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Raman and surface enhanced Raman scattering
of a black dyed silk
T. Aguayo,a C. Garrido,a R. E. Clavijo,a J. S. Gómez-Jeria,a C. ArayaMonasterio,b

M. Icaza,b F. Espinoza Moragab and M. M. Campos Vallettea*
The Raman and surface enhanced Raman scattering (SERS) spectra of a black dyed silk sample (BDS) were registered. The
spectral analysis was performed on the basis of Raman and SERS spectral data of isolated samples of Bombyx mori silk fibroin,
its motif peptide component (GAGAGS) and the synthetic reactive black 5 dye (RB5). The macro FT-Raman spectrum of the silk
sample is consistent with a silk II-Cp crystalline fraction of Bombyx mori silk fibroin; the SERS spectrum is highly consistent
with conformational modifications of the fibroin due to the interactions with the Ag nanoparticles. The GAGAGS peptide
sequence dominates the Raman spectrum of the silk. The SERS spectrum of the peptide suggests a random coil conformation
imposed by the surface interaction; the serine residue in the new conformation is exposed to the surface. Quantum chemical
calculations for a model of the GAGAGS–Ag surface predict a nearly extended conformation at the Ag surface. The Raman
spectrum of the dye was analysed, and a complete band assignment was proposed; it was not possible to propose a
preferential orientation or organization of the molecule on the metal surface. Quantum chemical calculations for a model
of the dye interacting with a silver surface predict a rather coplanar orientation of the RB5 on the Ag metal surface. The Raman
spectrum of the BDS sample is dominated by signals from the dye; the general spectral behaviour indicates that the dye
mainly interacts with the silk through the sulphone (–SO2–) and sulphonate (–SO2–O–) groups. Besides the presence of dye
signals, mainly ascribed to the sulphone and sulphonate bands, the SERS spectrum of the BDS sample also displays bands
belonging to the amino acids alanine, glycine, serine and particularly tyrosine. Copyright © 2013 John Wiley & Sons, Ltd.
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Introduction

Non-invasive and non-destructive analytical methods are necessary
to minimize the impact in the study of works of art.[1] Laser
technologies such as Raman spectrometry and laser-induced
fluorescence are becoming fundamental in archaeometric studies
pointing to determine the materiality, and thus, stability and
origin of components, identity of the constructive technique and
authenticity of the artwork. Today, the vibrational spectroscopy,
and in particular the Raman microscopy along with portable
instrumentation, is one of the most powerful techniques
used.[2–5] However, the fluorescence of particular materials such
as organic dyes and big organic molecular systems mask the
Raman signals. This problematic has been overcome, in a first ap-
proach by using different wavelengths for excitation. Moreover,
the selective use of excitation lasers is beneficial for avoiding art-
work degradation. However, when no improvements are ob-
served, micro-destructives analyses are carried out by using
nanostructured roughmetal surfaces, mainly Au and Ag colloidal
systems to interact with a micro-sample. This technique de-
scribed as surface enhanced Raman scattering (SERS) also allows
analytical investigation with sample traces.
Pigments and binding media,[6] glasses, crystals and

ceramics,[7,8] dyed tissues[9–11] and silks[12,13] besides a large
range of other materials have been studied by using the Raman
techniques and accessories. On the basis of polarized
micro-Raman data and the deconvolution of the amide I band
(~1670 cm�1), Pézolet et al.[12] determined the orientation and
conformation of proteins of three types of silks from Bombyx mori
J. Raman Spectrosc. 2013, 44, 1238–1245
and Samia cynthia ricini warms, and Nephila clavipes and Nephila
edulia spiders; authors identified and assigned bands ascribed to
the fibroinic motifs GAGAGS (G Gly, A Ala and S Ser). Two kinds of
crystalline modifications, silk I and silk II, as well as the random
coil form, exist as dimorphs in silk fibroin from Bombyx mori in
the solid state. X-ray diffraction studies determine that the
conformation of silk II is an antiparallel β-sheet form. However,
the conformation of silk I appears to be not well defined, as
compared with that of silk II.[13] Works by Asakura et al.[14] and
references cited therein indicate that other conformations than
α-helix are verified for silk I. Studies on the amino acidic
composition have been developed during the last years, and
the most repeating unit in the crystalline fraction seems to be
the hexapeptide GAGAGS. G, A and S conform 85% of the fibroin.

A complete Raman spectral study of silk I from Bombyx mori
was performed by Monti et al.;[15] besides the intense amide I
band, authors described other intense bands at 1270 and
1240 cm�1 as belonging to the amide III mode, and a tyrosine
band at 854 cm�1. These bands are characteristics of silk fibroin.
In order to obtain more information about the structure of
Copyright © 2013 John Wiley & Sons, Ltd.
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Bombyx mori silk fibroin, Monti et al.[16] synthesized and analysed
by Raman spectroscopy model peptides containing tyrosine (Y),
valine (V) and serine in the basic (AG)n sequence; information
about their conformation and the formation and/or disruption
of the ordered structure typical of B. mori silk fibroin upon incor-
poration of Y, V, and S residues into the basic (AG)n sequence
was obtained. The Raman results indicated that the silk I structure
remains stable only when the Y residue is positioned near the
chain terminus.

