Sab[C] (35)1; ν(C=O) + ν(C-C)4; ν(COOH)5
	MRH+
	

	
	
	1605
	vs
	
	
	1603
	vs
	ν(C-ring)2,3; ν(C-C)8b9
	MR; MRH+; MRHH2+
	

	
	
	1618
	vs
	1610
	m
	1617
	vs
	ν(C=C) + ν(C=N)6,7; ν(C-ring)3
	MRH+; MRHH2+
	

	3035°
	vvw
	
	
	
	
	
	
	 ν(C1H17) (15) + ν(C3H15) (30) + ν(C6H18) (54) 1; ν(C10H19) (96) 1
	MR; MRH+
	

	3071°
	vw
	
	
	
	
	
	
	ν(C3H15) (95) 1
	MRH+
	

	3081°
	sh
	
	
	
	
	
	
	ν(C11H20) (95) 1
	MRH+
	

	3097°
	vvw
	
	
	
	
	
	
	
	
	


1 Bell et al., (1998); frequencies calculated with ab initio (HF/3-21G) methods; benzene ring skeletal coordinates grouped together as symmetry coordinates assuming D6h microsymmetry, methyl group coordinates grouped as symmetry coordinates assuming C3v microsymmetry.

2Bell et al., (1998); Resonance Raman (RR) data from methyl red solutions in various solvents (toluene, methanol, H2O, 0.1 mol dm-3 KOH);
3 Park et al. (2004); experimental data from methyl red in powder form.

4 Si et al. (2012); experimental data from solid methyl red.

5 de Oliveira et al. (2009); experimental data from solid methyl red.
6Cyriac et al. (2011); experimental data collected by soft landing methyl red onto Raman active Ag colloidal substrate. 

7Bisset and Dines (1995); experimental data of methyl red adsorbed on silica.

8Michl et al. (1999); experimental data on Ag colloid/methyl red film.

9Lee et al. (2011); experimental SERS data from methyl red isomers in aqueous solution. 
Figure Captions

Figure 1. a) Chemical structures for the different methyl red species [1. Cis- and 2. Trans-form of ortho-methyl red (MR); 3. Zwitterion I (ZW-I); 4. Zwitterion II (ZW-II); 5. de-protonated (MRA-), 6. protonated (MRH+) and 7. di-protonated methyl red molecule (MRHH2+)]; b) Feasible crystal structure of METHYLRED@PALY, in which the host palygorskite framework (fractional coordinates after Giustetto and Compagnoni, 2011)[27] can accommodate methyl red molecules inside its grooves (1) and/or tunnels (2); dye-free tunnels can host zeolitic H2O (3).
Figure 2. FT-Raman spectra, collected with ( = 1064 nm, of: a) palygorskite (multiplied by a factor of 5*102); b) pristine methyl red; c) METHYLRED@PALY hybrid composite (multiplied by a factor of 102).
Figure 3. Spectra collected on pristine methyl red with: a) conventional Raman (( = 633 nm); b) FT-Raman (multiplied by a factor of 105; ( = 1064 nm); c) SERS (multiplied by a factor of 10; ( = 633 nm).
Figure 4. Spectra collected on METHYLRED@PALY hybrid composite with: a) FT-Raman (multiplied by a factor of 5*105; ( = 1064 nm); b) SERS (( = 633 nm).
Figure 5. SERS spectra collected on: a) pristine methyl red (( = 633 nm); b) METHYLRED@PALY hybrid composite (multiplied by a factor of 2; ( = 633 nm). 
