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ABSTRACT: In this work, a structural analysis of the polyphenol complexes with
iron and copper at several conditions is reported. The investigated polyphenols were
tannic acid, gallic acid, pyrogallol, and syringic acid, being components and molecular
models of the gallnuts usually employed in the past in fabrication of iron gall inks
(IGIs). Commercial tannic acid extracted from gallnuts, which is a complex mixture of
different gallotannins and simpler galloylglucoses, was also employed in this analysis.
This analysis comprised the use of Raman, Fourier-transform infrared (FTIR), UV−
vis absorption, and fluorescence spectroscopy. The complexation of iron with these
molecules leads to a strong change in color due to the deep restructuring of the
polyphenol that can be clearly seen by Raman and FTIR spectra. Three main Raman
bands appeared at 1450−1490 cm−1 (ν1), 1320−1345 cm−1 (ν2), and 400−650 cm−1

(ν3), which are characteristic of the metal complexes. The structural changes of the
polyphenol complexes with iron were also investigated at different pHs and different
polyphenol/iron stoichiometries. Other effects of the interaction of polyphenols with
iron are the pH decrease of the mixture upon metal complexation and fluorescence quenching induced by the interaction of iron.
This quenching is important since it facilitates the Raman inspection of manuscripts since polyphenols show a strong fluorescence
emission that overlaps the Raman spectrum. Furthermore, DFT calculations were performed for the first time on the gallic acid
complex with iron in order to elaborate a detailed assignment of the vibrational modes of polyphenols and their metal complexes,
something that was missed in previous applications of Raman to IGIs.

■ INTRODUCTION
The investigation of inks is crucial in many aspects. In forensic
science, the analysis of inks can reveal information about the
origin and nature of the ink, which is transcendental in
authenticity determination and forgery discovery when dealing
with documents. Raman spectroscopy has been demonstrated
to be very useful in the identification of the colorants employed
in the fabrication of inks. In fact, a great deal of information
coming from the Raman analysis of inks regarding forensics has
been published.1,2

Before the appearance of synthetic colorants in the second
half of the 19th century in Western countries, the most
frequently used were iron gall inks (IGIs). This kind of ink was
employed from the 3rd century, although its use was
generalized after the 13th century until the 19th century.3

Thus, the investigation of IGIs is of a great importance in the
study of historical manuscripts with many implications in
cultural heritage. However, the structure of the actual colorant
in IGIs is still a matter of controversy. In fact, the structure of
the specific true colorant of IGI has been a subject of a long
discussion from the first investigations carried out in this sense

by Wunderlich et al.,4,5 who proposed a model based on the
interaction of several gallate anions with iron in which both the
phenolic −OH groups and the carboxylate interact with the
metal, giving rise to a rather amorphous material. This model
was confirmed afterward by Ponce et al., who carried out a
direct and detailed elucidation of the structure of IGIs by
different X-ray techniques.6 The latter authors also reported
the coexistence of amorphous and crystalline structures in the
gallate/iron complex precipitates. However, they did not use
their Raman results to establish a proper correlation between
the Raman bands and the structure of the complexes.
Raman spectroscopy has been previously applied in the

identification of IGIs in historical manuscripts.7−9 However, in
these studies, the high difficulty encountered regarding the
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correlation of the signals with the structure and the detailed
assignment of the Raman bands was stressed, which was what
led some authors to ask for further research to extract more
complete and consistent information from the iron gallate
Raman spectra, especially the use of theoretical methods to
elucidate the IGI structure.10 In fact, the assignment of IGI
bands have been done up to now by comparison to reference
molecules such as gallic acid or similar polyphenols.6 The main
reasons for these missed investigations have been the intrinsic
complexity of the studied materials (the large amount of
tannins and polyphenols in gallnuts) and the lack of
appropriate and valid assignments of the vibrational bands.
In fact, gall extracts are composed of a large number of
different phenol compounds whose composition depends on
the original plant.11

The chemical basis of the preparation of IGI inks is the
formation of iron complexes with tannins existing in gallnuts,
leading to a strong change in color to dark blue-black. The IGI
colorant includes a rather heterogeneous group of materials
where many experimental variables can change the final
composition of the ink. However, the common fact of all of the
IGI is the combination of at least three ingredients:12,13 (a) the
organic material extracted from plant galls; (b) vitriol, i.e.,
sulfates of different metals, mainly iron, copper, or zinc; and
(c) gum arabic. This complex mixture is difficult to analyze.
However, it represents a good opportunity to find hints that
could provide useful information about many parameters of
interest for the historical analysis: the origin of the materials,
the recipe employed in its manufacture, the approximate time
of the ink fabrication, etc.
The analysis of manuscripts requires non-invasive and

portable instruments and methodologies that can be trans-
ported to the libraries where the important documents are
preserved. Spectroscopy techniques fulfill these requirements.
In particular, X-ray fluorescence (XRF) spectroscopy, infrared

(IR) absorption, or Raman scattering have been largely
employed in the study of the different components of
IGIs.14,15 This is due to their non-destructive and portable
characteristics. In addition, they can provide complete
information about the chemical composition and elemental
atomic analysis of the samples (inks and substrate). All these
techniques are highly specific as they are based on the
identification of the molecular fingerprints provided by each
molecular or ionic component.2,16

Raman spectroscopy was employed in the analysis of the
chemical structure of many phenols.17,18 Therefore, this
technique can afford crucial information regarding the analysis
of iron interactions with phenolic compounds, which is the
chemical basis of the metal gall inks.19 Raman provides specific
and characteristic vibrational signals of organic materials, and
thus, it is very suitable in the differential analysis of organic
molecular mixtures such as IGIs.20,21 Furthermore, vibrational
signatures are very sensitive to possible chemical modifications
occurring as a consequence of aging or different environmental
changes during the ink preparation (temperature, pH, and
radiation). A major concern in the analysis of IGIs is the study
of the chemical processes taking place in the formation of
complexes between metals, mainly iron, and polyphenols, in
particular, gallic acid or tannins. In this sense, Raman
spectroscopy can provide highly valuable information about
the interaction mechanism and the structure of the resulting
complexes.22−27

In the present study, Raman spectroscopy was mainly used
to carry out the analysis of different iron and copper complexes
of the commercial tannic acid (TA), gallic acid (GA),
pyrogallol (PY), and syringic acid (SA) (Figure 1).
Commercial tannic acid was previously reported to be a
complex and varying mixture of different gallotannins and
simpler galloylglucoses.10,29 Since the natural samples extracted
from plant gallnuts are actually a mixture of different