Raman resonant spectra of reactive black 5 dye (RB5) in different
textile sampleswere registered by Abbott et al.;[17] spectra are dom-
inated by RB5 signals. On the other hand, the spectrum of the
Sudan Black B dye was studied by Geiman et al.[18] by using SERS
and Ag colloids alongwith the 633 and 785nm laser lines; the spec-
trum displays intense bands at about 1150, 1200 and 1300 cm�1.
Uddin and Hosain[19] reported that reactive dyes resulted more ap-
propriated than acid dyes in relation to the silk fibroin stability and
colour fastness; a mechanism describing a silk–reactive dye cova-
lent interaction was proposed. The RB5 stability was studied under
inappropriate conservation environmental conditions.[20] In gen-
eral, reactive dyes display high reactivity and fixation.[21]

On the basis of the already exposed arguments, we propose to
study a black dyed silk (BDS) fibroin sample from pure silk fibroin,
the GAGAGS peptide silk fibroin component and the black 5 dye
by using Raman and SERS spectroscopies. The RB5 dye was
chosen as a model compound since it contains several structural
fragments and then different reactivity, which can be followed
through vibrational tools. On this basis, we intend to give insights
about the interaction and eventual chemical reactivity between
different components of the system mentioned above. In order
to complement the analysis of the SERS experiment for the RB5
dye and the GAGAGS peptide, a theoretical study based on the
Extended Hückel Theory (EHT) method for a molecular model of
the dye–surface and peptide–surface interaction was performed.
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Experimental

Samples

Solid peptide GAGAGS supplied by Genscript with a purity of
99.2% was used without further purification. The molecular
weight is 418.4 g/mol. Stock solutions of the peptide in nanopure
water (18.1–18.3 MΩ) were prepared to a final concentration of
10�3M. Sericin from the Bombyx mori silk sample (obtained from
worm's cocoon) was eliminated following traditional procedures,
that is by using 4 g/l soap and 1 g/l soda ash (Na2CO3) and
adjusting the pH to the 9.5–10 range. The bath/silk ratio was
30/1 in weight; the process was carried out at constant boiling
temperature for 60min. The final product (hereafter mentioned
just as silk) was washed in hot water by 15min and, at the end,
washed with cold water. RB5 was obtained from Sigma–Aldrich
with a dye content of 55%. BDS was prepared by submerging a
small sample of the degummed silk into a dyeing bath consisting
in 485μl of nanopure water with 15μl of a 5.5mol/l solution of
RB5 in the presence of NaCl as electrolyte.

Preparation of silver nanoparticles

Silver nanoparticles were prepared by chemical reduction of silver
nitrate with hydroxylamine.[22] The size distribution of the
nanoparticles is in the range 60–150nm, with themost probable size
around 80nm;[22] the FWHM of the silver colloids is 90nm. The
J. Raman Spectrosc. 2013, 44, 1238–1245 Copyright © 2013 Joh
aqueous solutions utilized for the Ag–NP formation were prepared
by using nanopure water. The colloid shows a milky grey colour,
and its extinction spectrum showed a maximum c.a. 411nm. For
the extinction spectra, a diode array spectrophotometer Hewlett
Packard 8452 A was used. A control of the purity of the colloidal
solution was carried out by measuring the Raman spectrum from
aggregates dried over a quartz slide at room temperature; only
bands due to νAg–Cl at c.a. 236 cm�1 were observed.

Raman instrumentation

The Raman and SERS spectra of the peptide, RB5 and BDS
samples were measured with a Renishaw micro-Raman system
(RM1000) using as excitation the 514 nm for the BDS SERS
measurement and the 785 nm laser line for the other molecular
systems, unless noted otherwise. This instrument is equipped
with a Leica microscope and an electrically cooled CCD camera.
The signal was calibrated by using the 520 cm�1 line of a Si wafer
and a 50x objective. The laser power on the sample was 2mW.
The resolution was set to 4 cm�1 and 5 to 20 scans of 10 s each
were averaged. Spectra were recorded in the 200–1800 cm�1

region. The spectral scanning conditions were chosen to avoid
sample degradation. FT-Raman spectra of pure silk and its motif
peptide were obtained using a FRS-100/s Bruker spectrometer
with the 1064 nm excitation laser line from a Nd:YAG source,
and a liquid nitrogen cooled Ge detector. The maximum laser
power at the sample was in the 50–100mW range.

