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Two different crystals of the gallic acid were microscopically separated from a p.a. commercial product. The
Raman spectra analysis allowed distinguishing monomeric and dimeric structures. The vibrational wave num-
bers were computed using DFT quantum chemical calculations. The data obtained from wave number calcula-
tions are used to assign vibrational bands obtained in the Raman spectrum. The dimer, characterized as ellagic

acid, involves the carboxyl and hydroxyl moieties. The Raman spectrum in water solution of each species is dom-
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inated by the monomeric form. A low negatively charged Ag colloid allowed obtain to the best of our knowledge,
the first surface enhanced Raman scattering (SERS) spectrum of the gallic acid. The possible electrophilic
attacking sites of the title molecule are identified using MEP surface plot study and the orientation of the analyte

SERS on the metal surface is proposed tilted to the surface.

Modified silver colloid

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Iron gall inks have been deeply investigated in relation to the ob-
served degradation in patrimonial artworks probably due to their corro-
sive nature and color instability [1]; in particular, Raman data for
historic iron gall inks are not easy to obtain, although M. Leona et al.
[2] used the surface-enhanced Raman scattering (SERS) technique to
identify several natural dyes and other chemicals in artworks; however,
no SERS data were provided for gallic acid (GA). For GA, Alvarez-Ros
et al. 3] points out that chemical changes, such as ring opening and or
polymerization of aromatic rings, undergone when this molecule is de-
posited onto a colloidal silver surface. Actually, the catalytic activity of
metal surfaces on distinct reactions has been widely recognized [4,5].
As a matter of fact, the high electron density of this molecule within
atoms carrying lone electron pairs, make difficult the approach of that
analyte to a colloidal metal surface, thus avoiding to obtain a proper
SERS spectrum. A recent publication of our research group concerns
the fabrication and use of a low charged Ag colloid giving promising re-
sults into obtaining SERS spectrum of large-electron systems [6]. The
purpose of the present work is to obtain the SERS spectrum of the gallic
acid using this modified Ag colloid.

The reliability of the SERS data is considered by comparison with the
normal Raman spectrum. The orientation of the analyte is inferred from
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the observed intensity and wavenumber shifts relative to the Raman
spectrum, by using the SERS selection rules [7] indicating that modes
having their Raman polarizability z-component perpendicular to the
surface are likely to become more enhanced than the parallel ones. In
order to interpret the SERS effect, theoretical considerations must be
taken into account. In this respect, two complementary components of
enhancement in SERS have been pointed out [8]: Electromagnetic
(EM) and Charge Transfer (CT). The first one mainly arises from the cou-
pling of light with the plasmons on metal the surface, driving its subse-
quent excitation. The CT mechanism involves molecular interactions
between the metal surface and the adsorbate, increasing its molecular
polarizability. The CT mechanism produce less SERS enhancement that
the EM component and drives shifts in selected Raman fundamentals.
The charge transfer mechanism is restricted by its nature to molecules
directly adsorbed on the metal, as opposed to the electromagnetic ef-
fect, which extends to certain distance beyond the surface. For the cor-
rect interpretation of the SERS data, it is necessary to have, as a
guideline, a proper vibrational assignment of the Raman spectrum,
which will be theoretical assisted in the present work by using density
functional theory (DFT) [9], which has come up in the last years as an in-
viting and economical alternative to the conventional ab initio methods.
DFT proved its ability in reproducing various molecular properties, in-
cluding vibrational spectra, optimized geometry and molecular electro-
static potential (MEP), the latter being useful to support the orientation
of the molecule on the surface deducted from the SERS selection rules.
Recently, ]. Huguenin et al [10] studied the deprotonation of the gallic
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acid at several pH using Raman data thus obtaining information on the
pK, values. According to Seung-Jang Lee et al [11] the Raman spectra re-
ported by Huguenin et al [10] correspond to ellagic acid a gallic acid
dimer.

2. Materials and methods
2.1. Materials

Solid gallic acid (97% purity) was purchased from Sigma-Aldrich.
Two different crystalline structures were observed at the microscopy
level (50x) and described as rods and amorphous, see Fig. 1. The follow-
ing chemicals were used for the preparation of the silver nanoparticles
colloidal solutions: silver nitrate 99.9999% metal basis (Aldrich), sodium
hydroxide (ACS, Reag. Ph Eur Merck) and hydroxylamine hydrochlo-
ride, 99.999% metal basis (Aldrich). All these chemicals were used as
received.

2.2. Sample preparation for the Raman and SERS measurements

Raman measurements were performed for the gallic acid crystals de-
posited on a quartz slide and in aqueous solution according to a meth-
odology described in one of our previous works [12]. To obtain the
Raman spectrum in aqueous solution, a GA aqueous solution close to
0.10 M was prepared. For the SERS measurements, stock aqueous solu-
tions of the analyte were prepared in ultrapure water, to a final concen-
tration of 1.0 x 10~ M. A low charged Ag colloidal solution was used;
this is the same recently prepared giving excellent SERS results when
working with large-electron systems [6]. To obtain the SERS spectra in
dried samples an aliquot (10 pL) of the aqueous solution of the analyte
is deposited on a quartz slide and the water is allowed to evaporate at
room temperature. After that, the colloidal AgNps solution (20 pL) is
dropped onto the dried analyte, thus obtaining the gallic acid AgNps ag-
gregate in aqueous medium. The excess water is evaporated at room
temperature and the dry sample is used for the SERS measurements.