Figure 1. Chemical structure of tannic acid (a), gallic acid (b), pyrogallol (c), and syringic acid (d).
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polyphenolic compounds where different tannins are present,
including galloylglucoses and other simpler polyphenols like
gallic acid,28 we can consider the commercial TA sample a
possible approach to the natural compounds employed in the
historic fabrication of IGI inks. This analysis was conducted to
find a correlation between Raman spectra and the IGI colorant
structure, evaluating the importance of the different functional
groups existing in the natural polyphenols (hydroxyl and
carboxylate groups). The above molecular models were chosen
in order to study the interaction of iron with chemical
structures that are actually present in oak gallnuts, the most
employed material to fabricate IGIs.11,28 PY and SA were
employed as models to study the interaction of iron with
similar structures to the GA one, and, more precisely, to
evaluate the importance of the presence of both the carboxylic
and−OH groups in the benzene ring.
In a previous work, the vibrational characterization of these

four molecules was performed.30 UV−vis absorption spectros-
copy was also employed to follow the changes in color and
perform an analysis of the metal−ligand interaction. This
investigation was conducted by measuring the Raman and
UV−vis absorption spectra of these polyphenols at different
conditions: in solution and deposited on paper, at different pH,
and evaluating the effect of the pH, aging, and stoichiometric
proportions between iron and polyphenols. In order to
elucidate the structure of the IGIs, an optimization of the
geometry of GA and two different iron complexes, GACOO−
1Fe and GAOH−2Fe, was performed. In the first case, the
metal interacts with the carboxylate group of GA, and in the
second one, two Fe ions interact with the OH groups of GA
molecules. This type of calculations was carried out by density
functional theory (DFT) methods. The Raman spectra of the
optimized structures were also calculated, in order to aid in the
normal mode assignment of the GA, GA−Fe, and GA−Fe2
vibrations.

■ EXPERIMENTAL SECTION
Materials. Pyrogallol (1,2,3-trihydroxybenzene; CAS num-

ber: 87-66-1; PY), gallic acid (3,4,5-trihydroxybenzoic acid;
CAS number: 149-91-7; GA), tannic acid (CAS number: 1401-
55-4; TA), syringic acid (3,5-dimethoxy-4-hydroxybenzoic
acid; CAS number: 530-57-4; SA), iron(II) sulfate heptahy-
drate (FeSO4.7H2O; CAS number: 7782-63-0), and copper-
(II) sulfate pentahydrate (CuSO4.5H2O; CAS number: 7758-
99-8) were purchased from Sigma-Aldrich and used as such for
the spectral measurements. For the most part, stock solutions
of polyphenols in water were prepared at a concentration of
10−2 M and stored in the dark to protect them from light. For
the same reason, to minimize the possible photodegradation of
the phenol molecules, the examined solutions were protected
from light during out-of-measurement times. The stock
solutions were further adequately diluted for the required
final concentration.
Silver nitrate, trisodium citrate dihydrate, hydroxylamine

hydrochloride, and other reagents were of analytical grade and
purchased from Sigma-Aldrich and Fluka. Nitric acid and
sodium hydroxide aqueous solutions were used to adjust the
pH. All solutions were freshly prepared with Milli-Q water
before experiments and used immediately.

Preparation of Metal Complexes. Liquid Samples. The
stock solutions of molecules were prepared at 2 × 10−2 M,
except for TA where the 2 × 10−3 M stock solution was used.
Thus, 2 × 10−2 M PY and 4 × 10−2 M iron sulfate water

solution were used to prepare the corresponding complex at
the molar ratio 1:2 (PY−Fe). In the case of SA and GA, we
have prepared complexes with the molar ratio 1:3 (SA−Fe or
GA−Fe). Finally, the molar ratio of the TA−Fe was 1:30
resulting from mixing TA aqueous solution at 2 × 10−3 M
concentration with the aliquot of the 6 × 10−2 M iron(II)
sulfate water solution. The same protocol was applied for the
preparation of polyphenols-copper complexes. The experiment
at different TA−Fe concentration ratios was carried out by
preparing solutions of TA and FeSO4 at the concentration 10−2

M in water, and mixing different volumes of these solutions to
reach the following TA-Fe ratios (v/v): 10:1, 3:1, 1:1, 1:3, and
1:10. Although Fe2+ was employed in the preparation of the
complex, it should be indicated that this ion is oxidized to Fe3+
after the complexation. Therefore, the Fe term refers to the
sum of these two cations (Fe2+ + Fe3+).
The pH of the complexes applied on paper was measured by

dropping 500 μL of the complex solution on the paper surface.
This drop was maintained during 90 s on the paper. Then, the
drop was removed from the paper and its pH was measured.

Solid Samples. A drop (∼30 μL) of the previously prepared
ink solutions was deposited on filter paper or a glass
microscopy slide and left to dry at room temperature until
total water evaporation, at least for 24 h. Afterward, the
resulted ink layers were scratched and the corresponding ink
flakes were analyzed without any other treatment.

IR Pellets. IR spectra were measured on the KBr pellets of
the IGIs prepared by mixing the corresponding solid sample
and KBr at 1:30 ratio in weight. The resulting samples were
dried at room temperature.

Instrumentation. UV−vis absorption spectra were ob-
tained by using a Shimadzu 3600 (Shimadzu Corp., Kyoto,
Japan) equipped with a PMT for light detection in the UV−
visible range and an InGaAs detector for the near infrared
(NIR). Samples were placed in quartz cells of 1 cm optical
path after dilution to 30% in Milli-Q water (v/v).
FTIR spectra of pure polyphenols in powder were registered

directly by the ATR method at room temperature in the region
of 2000−520 cm−1, on the FTIR spectrometer (ABB, model
FTLA2000−100) using a Nicolet 8700 IR microscope. The
spectra resolution was set to 4 cm−1, and the final spectra are
the results of 128 scans. Further, FTIR spectra of iron
complexes in KBr pellet were registered by absorption/
transmission measurements in a FT-IR Bruker IFS66
spectrometer, performing 1000 scans and using the Globar
source and the DTGS detector.
FT-Raman spectra were obtained by using a Bruker