Sample preparation for Raman and SERS measurements

GAGAGS peptide was placed on a quartz slide and cooled down;
a spectrum was obtained at 12 °C (controlled by a non-contact
thermometer). A spectrum was obtained from the sample after
it reached 22 °C (room temperature). Aqueous solution of the
GAGAGS peptide was mixed with the silver colloid solution up
to a final concentration of 10�3mol/l. The sample was then
placed onto a quartz slide and dried at room temperature. The
SERS spectrum of the solid aggregates was obtained after
evaporation of the solution. The silk sample was left in a closed
chamber to interact with the silver colloid for at least 72 h. The
sample was placed on a glass slide with a small well and covered
with a thin glass to avoid the sample to get dry. Raman spectrum
was acquired over silver microscopic clusters formed on the fiber.
Raman spectra of RB5 and the BDS samples were registered on
glass or quartz slides depending on the laser line used. The SERS
spectrum of BDS was obtained by the same procedure used to
obtain the SERS spectrum of silk. The SERS spectrum of the RB5
dye was obtained from a 10�4M solution of the dye following
the same procedure used for the GAGAGS peptide.

Molecular model and calculations

Simplified molecular models for the GAGAGS–Ag and RB5–Ag
surface interaction were built. A face-centred cubic structure with
d(Ag–Ag) = 4.08 Å was built and trimmed to get a planar single
layer composed of 800 silver atoms.[23–29] The layer size is to
prevent that any part of the molecules could interact with its
border. In the silver metallic layer, the valence and conduction
bands overlap,[30] indicating that this model represents well a
metal surface. The HOMO and LUMO, which have a π character,
are located over almost all the Ag atoms with the exception of
the centre of the surface. GAGAGS was studied in its neutral form,
n Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jrs
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whereas RB5 dye was studied in its full ionized (anion) state.
Molecular mechanics at the OPLS parameterization level was
used to optimize the molecule–Ag geometry, keeping the Ag
layer geometry constant in each case. The molecules were placed
at different distances and orientations from the center of the Ag
layer. EHT was used to calculate the wave function of the dye. EHT
calculations produce qualitative or semi quantitative descriptions
of the molecular orbitals and electronic properties.[31] EHT may be
regarded as a method of simulating Hartree–Fock (HF) calculations
by guessing the elements of the HF Hamiltonian matrix through
the use of the Wolfsberg–Helmholtz approximation. It was shown
that, within the Hartree–Fock–Rudenberg picture, EHT is compati-
ble with the nonempirical HF method in Roothaan's form.[32] These
facts explain why EHT is qualitatively successful. The design of the
surface was made in order to correlate the enhanced bands in
the SERS spectrum with the molecular affinity towards the Ag sur-
face. The Hyperchem program was used.[33] The combination of
EHT with molecular mechanics was able to give, for example, a
good qualitative explanation of our previous SERS works in pep-
tides,[23–25] nanotubes,[26] tryptophan,[27] lysine,[28] humic acids[29]

and 4-hydroxyproline and proline[34] interacting with Ag surfaces.
Results and discussion

Raman, FT-Raman and SERS spectra of GAGAGS

Raman spectrum

The following Raman spectral assignment of GAGAGS is based
on previous works concerning peptides[23,24] and amino acids
(Table 1).[35] Three Raman bands at 1660, 1234 and 926 cm�1

are ascribed to amide I, amide III and skeletal modes, respec-
tively (see Fig. 1a). The energy range is consistent with at
least two coexisting β-sheet and a random coil or α-helix
conformations,[36] and with the fact that several bands display
a double composition or are asymmetric. The broad and very
weak band at 1539 cm�1 probably contains information about
the carboxylate and amino groups. The bands at 1443 and
1265 cm�1 are assigned to CH2 deformation modes of the
serine and alanine components. A very weak double band at
about 1304 and 1322 cm�1 are ascribed to CH deformations
of the serine and glycine residues. The band at 1158 cm�1 is
probably a coupled vibration involving the νCC and νC–OH
modes, the last being ascribed to the serine moiety. The
medium strong band at 1086 cm�1 is a νCC skeletal random
coil and β-sheet mode, following Monti et al.[15,16] An intensity
decreasing of the band at 1086 cm�1 along with the appear-
ance of the 1102 cm�1 band was observed by increasing the
temperature (Fig. 1); the Raman spectral profile of GAGAGS
at room temperature suggests that different conformations
could coexist. The temperature increase induces spectral
changes mainly concerning bandwidth increasing, wavenumber
shifts and band intensity modifications, the whole suggesting
conformational changes and or an increasing of coexisting con-
formational species. Following Martel et al.,[37] we propose a
crystalline β-sheet to α-helical conformational transition. Thus,
the temperature increasing effect induces a loss of crystallinity
of the sample. However, only the amide III band shifts to
higher wavenumbers as it is expected for a β-sheet to α-helix
transition.[36] Another νC–OH mode of the serine fragment is
observed at 1002 cm�1. A rocking ρCH mode is assigned to
the medium and weak bands at 976 and 883 cm�1,
wileyonlinelibrary.com/journal/jrs Copyright © 2013 John
respectively. The weak band at 951 cm�1 is a rocking mode
of the CH3 group of the alanine residue. The doublet at about
858 cm�1 contains information of the νCC and νCN modes. CH2

deformations of the alanine moiety are ascribed to the weak
bands at 724 and about 795 cm�1. A weak band at 600 cm�1

could be attributed to an amide IV mode. The bands at 429
and 410 cm�1 are assigned to δCCH and δCCN modes. Alkyl
groups with OH and NH functionality vibrations are probably
below 300 cm�1.

SERS spectrum of GAGAGS

Several spectral changes by surface effect have been observed
(Fig. 2). Typical bands ascribed to the amide I, III and skeletal
modes at 1661, 1246 and 924 cm�1 in Raman at room tempera-
ture shift in the SERS spectrum to 1668, 1241 and 932 cm�1,
respectively. The relative intensity of the bands also changes.
Such spectral behaviour is consistent with conformational
modifications. The general profile suggests that the surface
induces a random coil conformation. Two bands at 1432 and
1274 cm�1 attributed to CH deformations of serine and alanine
moieties display a spectral behaviour by surface effect highly
consistent with a metal analyte interaction. The band ascribed
to the skeletal vibration of the serine moiety at 1059 cm�1

increases notoriously its intensity and shifts to 1056 cm�1; spec-
tral changes for the skeletal serine band at about 846 cm�1 are
also observed. The present theoretical calculations predict that
the GAGAGS molecule adopts an almost extended conformation
at the Ag surface level as it is shown in Fig. 3. The NH2 group at
one extreme is pointing away from the surface. The oxygen
atoms from the carboxylic and hydroxyl groups of the serine
residue at the right hand of the peptide in Fig. 3 are pointing
towards the surface at 3.3–3.7 Å. The N of the NH group close
to the NH2 terminal is at about 3.4 Å from the surface. The O atom
from the second CO group from left to right is at a distance of
3.2 Å from the surface. The O and N atoms of the central part of
the hexapeptide skeleton are pointing away from the surface.
No charge transfer between the polypeptide and the Ag surface
is inferred. By accepting that the GAGAGS molecule is oriented
as in Fig. 3, but on a hot spot, and the laser line is perpendicular
to the metal surface; for instance, the CC aliphatic fragment band
of the serine residue at 1059 cm�1 should be enhanced; in fact,
this band increases its relative intensity by surface effect, and it
is observed in the SERS spectrum at 1056 cm�1. Thus, the calcu-
lated conformation is in good agreement with the spectral
changes observed in the SERS spectrum.

Raman, FT-Raman and SERS spectra of silk

Raman spectrum

The FT-Raman spectrum of silk here used resulted rather
identical, Fig. 2c, to that reported by Monti et al.[15] for the silk
II-Cp crystalline fraction of Bombyx mori silk fibroin. The Raman
band assignment here performed is highly coincident with that
proposed in the literature.[15,16] The present silk sample is then
mainly composed by the motif peptide GAGAGS, which is
consistent with the silk II-Cp structure (Table 1).

SERS spectrum

Several spectral changes involving band intensity variations and
wavenumber shifts by surface effect were observed, Fig. 2d.
The SERS bands are clearly defined. The amide I band at
Wiley & Sons, Ltd. J. Raman Spectrosc. 2013, 44, 1238–1245
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Figure 1. Raman spectra of GAGAGS at a) low (12 °C) and b) room
temperature (25 °C).

Figure 2. a) Raman and b) SERS spectra of the GAGAGS peptide and c)
FT-Raman and d) SERS spectra of the silk sample.
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1665 cm�1 shifts to 1651 cm�1 and its intensity decreases by sur-
face effect; the intensity of the amide III band at
1229 cm�1decreases drastically, and the skeletal mode is clearly
observed at 924 cm�1. This set of spectral changes indicates that
the silk structure adopts a new conformation on the metal
surface. Bands at 1432, 1398, 1265 and 706 cm�1 are now
observed with different spectral characteristics compared with
the Raman spectrum, Fig. 2c. In particular, the carboxylic band
at 1398 cm�1 increases notoriously its intensity by surface effect
which suggests that the carboxylic fragment is close to the
surface and or that the corresponding stretching symmetric
Wiley & Sons, Ltd. J. Raman Spectrosc. 2013, 44, 1238–1245



Figure 3. Predicted molecular model for the GAGAGS–Ag layer
interaction.

Figure 4. a) Raman and b) SERS spectra of the reactive black 5 dye (RB5)
and c) Raman and d) SERS spectra of the black dyed silk in the
200–1800 cm�1 spectral region.