MultiRAM spectrometer (model RFS 100/S) equipped with
an Nd-YAG excitation source at 1064 nm and a high-purity Ge
detector cooled by liquid nitrogen. Spectra were acquired with
the 4 cm−1resolution in the spectral range of 4000−100 cm−1,
and a 180° geometry was employed. The output laser power
was set to 200 mW, and the laser power at the sample was 20
mW. The Raman spectra displayed in this work were the
results of averaging 500−1000 accumulations.
Raman spectra were recorded by using a micro-Raman inVia

Renishaw spectrometer (Wotton-Under-Edge, Gloucestershire,
UK), equipped with an electrically cooled CCD camera, and a
Leica DM 2500 microscope. The laser excitations at 785 nm
(diode laser) and 633 nm (He−Ne) were employed as
excitation sources. The Raman signal was collected over the
range of 100−2000 cm−1 (or 4000 cm−1), under macro
conditions using glass vials and working with a spectral
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resolution of 1 cm−1. The laser power at the sample was up to
2 mW. The signal was firstly calibrated by using the 520 cm−1

line of a Si wafer and a 20× objective.
DFT Calculations. For the GA molecule and the GA−Fe

and GA−Fe2 complexes, the optimization of the ground state
of the structures and the calculation of the theoretical Raman
spectra were performed in vacuum conditions with DFT using
the Gaussian 09 package.31 Calculations for GA were carried
out considering the neutral and deionized (GA−) singlet
molecule using a B3LYP hybrid exchange correlation func-
tional in combination with 6-311+G* as a basis set. The
calculations of the Fe complexes were performed considering
the Fe3+ ion. Two different complexes were calculated
considering the interaction of two Fe3+ ions with the ionized
−OH groups (complex GAOH-2Fe) and the complexation of
one Fe3+ ion with the carboxylate anion (GACOO-1Fe)
following the models reported by Ponce et al.6 In addition, the
state multiplicities were considered to be quintet and sextet for
the complexes with two and one Fe ion, respectively. For
simplicity, the coordination water molecules, necessary to
complete the octahedral geometry of the Fe3+ complexes, were
not included in the analyzed structures. This approximation
was previously used in the study of the Fe−catecholate
complexes.32 However, other authors included the water
molecules in their DFT calculations.33

The mixed basis sets 6-311+G* + LANL2DZ (Los Alamos
National Laboratory 2 double ζ) were used for the calculations
of the Fe complexes. LANL2DZ is a widely used effective core
potential (ECP)-type basis set, and it was used to model the
metal atoms.34 Both basis sets have been widely used along
with DFT methods for studies of transition metal-containing
systems. Thus, the Los Alamos effective core potential was
employed on the transition metal, and the Pople-type basis set
was used on all other atoms (C, H, and O).
Upon optimization of the molecular geometry, Raman

spectra were obtained. No imaginary wavenumbers were
observed in the calculated spectra. GaussView 5.09 was
employed to view data and output images. Detailed assign-
ments of the vibrational normal modes were based on the best
fit comparison of the wavenumbers of calculated and
experimental Raman bands. A scaling factor of 1.05 was
applied in all cases.

■ RESULTS AND DISCUSSION
UV−visible Absorption Spectroscopy. A study of the

UV−vis absorption of GA and TA and their iron and copper
complexes was carried out at different pHs ranging from 3 to
12 (Figure S1, Supplementary Material). Figure 2 shows the
UV−vis absorption spectra of GA (Figure 2a) and TA (Figure
2b) at selected pHs in order to observe more easily the effect
of the different metals. The interaction of iron with all
polyphenols studied in this work induced a strong change in
color that can be characterized by UV−vis absorption.
However, this also can be observed to the naked eye (see
inset pictures in Figure 2 for both GA and TA at different pHs
ranging from 3 to 12). In addition, the increase of pH in non-
complexed polyphenols also led to a darkening that is weaker
than that produced by the iron complexation. This fact can be
attributed to the ionization of OH groups and a possible
oxidation and polymerization of the smaller units, leading to
more complex structures.17,35 The UV−vis absorption
spectrum of GA (Figure 2a) shows two characteristic phenol
bands appearing at 210 and ∼ 260 nm, corresponding to the

1La and 1Lb bands, respectively, originating from π → π*
transitions.36,37 These bands are shifted to 213 and 275 nm in
the case of the TA sample due to the polymer structure of all
the gallotannins and simpler galloylglucoses included in this
commercial sample (Figure 2b).
In the case of TA, the band at 275 nm is very broad and also

displays a shoulder at ca. 300 nm due to the all possible
configurations that are possible in its intrinsic molecular
complexity. In the case of PY and SA (Figure S2a,d,
respectively), the two absorption bands moves to the red
exhibiting different intensities provided by the specific
molecular geometry of the corresponding molecular orbitals.
The interaction with metal cations, Fe3+ and Cu2+, induces a

weakening of both 1La and 1Lb band intensities together with a
redshift. This is more evident for the 1Lb band, which is shifted
to 310 nm in the case of TA. In addition, a new broad
absorption band appears at longer wavelengths, which in the
case of Fe3+ leads to a maximum at 550−580 nm. This new
feature is the responsible for the strong color change observed
in the interaction of Fe3+ with phenolic compounds. The new
broad band appearing at longer wavelength is attributed to the
ligand-to-metal charge transfer (LMCT) from the polyphenol
to the Fe3+ center of the complex.38,39 It is interesting to note
that the maximum of this new band undergoes a blueshift from
580 to 552 nm upon increasing the pH to 11 in both GA and

Figure 2. UV−vis spectra of GA (a) and TA (b) without metal (red),
with iron at pH 7 (purple) and pH 11 (blue), and with copper at pH
7 (green). Polyphenols were at a concentration of 6.6 × 10−5 M
without metal and at a 1/3 (gallic acid/metal) molar ratio (6 × 10−5

M/19.5 × 10−5 M) for the GA−metal complex and 1/30 (tannic
acid/metal) molar ratio (6 × 10−5 M/19.5 × 10−4 M) for the TA−
metal complex. The region corresponding to the new broad band
appearing at longer wavelength due to the ligand-to-metal charge
transfer (LMCT) is amplified for tannic acid (c) and gallic acid (d).
The inset shows the colors of the polyphenol solutions and their
corresponding metal complexes obtained at pH ranging from 3 (left)
to 12 (right).
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TA. This shift is likely due to the polyphenol autoxidation at
alkaline pH, giving rise to quinone structures40 as well as
oligomerization of polyphenols promoted at alkaline pH.41,42