Raman and SERS of a black dyed silk
mode has its resulting polarizability component perpendicular to
the surface or parallel to the incident laser line. According to the
SERS selection rules, an intensity increasing of a band will be ver-
ified when the αzz polarizability component of the vibrational
mode is parallel to the polarization plane of the electrical field
of the incident laser beam.[38] According to the calculation indi-
cating that the OH and COOH groups of the serine residue point
to the surface, the observed band increasing of the band at
1398 cm�1 should be due to the interaction or proximity of the
COOH group with the metal surface. The band of serine at
1297 cm�1 appears by surface effect, while the νC–OH mode at
1004 cm�1 in Raman is not observed in SERS, suggesting that
residue is close to the surface and that the νC–OH vibration
occurs parallel to the surface. Another serine vibration observed
in Raman at 1160 cm�1 decreases its relative intensity in SERS;
this confirms the idea that the serine νC–OH vibration is parallel
to the surface and that the coupled νCC, νC–OH vibration is
probably dominated by the νCC mode. Thus, the SERS spectrum
of the silk indicates that the serine and the alanine residues are
close to the metal surface and that the fibroin adopts a different
conformation compared with that inferred from the Raman data
of the solid.
1
2
4

Raman and SERS spectra of the RB5

Raman spectrum

The Raman spectrum of RB5, displays a similar profile to that
recorded by Abbott et al.[15] by using the 514 nm laser line and
nearly identical to that reported by Buzzini[39] using the 785 nm
laser line. In the present case, we report the 200 to 1800 cm�1

spectral range exciting with the 785 nm laser line (Fig. 4a). The
vibrational assignment is performed on the basis of general
information[40,41] and some specific works.[42,43] The bands at
1291, 1187 and 1092 cm�1 are ascribed to stretching vibrations
of the sulphate –OSO2O– group; a deformation of this group is
ascribed to the weak broad band observed at 746 cm�1. At least
two sulphonate –SO2O– group bands are observed at 1233 and
1162 cm�1. Bands of the sulphone –SO2– fragment are observed
at 1347, 1028, 624 and 589 cm�1; the double band 1134 cm�1

probably contains a νCC alkane vibration. Another mode
involving the aliphatic CC bond is observed at 832 cm�1. The
weak bands at 940 and 916 cm�1 are assigned to ρCH modes.
Bands at 412 and 260 cm�1 probably involve the –SO2– moiety.
J. Raman Spectrosc. 2013, 44, 1238–1245 Copyright © 2013 Joh
The strong band at 1599 cm�1 and the shoulder at 1585 cm�1

correspond to the aromatic ring stretching vibrations of the phe-
nyl and naphtyl moieties, respectively. The band at 1013 cm�1

could be ascribed to a breathing mode of the benzene rings. A
NH2 wagging mode is observed at 649 cm�1 while deformation
modes of the same group are expected in the 400–300 cm�1

spectral range. The weak band at 1504 cm�1 is ascribed to
aromatic CC,CN stretching modes; the shoulder at 1421 cm�1

could be ascribed to a trans –N=N– conformation; however, this
mode is expected to display a stronger intensity.[39] In this case,
the band is masked by the aromatic ring vibration at
1399 cm�1. The strong band at 489 cm�1 is attributed to an
out-of-plane CCC ring deformation of the naphthalene
fragment;[41,42] in our infrared spectrum, available on request, this
band displays a very weak intensity (Table 1).

SERS spectrum

The Raman spectrum of RB5 displays some spectral modifications
by metal surface effect. In fact, Raman bands ascribed to the
sulphone group at 1347, 1134, 1028, 624, 589 and 412 cm�1

display spectral changes associated to wavenumber shifts and
or intensity variations by surface effect, Fig. 4b. Similar situation
is observed for the sulphonate bands at 1233 and 1162 cm�1.
This is consistent with a preferential orientation of the sulphone
and sulphonate groups to the metal surface. No spectral
modifications by surface effect were observed for the phenyl,
naphthyl, sulphate and some aliphatic bands, suggesting that
the corresponding fragments are just close to the metal surface,
without a preferential orientation on the surface. However, the
band at 1504 cm�1 in Raman increases its intensity by metal ef-
fect suggesting that the corresponding aromatic CC,CN fragment
is close to the metal. A trans conformation of the azo group is
inferred from the presence of the band at 1421 cm�1, which is
n Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jrs
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Figure 5. Predicted molecular model for the reactive black 5 dye–Ag
layer interaction.
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now clearly defined due to the weakening of the shoulder at
1399 cm�1. Considering the structural complexity of the RB5
dye, it is difficult to propose a preferential orientation or
organization of the compound on the surface. However, a rather
plane parallel orientation of the molecule on the metal surface
cannot be neglected; in fact, the present theoretical calculations
predict a rather coplanar orientation of the RB5 on the Ag metal
surface (Fig. 5). The lowest occupied and empty MOs of RB5 are
located in the –N=N– moiety, which is far enough from the
surface to allow charge transfer. The main dye metal distances
are in the 3.5–3.8 Å range for the S–Ag interaction and in the
2.8–3.2 Å range for the O–Ag interaction of the sulphone,
sulphonate and sulphate groups. This model is in well agreement
with the SERS spectrum, since the aromatic CC,CN (1503 cm�1)
and –N=N– (1421 cm�1) groups appear in a rather angular posi-
tion towards the surface compared to the naphthalene moiety,
and thus explaining the intensification in these bands. Finally,
no bands ascribed to a chemical interaction between the dye
and the surface were observed.
Raman and SERS spectra of the BDS sample