However, a change in the interaction stoichiometry of the
ligand with the Fe3+ after OH group ionization can also
account for this shift.43 The absorbance increase of this band as
the pH rises (Figures S1 and S2) is likely connected to
structural changes occurring in polyphenols (ionization,
oxidation, and polymerization). These changes modify the
complexing pattern of these molecules with metal ions.
Usually, the LMCT band in the different iron−phenolic acid

complexes are similar but quite different from the value
calculated for Fe(OH)63− (ca. 770 nm). This difference can be
explained by partly oxidized character for the ligand (semi-
quinone) and the partly reduced character of iron in the
excited state during the charge transfer.44 For this reason, the
ultraviolet absorption of iron−phenolic acid complexes is quite
different from Fe(OH)63−. This is an important fact that is
related to the specific structure of polyphenols when
complexed by metals, which in turn also depends on the
number of ligands surrounding the metal sphere of
coordination.38 Also, this effect can serve to establish a
correlation between the UV−vis absorption spectrum and the
structure.
In the specific case of Cu2+, the LMTC band is rather

observed as a shoulder in the 400−500 nm region. This leads
to a noticeable increase of the absorbance at 400−600 nm that
can be seen in all polyphenols in the presence of the metal,
which is summed to the autoxidation and polymerization of
the polyphenols and is more evident at high pH (Figure 2c,d
and Figures S1 and S2b,e).

Raman Spectroscopy. The Raman spectra of TA displays
strong bands at 1711 and 1613 cm−1 (Figure 3a) attributed to
the C�O stretching of the carboxylate and the 8a stretching
vibrational mode of the benzene ring.45 The assignments of the
main vibrational bands are shown in Table S1. These two
bands undergo a strong decrease upon the interaction with
iron. The band at 1711 cm−1 almost disappears as a
consequence of the metal complexation, while the 8a vibration
of the benzene ring undergoes a strong decrease and a shift to
1580 cm−1 (Figure 3b,c). This spectrum is dominated by three
main bands appearing at 1477 (ν1), 1344 (ν2), and 603 (ν3)
cm−1. In fact, these bands are the classic ones employed for a
positive identification of iron gall inks in historic documents as
described by Lee et al.46 Table 1 summarizes the position of
these marker bands in the cases of TA, GA, PY, and SA. A
similar metal effect was also observed in the case of the GA−Fe
complex (Figure 3f,g) and for PY and SA (Figure 4). The big
difference between free and the metal-complexed polyphenols
suggest a deep restructuration of the polyphenol, which is also
translated to their vibrational spectra.
The new vibrational features observed in the Raman spectra

correspond to the characteristic bands detected in many IGIs
found in manuscripts, which have been traditionally employed
to attribute black colors in paintings or inks in manu-
scripts.23−26,46−50 Even so, the assignment of these bands was
not carried out in depth so far. In order to elucidate the
assignment, we have measured the Raman spectra of TA−Fe
complexes at different conditions: (i) in aqueous solution at
different pHs and (ii) in the solid state. This analysis was
performed to evaluate the influence of pH on the ink. In order
to assist in the assignment of the TA−Fe and GA−Fe
complexes’ Raman spectra, DFT calculations of GA and the

GA−Fe complex were carried out. The resulting theoretical
spectra are compared to the experimental spectrum in Figure 5.
As can be seen, similar spectral changes are deduced from the
calculations between the GA−Fe complex (Figure 5b) and GA
(Figure 5c).
The ν1 band appears in the 1485−1465 cm−1 interval,

depending its position on the structure of the phenol (Figures
3 and 4). According to the performed calculations (Figure 5b),
this band can be attributed to the benzene 19b vibration
coupled to C−O stretching (ν(C−O)) and C−H bending
(δ(C−H)). This agrees with the assignment reported by other
authors in ortho-disubstituted benzene.45,51,52 Therefore, this
vibration has a large contribution from the stretching of
carbons attached to the oxygen atoms.51 In general, this band
is weak in the non-complexed phenol. However, the complex-

Figure 3. Raman spectra of TA in the solid state (a), TA−Fe complex
on paper (b) and in aqueous solution (2 × 10−3 /6 × 10−2 M/M) at
pH 7 (c), GA in the solid state (d) and in aqueous solution (2 × 10−2

M) (e), and GA−Fe complex on paper (f) and in solution (2 × 10−2/
6 × 10−2 M/M) at pH 7 (g). The excitation line was at 1064 nm for
the samples in the solid state (FT-Raman) and 785 nm for the
solutions and complexes deposited on the paper.

Table 1. Positions of the Marker Polyphenol−Iron Complex
Bands (ν1, ν2 and ν3) and Differences between the Position
of the ν1 and ν2 Bands Deduced from the Corresponding
Raman Spectra of the Polyphenol−Iron Complexes
Recorded at pH 7a

ν1 (cm−1) ν2 (cm−1) ν1 − ν2 (cm−1) ν3 (cm−1)

PY−Fe complex 1464 1299 165 600
GA−Fe complex 1470 1322 148 576
TA−Fe complex 1477 1344 133 603
SA−Fe complex 1489 1314 175 595/490
TA−Cu complex 1492 1319 173 270

aFor comparison, the same characteristics are also given for the TA−
Cu complex Raman spectra recorded at pH 5.
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ation gives rise to an intense enhancement because of the
strong variation of polarizability that induces the coordination
with iron.
In the case of PY, where three OH groups are disposed in an

adjacent positions in the benzene structure (Figure 1c), the
interaction of oxygen atoms with iron is presumably stronger
leading to a ν1 band downshifted to 1464 cm−1 (Figure 4b,c).
When the benzene is substituted by more mesomeric (M+)
groups, like carboxylic acids or esters, the wavenumber of the
ν1 band is shifted to higher values,6 reaching its maximum
value at 1489 cm−1 in the specific case of the SA−Fe complex
(Figure 4f,g). In this case, the interaction with iron is weaker
due to the substitution of the OH by methoxy groups.
Therefore, the position of this band is highly connected to the
chemical structure of the polyphenol, and it could be used as
sensitive marker to classify different inks fabricated from
different polyphenolic plant sources.
The ν2 band appears in the 1345−1295 cm−1 region and is

attributed to ring stretching bands coupled to ν(C−O) and
δ(C−H).53 This mode is also sensitive to the polyphenol
structure, and an increase of the wavenumber value is observed
in the direction TA > GA > SA > PY (Table 1). This band also
exhibits sensitivity to the pH, but this is lower than that of the
ν1.
Other less intense bands of the TA−Fe complex appear at