Raman spectrum

The Raman spectrum of the silk dyed sample is dominated by the
Raman signals of the RB5 colorant as observed by Abbot et al.[17]

in different textile fibers. However, some spectral changes
allowed infer about the nature of the dye–silk (BDS) interaction.
In fact, bands mainly associated to the sulfur-containing frag-
ments are influenced the most. This is the case for the ν–SO2O–
vibration at 1233 cm�1 of the colorant, which is observed at
1219 cm�1 and decreases in intensity in the BDS compound,
Fig. 4c. The sulphate –OSO2–O– group is less influenced by the
silk–dye interaction than that observed for the sulphonate group:
the 1291 cm�1 band intensity increase is the unique spectral
change involving the sulphate moiety. Bands ascribed to the –

SO2– group at 1347, 1028, 624 and 589 cm�1 are also influenced
by the interaction, showing a great decrease in the Raman
intensity. On the basis of the above results, it is possible to infer
that the dye mainly interacts with the silk through the sulphone
and sulphonate groups. This result agrees with studies in reactive
black dyed cellulose fibers in which the proposed interaction
mechanism involves an elimination of the sulphate group along
wileyonlinelibrary.com/journal/jrs Copyright © 2013 John
with a nucleophilic addition of the hydroxyl group of cellulose
through a covalent binding (Table 1).[44]

SERS spectrum

The SERS spectral analysis of the BDS sample indicates that several
observed bands are attributable to RB5 (Fig. 4). The weak bands at
1411 cm�1, assigned to stretching vibrations of the –N=N– azo
group, and sulphone band at 1343 cm�1. Other sulfur-containing
Raman bands are not observed in SERS. The medium band at
1286 cm�1 may be assigned to an aromatic stretching vibration;[42]

it was observed in the Raman spectrum at 1291 cm�1 with a very
strong relative intensity. According to the SERS selection rules,[38]

the band intensity modifications indicate a particular orientation of
a chemical group on the metal surface. The spectral shifting
observed by surface effect for the sulfur-containing bands suggests
that the electronic of the dye was influenced by the metal or by
the silk system interaction or both.

The double band at about 1577 cm�1 that might be
attributable to the naphthalene moiety is now more defined
and intense. It cannot be discarded that modes involving
vibrations of the amino fragment of the silk amino acid
components are also present. In fact, the bands at 848 and
1150 cm�1, and the asymmetric one at 1577 cm�1, could contain
information on the presence tyrosine (Tyr) modes following
Garrido et al.[23] The weak band at 1451 cm�1, the medium band
at 1268 cm�1 and one band of the double band at 1150 cm�1 are
ascribed to vibrational modes of the serine amino acid;[45] the
two first bands could also contain information of the CH2

deformation of the alanine residue. Another CH2 deformation of
alanine is observed only in SERS at 670 cm�1. Two bands of serine
are only observed in Raman at 1047 and 831 cm�1. The observed
spectral behaviour by surface effect for the amino acidic
components of the dyed silk system suggests that the silk moiety
adopts a particular orientation on the metal surface. Other
conformational bands namely the amide III at 1236 cm�1 and
the very weak band ascribed to the skeletal mode at 927 cm�1

appear by surface effect. Thus, a defined structure or
conformation for the silk component in the silk dye adduct
cannot be inferred from the SERS data. Finally, the intensity of
the skeletal deformation of the naphthalene moiety at
490 cm�1 decreases by surface effect maintaining about the
same wavenumber. This molecular fragment is poorly influenced
by the silk and the metal surface.
Conclusions

The identification of conformational Raman bands at 1661, 1246
and 924 cm�1 of the peptide GAGAGS and the asymmetry of
several bands resulted highly consistent with at least two
coexisting conformations. A structural transition from a
crystalline β-sheet to an α-helical conformation was inferred from
the Raman spectrum by increasing the temperature of the
GAGAGS sample. The silk sample resulted to be mainly a silk II-
Cp crystalline fraction of Bombyx mori silk fibroin. The SERS
spectrum of the silk indicates that the serine and the alanine
residues are closer, or more abundant, near the metal surface
and that a different conformation is inferred from the SERS data
compared to the Raman data of the solid. The Raman spectrum
is different from that of the motif peptide GAGAGS due to the
amorphous structural component, i.e. the presence of tyrosine
bands. The SERS spectrum of GAGAGS indicates that the peptide
Wiley & Sons, Ltd. J. Raman Spectrosc. 2013, 44, 1238–1245
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acquires a new disordered conformation on the surface. The
serine residue is close to the surface, but no chemical interaction
is inferred. The proposed structural model for the GAGAGS–Ag
surface system suggests that no charge transfer between the
polypeptide and the Ag surface should be verified. The RB5
displays a set of Raman bands belonging to the sulphate,
sulphonate and sulphone fragments, along with other
structurally characteristics bands; the SERS spectrum and
theoretical data indicate that the dye could be preferentially
orientated planar to the metal surface. The proposed structural
model for the dye–Ag surface system suggests that the dye–Ag
interaction is almost totally electrostatic. The Raman spectrum
of the dyed silk sample is dominated by signals from the dye,
displaying Raman shifts and intensity modifications compared
with the dye Raman spectrum. The spectral modifications mainly
involve bands belonging to chemical groups containing the dye
sulfur atom, which is interpreted in terms that general spectral
changes are induced by the silk–dye interaction. Spectral
changes were observed in the Raman spectrum of the silk–dye
interacting system by surface effect; bands belonging to the
black dye mainly those corresponding to the sulphone and
sulphonate bands display some intensity and wavenumber
variations by surface effect, which means that the dye system
adopts a different orientation and organization onto the surface.
It is also possible that these structural variations are induced
because of the silk interaction. No defined structure or conforma-
tion for the silk component in the dyed silk system is inferred
from the SERS data; however, some amino acids are now exposed
to the surface. This is the case for some SERS signals observed for
the amino acids alanine, glycine, serine and tyrosine. Thus, the
amorphous regions of the silk are now exposed to the surface.
This fact, along with the predominance of the dye spectrum over
the dyed silk spectrum, gives highlights about how physical and
chemical–physical properties of components could undergo
conservation problems in historic dyed silk costumes.