1580, 1430, 1395, 1290, 1217 and 1100 cm−1 (Figure 3c). The
relative intensity of these bands is variable among the phenolic

compounds and could also help discriminate among the
different molecules. Unfortunately, poor attention was devoted
to all these bands in previous Raman analysis. The 1580 cm−1

band is attributed to the 8a ring mode, which is strongly
weakened upon the interaction with the metal. The 1430 cm−1

band and, presumably, the 1395 cm−1 one are associated to the
−COO− symmetric vibrations. These normal modes are
present in the TA Raman spectrum due to the existence of
an ester and in GA or SA due to the carboxylate −COO−. PY
does not show such bands due to the absence of these groups
in its structure. The weak doublet at 1299/1217 cm−1 and the
broad band at 1100 cm−1 (Figure 3c) can be assigned to ν(C−
O) and δ(C−H) vibrations.52 These bands can be very useful
in the identification of phenolic compounds in inks due to the
fact that they are related to the specific localization and
substitution pattern in the ring of polyphenolic compounds.
The ν3 band is attributed to the stretching modes of the new

Fe−O bonds (ν(Fe−O)) resulting from the interaction of iron
with oxygen in polyphenolic compounds.54,55 This band can
appear in a very large range of wavenumbers from 650 to 400
cm−1. In this region, several peaks can be distinguished that are
related to the different interactions of the iron cation with the

Figure 4. Raman spectra of PY in solid state (a) and in aqueous
solution (2 × 10−2 M) at pH 7 (b), and PY−Fe complex on paper (c),
SA in solid state (d) and in aqueous solution (2 × 10−2/6 × 10−2 M/
M) at pH 7 (e), and SA−Fe complex on paper (f) and in solution (2
× 10−2/6 × 10−2 M/M) at pH 7 (g). The excitation line was at 1064
nm for the samples in the solid state (FT-Raman) and 785 nm for the
solutions and complexes deposited on the paper.

Figure 5. Structure of the GAOH−2Fe complex (a), where two Fe
atoms interact with the O atoms placed in positions 3, 4, and 5;
GACOO−1Fe (b), where the Fe atom interacts with both O atoms in
the carboxylate group and the non-complexed GA− (c) employed for
theoretical calculations of spectra. Experimental Raman spectrum of
GA−Fe in water (2 × 10−2 /6 × 10−2 M/M) at pH 7 exciting at 785
nm (d) and calculated Raman spectra of the GAOH−2Fe complex
(e), GA− (f) and GACOO−1Fe complex (g). The theoretical spectra
were multiplied with a 1.05 correction factor. Schemes of the 8a and
19b benzene ring vibrational modes discussed in the text are included
in the figure.
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oxygen atoms in polyphenols. In fact, different ν(Fe−O) bands
appearing at 650, 600−595, 560−550, and 400 cm−1 can be
seen in the Raman spectra of TA and the other polyphenols.
The position of the ν(Fe−O) bands can vary due to the

different molecular environment of this bond. In amorphous
IGI complexes, as it is the most common case, a non-
completely coordinated Fe octahedral coordination sphere is
expected, and thus, the octahedron is completed with water
molecules in chelate (Figure 6a) and bichelate (Figure 6b)

complexes.6,10,56 In this case, there will be a coupling of the
Fe−O stretching with the Fe−O−H bending vibrations.
Conversely, in crystalline IGI complexes the iron octahedral
coordination sphere is supposed to be completely filled with
GA molecules (Figure 6c) that can interact with the metal
through both the OH and carboxylate groups in a bridging
structure. Another element of variability is the fact that iron
can be found under two different forms (Fe2+ and Fe3+). This
is due to the incomplete oxidation of the ferrous form of vitriol,
stopped in part by the reducing character of the paper, since
the position of the Fe−O stretching band is predicted to vary
depending on the state of oxidation of iron.33 Since ferrogallic
ink recipes often imply a large excess of the ferrous sulfate, the
reaction products of Fe2+with cellulose may even be a major
constituent of the ferric iron in manuscripts.57

Because of this high variability, the exact structure of iron
complexes in inks is still unknown. Ponce et al. reported a
structure where three iron atoms interact with a single
molecule of gallate at a 3:1 concentration ratio of Fe and
GA.6 According to this, two different types of Fe−O bonds
could be associated with the complex: those linked to the
−OH groups and those associated to the carboxylate. Figure 5
shows the theoretical Raman spectra resulting from the
calculation of two different GA−Fe complexes: one having
two Fe3+ ions interacting with the −OH groups (GAOH−2Fe
complex; Figure 5a,e) and another where one Fe3+ interacts
with both O atoms in the carboxylate group in GA (GACOO-
1Fe complex; Figure 5b,g). As can be seen, the first one
matches better the experimental GA−Fe spectrum (Figure 5d),
and it is also very close to the experimental TA−Fe.

The normal mode calculation also predicts several vibra-
tional modes corresponding to the symmetric and asymmetric
Fe−O stretching in the GAOH−2Fe appearing between 550
and 650 cm−1 (Figure 5e). The lower component of the
experimental TA−Fe and GA−Fe complexes (at 560 cm−1)
can be attributed to bichelate ring vibrational modes as in the
case of catecholate−iron complexes (Figure 6b).51,58 Con-
versely, the higher component (595−600 cm−1) is assigned to
Fe−O vibrations associated to chelate interactions where
terminal −OH groups interact with the metal and the
coordination sphere is completed with water molecules (Figure
6a).59 In the latter complexes, the ν(Fe−O) vibration is
coupled to deformations of either Fe−O−H bonds and the
benzene deformation rings at these lower wavenumbers.33

Moreover, the 490 cm−1 band observed in the SA−Fe complex
can be ascribed to the Fe−COO− symmetric stretching band,
which corresponds to the theoretical band at 452 cm−1 in the
case of the GACOO−1Fe complex (Figure 5g). The last band
is not seen in the GA−Fe complexes, so a preferential
interaction of iron with the −OH groups is deduced for the
amorphous complexes. Finally, the extreme bands at 650 and
400 cm−1 can be attributed to Fe−O stretching in bridging
structures (Figure 6c),60 which are more evident in more
crystalline IGIs.
Therefore, the bands related to Fe−O bonds are very

sensitive to the ink preparation protocol and, presumably, on
the aging process after its fabrication. Thus, they could also
serve to discriminate among different types of IGIs.

FTIR Spectroscopy. The FTIR spectra of the GA and TA
complexes with iron are shown in Figure 7. The FTIR spectra

of non-complexed GA and TA are shown for comparison in
Figure S3. The FTIR spectra of these molecules are dominated
by strong broad bands at 1200−1000 cm−1 attributed to ν(C−
O), ν(C−C), and in-plane δ(C−H) and δ(C−OH)
motions.61,62 In addition, intense absorption bands at 1309
and 1308 cm−1, respectively (Figure S3a,b), which are related
to the coupled vibrations of the ring ν(C−C) and the carbonyl
ν(C�O), are formed together with the contribution from
δ(C−H) and δ(C−OH) vibrations.63 The band assigned to

Figure 6. Schemes of the different possibilities in the GA−Fe
coordination complex at the level of the iron octahedral coordination
sphere: (a) chelate, (b) bichelate, and (c) completely bridged
complex.

Figure 7. FTIR spectra of the (a) GA−Fe and (b) TA−Fe complexes.
The spectra were collected in KBr.
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ν(C�O) vibrations are observed at 1699 and 1693 cm−1,
respectively.
While in the Raman spectra the ring stretching vibrations in

polyphenols are very prominent and highly characteristic of the
aromatic rings (these vibrations appear in the range of 1650−
1200 cm−1), in FTIR spectra, these vibrations are less intense
than those involving oxygen functional groups. The GA
spectrum shows the 8a benzene ring band at 1608 cm−1, while
that of TA shows that this band downshifted to 1606 cm−1

(Figure S3).
The complexation with iron induces strong changes in the

1300−1000 cm−1 region. In the GA spectrum, the strong
bands at 1309 and 1014 cm−1 decrease, and a strong feature at
1083 cm−1 appears instead (Figure 7a). Since these bands have
a large contribution from the ν(C−O), δ(C−OH), and ν(C−
C) vibrations, an interaction of iron with the −OH groups of
the phenolic group is deduced. The strong band appearing at
1382 cm−1 in the GA−Fe complex is attributed to the
carboxylate group interacting with the metal in the complex.
Additionally, the interaction with OH groups induces intense
changes in the out-of-plane bending vibrations of the O−H
group (γ(OH)): the band at 870 cm−1 is weakened, and the
731 cm−1 band is shifted to 750 cm−1. The new band observed
at 607 cm−1 can be assigned to the ν(Fe−O) band of the GA−
Fe complex.
Similar results were observed in the FTIR spectrum of the

TA−Fe complex (Figure 7b). The intense bands seen at 1308,
1178, and 1014 cm−1 in TA spectrum (Figure S3b) decrease in
the case of the TA−Fe complex (Figure 7b), and a strong band
at 1085 cm−1 appears. Furthermore, the ν(Fe−O) band
appears at 600 cm−1. The bands at 1710, 1440, 1343, and 1202
cm−1 in the complex are associated with the ester group in
TA.61,62 All these bands undergo a large shift upon
complexation that suggests the interaction of iron with the
ester groups.

pH Effect. The structure of the polyphenol is not a unique
factor that can affect the position of bands in the Raman
spectrum in IGIs. We have observed that some phenol bands
can undergo a shift in these inks due to a possible structural
degradation caused by light, pH, humidity, and other unknown
effects that evolve with time (results to be published).
In this work, we have focused on the effect of pH on the

Raman spectra both in solution and in the solid ink deposited
on paper. In the TA−Fe complex, a shift from 1478 to 1472
cm−1 is noted upon increasing the pH of the original TA
solution from 3 to 12 (Figure S4). In contrast, this band shifts
from 1469 to 1482 cm−1 in the GA−Fe complex on paper. A
similar trend is observed in solution (Figure S5). The same can
be observed for the PY−Fe complex, where this band shifts
from 1452 to 1467 cm−1 in going from acidic to alkaline pH
(Figure S6). In contrast, a negligible sensitivity to the pH
variation is observed in the case of the SA−Fe complex (Figure
S7).
In addition, pH and redox processes are linked in IGIs. The

effect of iron on polyphenols cannot be only simplified in a
mere change in the color based on a darkening of the solution.
The presence of Fe2+ can also induce a series of redox reactions
related to the Fenton reaction due to the presence of molecular
oxygen in the solution where the pH plays an important
role.64,65 The Fe2+ ion undergoes autoxidation by the
molecular oxygen, leading to the formation of Fe3+.66 This
autoxidation is strongly pH-dependent, and it is almost
hampered at pH below 7,67 but the strong interaction of

Fe3+ with polyphenols, in particular, gallic acid, accelerates the
autoxidation,68 giving rise to the strong darkening of the
solution. On the other hand, the complexation with
polyphenols induces the release of protons to the medium,
thus inducing a pH decrease. Therefore, despite the pKa values
being in the range of 7−9 for the most phenolic hydrogen,
polyphenols are easily deprotonated at or below neutral pH in
the presence of iron and form very stable complexes.60 All
these processes are fast and occur immediately after the
addition of ferrous sulfate to the polyphenol solution. The
oxidation of Fe2+ to Fe3+ upon binding to polyphenol ligands is
facilitated by the higher stability of the interaction of Fe3+,
which is a harder Lewis acid than the ferrous ion, with the hard
Lewis base oxygen ligands existing in polyphenols.60 Afterward,
slower redox processes can occur consisting of the oxidation of
polyphenols, in particular pyrogallol-like ones,19,69 giving rise
to o-quinone structures and Fe2+, and releasing H+ ions with
the time. These processes are considered responsible for the
subsequent acidification of IGI inks and the degradation of
paper in ancient manuscripts.
Because of all the above effects, one of the consequences of

the redox processes occurring in IGIs is the pH decrease in the
mixture. As can be seen in Figure 8a, the addition of Fe2+ to a