Acknowledgments

This contribution was financially supported by Fondecyt project
1110106. T.A.A. acknowledges a Doctoral Fellowship from
CONICYT. C.G. acknowledges Doctoral and AT-24121659
Fellowships from CONICYT. The authors wish to thank Dr. Dalva
L. A. de Faria (University of São Paulo, Brazil) for critical reading
of the manuscript and for allowing us to use their equipment.
We also thank to Hugo Carlos Enciso from the Laboratorio de
Seda Centro de Investigación y Desarrollo Textil, Instituto
Nacional de Tecnología Industrial (Buenos Aires, Argentina),
who kindly supplied the worm's cocoon.

References
[1] E. Ciliberto, G. Spoto (Eds.), Modern Analytical Methods in Art

and Archeology, John Wiley and Sons Inc., New York, 2000.
[2] P. Vandenabeele, H. G. M. Edwards, L. Moens, Chem. Rev. 2007, 107, 675.
[3] R. J. H. Clark, Appl. Phys. A 2007, 89, 833.
[4] L. Burgio, R. J. H. Clark, V. Muralha, T. Stanley, J. Raman Spectros.

2008, 39, 1482.
[5] C. Coupry, D. Brissaud, in Raman Microscopy (Eds.: G. Turrell, J.

Corset), Academic Press, London, 1996, pp. 421–450.
[6] D. Marano, S. E. Andriano, I. M. Catlano, G. Daurelio, V. Zolla, A. F.

Pellerano, Lasers in the Conservation of Artworks, in Proceedings
of the International Conference Lacona VII, Madrid, September
2007, CRC Press, Madrid, 2008, p. 120.
J. Raman Spectrosc. 2013, 44, 1238–1245 Copyright © 2013 Joh
[7] P. Colomban, V. Milande, H. Lucas, J. Raman Spectros. 2004, 35, 68.
[8] P. Vandenabeele, K. Castro, M. Hargreaves, L. Moens, J. M.

Madariaga, H. G. M. Edwards, Anal. Chim. Acta 2007, 588, 108.
[9] J. S. Mills, R. White, The organic chemistry of Museum objects,

Butterworth and Co. Elsevier Science Ltd., London, 1994.
[10] M. V. Cañamares, J. V. García Ramos, C. Domingo, S. Sánchez Cortés,

J. Raman Spectros. 2004, 35, 921.
[11] M. V. Cañamares, J. V. García Ramos, C. Domingo, S. Sánchez Cortés,

Vib. Spectros. 2006, 40, 141.
[12] T. Lefèvre, M. E. Rousseau, M. Pézolet, Biophys. J. 2007, 92, 2885.
[13] T. Asakura, A. Kuzuhara, R. Tabeta, H. Saito,Macromolecules 1985, 18,

1841.
[14] T. Asakura, J. Ashida, T. Yamane, T. Kameda, Y. Nakazawa, K. Ohgo, K.

Komatsu, J. Mol. Biol. 2001, 306, 291.
[15] P. Monti, P. Taddei, G. Freddi, T. Asakura, M. Tsukada, J. Raman

Spectros. 2001, 32, 103.
[16] P. Taddei, T. Asakura, J. Yao, P. Monti, Biopolymers 2004, 75, 314.
[17] L. C. Abbott, S. N. Batchelor, J. R. Lindsay Smith, J. N. Moore, Forensic

Sci. Int. 2010, 202, 54.
[18] I. Geiman, M. Leona, J. R. Lombardi, J. Forensic Sci. 2009, 54, 947.
[19] K. Uddin, S. Hossain. Int. J. Eng. Tech. IJET-IJENS 2010, 10, 21.
[20] A. Riva, R. Prieto,M. Neznakomova. Boletín INTEXTER (U.P.C.)2001, 119, 35.
[21] D. Agarwal, K. Sen, M. L. Gulrajani, J. Soc. Dyers Colour. 1997, 113, 174.
[22] N. Leopold, B. J. Lendl, J. Phys. Chem. B 2003, 107, 5723.
[23] C. Garrido, A. E. Aliaga, J. S. Gómez-Jeria, J. J. Cárcamo, E. Clavijo, M.