Figure 8. (a) Variation of the pH in the TA−Fe complex at the
following situations: in a just prepared aqueous suspension (black
circles), the same aqueous suspension after 25 days (open triangles),
and after drying on paper (open circles). (b) Variation of the ν1/ν2
ratio with the pH of the original solution for the TA−Fe (shaded
squares) and GA−Fe (open circles) complexes. (c) Raman spectra of
the TA−Fe complex measured at different pH regulated after the
formation of the complex. Samples on the paper. Excitation at 785
nm.
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TA solution prepared at pHs ranging from 3 to 12 leads to a
reduction of pH of the mixture. The value of the pH is
maintained at 3 until the pH of the TA solution is increased
above 9. This is an effect related to the ionization of OH
groups in polyphenols. The pH decrease is moderated when
the ink is deposited on paper since it stays constant at 6.5
regardless of the pH of the TA solution. Only when the pH of
the solution is above 9 does it increase up to 7 in presence of
the TA−Fe complex. This effect can be attributed to the
buffering effect of the cellulose of the paper on the pH ink. A
similar effect was observed when using other polyphenols and
Cu2+ instead of iron. The addition of gum arabic, another
important ingredient of IGI inks, to the tannic−iron complex
also induced an increased pH.70

The acidification of TA−Fe complexes seems to occur as
well in the case of GA−Fe, PY−Fe, and SA−Fe complexes as
deduced from the similar behavior at different pHs. The effect
of time with further acidification was also observed for the
other polyphenols. This means that this is a general behavior of
these compounds.
Since the pH of the polyphenol solution is decreased after

the complexation with iron, the a posteriori effect of pH after
the formation of the complex was also analyzed. Figure 8c
shows the Raman spectra of TA−Fe complexes at pHs ranging
from 3 to 12. The resulting spectra show changes in the 1473/
1340 cm−1 bands, which slightly shift to higher wavenumbers,
while the (ν1−ν2) value decreases as the pH gets more alkaline.
These changes can be attributed to the ionization of OH
groups since the ν(C−O) and δ(C−OH) vibrations of these
groups are involved in the ν1 and ν2 bands. On the other hand,
the intensity ratio between the two main bands (ν1/ν2)
increases as the pH is raised (Figure 8c), and this variation is
higher than that observed when the pH was modified before
phenol/iron complexation (Figure 8b). All these changes can
be attributed to the higher electron delocalization induced by
OH ionization.
In addition, the ionization of OH groups highly affects the

complexation pattern of polyphenols with iron. This is evident
when analyzing the situation of the Fe−O bands. The main
band observed at 608 cm−1 at pH 3 indicates that the
interaction at acidic pH is taking place through terminal −OH
groups in TA. Moreover, these Fe atoms might be also
coordinated to water molecules forming TA−Fe−OH2
adducts. However, the increase of other Fe−O stretching
bands at 523 and 400 cm−1 at alkaline pH suggests the
existence of other structures where the coordination sphere of
iron is completely filled by phenolic groups, leading to the
formation of TA−Fe−TA adducts.43,71 The increase of the
coordination number at alkaline pH values is attributed to the
higher stability of the complexes of completely coordinated Fe
atom after the ionization of polyphenols.60 Moreover, a
possible degradation of IGIs can be also induced at alkaline
pH since similar bands are also observed in historical inks
analyzed by Raman.25 The degradation of inks could be related
to the increase of redox processes occurring in the
polyphenol−iron mixture that can lead to the oxidative
browning of the ink with time. This color change is produced
by the slow oxidation of polyphenols to o-quinone structures.
Moreover, the oligomerization of polyphenol units associated
to the OH ionization and quinonization of the ring can also
occur.17,41,72

Effect of the Polyphenol Structure on the Raman
Marker Bands. The difference between the position of the ν1

and ν2 bands is associated to the structure of polyphenols since
these bands are related to the degree of electronic
delocalization (ED) inside the aromatic system. In general,
the smaller this difference, the higher the ED. At pH 7, this
difference is 133, 148, and 165 cm−1 for the TA−Fe, GA−Fe,
and PY−Fe complexes, respectively (Table 1). The delocaliza-
tion is higher in TA due to the polymerization of several GA
units. For SA, this difference rises to 175 cm−1, which is also
attributed to the lower ED of this molecule due to the presence
of methoxy groups. These functional groups exert a positive
mesomeric effect on the aromatic ring due to the withdrawal of
electrons from the aromatic system.
The ν1 band is also related to the electronic state of phenolic

rings as it depends on the bond order inside the benzene ring
of the phenol. Moreover, the intensity ratio between the two
main bands (ν1/ν2) can be related to the structure of the ligand
in the complex as this ratio depends on the ionization state
(related to the −OH groups) of the molecule, and thus, it
depends on the pH of the medium. In degradation processes
resulting from the manuscript aging, this ratio was demon-
strated to be very useful to deduce the time effect (result not
yet published). Figure 8b shows the variation of the ν1/ν2 ratio
with the pH for TA and GA, where a clear increase of the ν1/ν2
ratio when increasing the pH is observed. In fact, at high pH,
the ionization of phenol groups to phenolate induces a
negative mesomeric effect (M-), which increases the bond
order of the ring C�C bonds in the aromatic ring. This leads
to an enhancement of the ν1 band intensity.

Fluorescence Quenching. One of the most interesting
effects of the complexation of iron with polyphenols is the
strong fluorescence quenching induced on the Raman emission
spectra of these molecules. Figure 9a shows the Raman +
fluorescence spectrum of TA before and after complexation
with iron. The spectrum of TA in aqueous solution shows a
large fluorescence emission centered at 2000 cm−1 (which
corresponds to 724 nm since the excitation line was 633 nm in
this case), which increases at alkaline pH (red bars in Figure
9b). This is attributed to the absorbance increase undergone
by TA in the red region at alkaline pH due to the formation of
phenolate ions (Figure S1) and the possible structural change
of polyphenols at high pH. The complexation with iron leads
to a significant quenching of the fluorescence emission band.
This quenching is attributed to the LMCT from the
polyphenol to the Fe3+ center of the complex. In addition,
the fluorescence decrease is effective at all the studied pH,
being higher as the pH increases (Figure 9b). This effect limits
the analysis of IGIs by fluorescence imaging techniques and
favors IGI Raman analysis.