M. Campos-Vallette, Vib. Spectros. 2012, 61, 94.
[24] A. E. Aliaga, T. Aguayo, C. Garrido, E. Clavijo, E. Hevia, J. S. Gómez-

Jeria, P. Leyton, M. M. Campos-Vallette, S. Sanchez-Cortes, Biopoly-
mers 2011, 95, 135.

[25] A. E. Aliaga, H. Ahumada, K. Sepúlveda, J. S. Gómez-Jeria, C. Garrido,
B. E.Weiss-López,M.M. Campos-Vallette, J. Phys. Chem. C2011, 115, 3982.

[26] P. Leyton, J. S. Gómez-Jeria, S. Sanchez-Cortes, C. Domingo, M. M.
Campos-Vallette, J. Phys. Chem. B 2006, 110, 6470.

[27] A. E. Aliaga, P. Leyton, I. Osorio-Román, C. Garrido, J. Cárcamo, C.
Caniulef, F. Célis, G. Díaz F., E. Clavijo, J. S. Gómez-Jeria, M. M.
Campos-Vallette, J. Raman Spectros. 2009, 40, 164.

[28] A. Aliaga, I. Osorio-Román, C. Garrido, P. Leyton, J. Cárcamo, E. Clavijo, J.
S. Gómez-Jeria, G. Diaz F., M. M. Campos Vallette, Vib. Spectros. 2009,
50, 131.

[29] P. Leyton, I. Córdova, P. A. Lizama-Vergara, J. S. Gómez-Jeria, A. E.
Aliaga, M. M. Campos-Vallette, E. Clavijo, J. V. García-Ramos, S.
Sánchez-Cortes, Vib. Spectros. 2008, 46, 77.

[30] J. S. Gómez-Jeria, J. Chil. Chem. Soc. 2006, 51, 1061.
[31] J. S. Gómez-Jeria, J. Comput. Theor. Nanosci. 2009, 6, 1361.
[32] W. Koch, Int. J. Quant. Chem. 2000, 76, 148.
[33] Hypercube Inc. 1115 NW 4th Street, Gainesville, Florida, FL 32601, USA.
[34] J. J. Cárcamo, A. E. Aliaga, E. Clavijo, C. Garrido, J. S. Gómez-Jeria, M.

M. Campos-Vallette, J. Raman Spectros. 2012, 43, 750.
[35] G. Zhu, X. Zhu, Q. Fan, X. Wan, Spectrochim. Acta A 2011, 78, 1187.
[36] B. G. Frushour, J. L. Koenig, Biopolymers 1975, 14, 379.
[37] A. Martel, M. Burghammer, R. J. Davies, E. Di Cola, Ch. Vendrely, Ch.

Riekel, J. Am. Chem. Soc. 2008, 130, 17070.
[38] M. Moskovits, Rev. Mod. Phys. 1985, 57, 783.
[39] P. Buzzini, (Thesis) L'application de la spectroscopie Raman en

criminalistique pour l'analyse du colorant des fibres textiles en
acrylique, coton et laine. Université de Lausanne. Faculté de Droit
et Sciences Criminelles, Massonnet G. (Dir.), 2007.

[40] D. Lin-Vien, N. B. Colthup, W. G. Fateley, J. G. Graselli, The Handbook
of Infrared and Raman Characteristic Frequencies of Organic Mole-
cules, Academic Press, Boston, 1991.

[41] G. Socrates, Infrared and Raman Characteristic Group Frequencies,
Tables and Charts, John Wiley & Sons, Chichester, 2001.

[42] P. Vandenabeele, L. Moens, H. G. M. Edwards, R. Dams, J. Raman
Spectros. 2000, 31, 509.

[43] G. Diaz Fleming, F. Célis, C. Fredes, M. Campos-Vallette, A. E. Aliaga,
R. Koch, J. Raman Spectros. 2010, 41, 160.

[44] A. I. Del Río García, (Thesis) Estudio de la Reducción, Oxidación y Oxido-
Reducción Electroquímica Aplicado a la Decoloración/Degradación de
Aguas de Tinturas Textiles que Contienen Colorantes Reactivos con
Grupos Funcionales Azo como Cromóforos, Universidad Politécnica
de Valencia, Departamento de Ingeniería Textil y Papelera, 2011,
pp. 23–25.

[45] C. Garrido, A. E. Aliaga, J. S. Gómez-Jeria, R. E. Clavijo, M. M. Campos-
Vallette, S. Sanchez-Cortes, J. Raman Spectros. 2010, 41, 1149.
 2

4

n Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jrs

5