Effect of Iron Concentration. Figure 9c shows the Raman
spectra of TA−Fe complexes obtained after varying the relative
concentrations of TA and FeSO4 in aqueous solutions. This
experiment was carried out in order to test the influence of the
relative ligand-to-metal (TA:Fe) stoichiometry in the resulting
complex. At relatively high TA concentrations (9 × 10−3 M in
the 10:1 ratio complex, v/v) a clear effect of iron is already
observed with the appearance of the ν1 band at 1497 cm−1, the
ν2 band at 1344 cm−1, and the ν3 band at 602 cm−1. At this
high concentration, the number of bridged oligomers rises as
demonstrated by the presence of Fe−O stretching bands at
550, 506, and 362 cm−1. A progressive downshift of the ν1
band from 1497 to 1472 cm−1 is observed upon increasing the
iron concentration. In addition, the band at 606 cm−1 in the
Fe−O stretching region dominates the spectrum at high metal
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concentration. This is observed from 1:1 to 1:10 complexes, 5
× 10−3 M:5 × 10−3 M and 10−3 M/9 × 10−3 M TA−Fe ratios.
These changes are a consequence of the coordination
restructuration of the TA−Fe complex at different relative
metal concentrations. Thus, a transition from bridged (TA−
Fe−TA) to terminal (TA−Fe−water) structures takes place as
the concentration of iron is increased. As the relative
concentration of iron increases, a weakening of the 8a mode
of benzene, which is downshifted, and a strong enhancement
of the 19b mode at 1472 cm−1 are also observed. The iron
concentration also has an important effect in the texture of the
resulting sample. Inset images in Figure 9c show the pictures of
two dried complexes obtained at 10:1 and 1:10 ratios. The
former shows a rough grainy appearance, and the latter
displays a darker and flat look.

Copper Complexes. The interaction of the ion Cu2+ with
all the polyphenols was also investigated. Figure 10 shows, as
an example, the spectrum of the GA−Cu complex at pH 5
together with the corresponding GA−Fe spectrum. In general,
the resulting Raman spectra of the copper complexes are much
weaker than the iron ones, as indicated by the stronger sulfate

band. This is attributed to a lower Raman resonance effect of
these complexes. UV−vis absorption spectra reveal the
existence of LMCT band at ca. 500 nm (Figure 2a,c). The
general increase of the absorbance in the visible region induces
a darkening of the solution. However, the suspension adopted
a reddish color due to the blueshift of the absorbance
maximum. The interaction with Cu2+ ions induces similar
spectral changes on GA as observed for the GA−iron
interaction. The most intense bands are observed at 1492
and 1319 cm−1, corresponding to the ν1 and ν2 modes. The
difference between these bands is 173 cm−1, which is very
similar to the difference observed for iron when interacting
with SA (Table 1). This fact indicates that the interaction with
copper ions is weaker than that of iron, since the degree of
electronic delocalization inside the aromatic system is also low.
The ν3 band corresponding to the Cu−O interaction may
correspond to the band observed at 270 cm−1 since this is the
most intense band also observed in CuO oxide.73

■ CONCLUSIONS
The interaction of both iron and copper with polyphenol
induces a darkening of the solution due to the absorbance of
light in the 500−600 nm region. This absorption is very broad
and extended over the 400−700 nm spectral region. The
copper complex leads to a less defined band at lower
wavelengths, ca. 500 nm.
The interaction with these metals leads to a strong change in

the structure of polyphenols that can be clearly observed in the
Raman spectra. Three main Raman bands or groups of bands
appeared at 1450−1490 cm−1 (ν1), 1320−1345 cm−1 (ν2), and
400−650 cm−1 (ν3), which are characteristic of the metal
complexes. The main effects of iron on the Raman spectrum

Figure 9. (a) Emission (Raman and fluorescence) spectra of TA and
the TA−Fe complex measured at pH 6 (excitation at 633 nm). (b)
Variation of the fluorescence emission of the 2000 cm−1 band (724
nm) for TA alone and the TA−Fe complex at different pH (excitation
at 633 nm). (c) Raman spectra of the TA−Fe complexes deposited on
paper at different TA:Fe relative ratio as indicated on each spectrum,
meaning that this ratio was used in the different added volumes of
original 10−2 M concentrations of both TA and FeSO4 in aqueous
solution. Inset pictures correspond to the TA−Fe complexes prepared
by using 10:1 and 1:10 ratios, respectively, and deposited on the
paper.

Figure 10. Raman spectra of the TA−Cu complex (a) as compared to
the TA−Fe complex (b) at concentration 2 × 10−3/6 × 10−2 M/M.
The inset plot displays in more detail the region corresponding to the
vibrational modes ν1 and ν2. The upper picture shows the colors of
the TA−Cu complexes obtained at pH ranging from 3 (left) to 12
(right).
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are the weakening of the 8a mode of the benzene ring, the
large enhancement of the 19b mode (ν1), and the appearance
of a new band corresponding to the Fe−O stretching vibration
(ν3). In the case of copper, the ν3 band appears at lower
wavenumbers (270 cm−1). In FTIR, the effects of the
complexation are better observed in the 1300−1000 cm−1

region, where a large contribution from the ν(C−O), δ(C−
OH), and ν(C−C) is expected.
The position and intensities of the ν1, ν2, and ν3 bands can

be used to characterize the complex in function of the structure
of the polyphenol employed in the formation of the complex,
pH, and complex stoichiometry. The difference between the
position of the ν1 and ν2 bands is connected with the structure
of the polyphenols since these bands are related to the degree
of electronic delocalization of the aromatic system. However,
the intensity ratio ν1/ν2 is related to the structure of the ligand
as it depends on the ionization state of the molecule, which
increases with the pH, both in solution and on paper. The ν3
bands are directly related to the structure of the Fe3+
coordination sphere and depends on the crystallinity of the
resulting complex.
The interaction with iron produces side effects such as pH

lowering and fluorescence quenching. The latter effect is a
positive effect for the study of these complexes by Raman as
polyphenols show a strong fluorescence emission that overlaps
the Raman signal. The pH decrease is a negative effect in the
case of the use of IGIs as it induces a progressive degradation
of the paper. In addition, it was demonstrated that the pH
decreases even more with time after the deposition of the
complex on the paper.
The DFT calculations performed in this work were useful to

carry out an accurate assignment of the vibrational modes of
polyphenols and their metal complexes. This research was
missing in previous applications of Raman to IGI inks. Indeed,
this accurate assignment will also be used for future
investigations dealing with the analysis of iron gall inks present
in historical manuscripts.
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