2.3. Raman and SERS measurements

The SERS measurements were performed using a Renishaw micro-
Raman RM 1000 spectrometer, equipped with laser lines 514, 633 and

785 nm. The spectrometer is coupled to a Leica microscope DMLM
and a CCD camera electrically cooled. The Raman signal was calibrated
to the 520 cm ™! line of silicon and lens of 50 objective. The laser
power on the sample is about 0.2 mW. Acquisition time was set be-
tween 10 and 20 s per accumulation; the average of accumulations
was 5 with spectral resolution of 4 cm ™. The spectra were recorded be-
tween 100 and 1800 cm ™ . Spectral recording conditions and the choice
of the laser line to be used is selected in order to avoid degradation of
the sample; in this sense, the 633 and 785 nm laser lines were used.

3. Results and discussion
3.1. Computational details

Molecular geometry optimization, molecular electrostatic potential
(MEP) and vibrational spectra calculations were performed for GA
with the program package Gaussian 03 [13]. Density functional theory
(DFT) with the B3LYP functional [ 14,15] were used for the optimizations
of the ground state geometries and simulation of the vibrational spectra.
The default convergence criteria and integration grid of the program
were used. The basis set was the 6-311G [16]. Vibrational spectra
were obtained without anharmonic corrections and Raman activities
were determined using numerical differentiation.

The dominant character of each normal mode was determined by
analyzing current assignments reported in the literature for the distinct
functional groups present in GA, visual inspection of the atomic dis-
placement of normal modes [17] as well as regarding the potential en-
ergy distribution matrix (PED) obtained from the multiple scale
factors applied to different internal coordinate force constants, accord-
ing the treatment proposed by Pulay et al. [18] which automatically
scale the off diagonal force constants to offset the systematic error pro-
duced on the theoretical frequencies [19]. Transformation of Gaussian
Cartesian force constants into the corresponding internal ones, conver-
sion from Cartesian to internal coordinates, automatic generation of the
redundant internal coordinates, SQM (Pulay) scaling, least-squares re-
finement of scale factors, and decomposition of the potential energy
distribution (PED) were carried out using the program FCARTO1, a
major modification of previous software [20] written to accomplish all
the necessary transformation and calculations using the Gaussian
output.

Raman Intensity / Arbitrary units

T T T T T
200 400 600 800 1000 1200

Wavenumber / cm’™

T
1600

Fig. 1. Raman spectra of gallic acid crystals (dimer) (A) and gallic acid crystals (monomer) (B), laser line 785 nm. The right images show the crystals of GA dimer (C) and GA monomer

(D) under a microscope using the 50x objective lens.
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Fig. 2. B3LYP/6-311G-optimized structure of GA (A) and molecular electrostatic potential (MEP) contour of GA (B).

3.2. Optimized structure

The optimized geometry of GA calculated at our level of calculation is
shown in Fig. 2A. At the optimized structure no imaginary frequency
modes were obtained, proving that a local minimum and not a saddle
point of the potential energy surface was found. Geometrical parame-
ters of GA obtained at our level of theory are in agreement with those
pointed out by X-Ray diffraction study [21] for the anhydrous molecule,
being its structure essentially planar; geometrical parameters compared
with those presented in reference [21], are included as Supplementary
material. The Cs symmetry of the molecule with coplanar orientation
of OH bond with the benzene ring supply unique information on the ex-
tent of symmetry lowering of benzene normal modes.

3.3. Molecular electrostatic potential (MEP) maps

MEP calculated at the B3LYP/6-311G-optimized geometry is pre-
sented in Fig. 2B. This map allows us to visualize variably charged re-
gions of a molecule, indicating the most probable interaction of a
charged point-like species on organic molecules [22], and consequently,
giving insight on the nature of the chemical bond [23]. The different
values of the electrostatic potential at the surface are represented by dif-
ferent colors. The color code of these maps is in the range between
deepest red and deepest blue in the compound. The positive (blue)

regions of MEP are related to nucleophilic reactivity, while the negative
(red and yellow) regions of MEP are an indication of electrophilic reac-
tivity, and green color represents regions of very low or zero potential.

3.4. Vibrational analysis

GA consists of 18 atoms with a total of 48 nonredundant coordinates.
Bands concerning to Raman normal modes have been selected from the
vibrational data according their intensity presented in the Gaussian out-
put. In general, our results are similar to those presented in a previous
DFT vibrational study where a different level of calculation was used
(Becke3P86 functional and the 6-311G(d,p) basis set) [24]. Also, they
can be can be compared to those obtained for related molecules, such
as benzoic acid [25] and phenol [26,27].

After analyzing our results and comparing them with those obtained
in previous calculations, it is noted that phenyl stretching vibrations are
strongly associated to the CH in plane bending modes and the in plane
ring deformations do not include the symmetric breathing fundamental
as a consequence of the phenyl complexation. Furthermore, bands
concerning hydroxyl and benzoic normal modes are located in well-
defined positions in the spectrum, while ring vibrations are spread out
in a wide spectral range. Specifically, the carbon-carbon stretching
modes of the phenyl group are expected in the range from 1650 to
1200 cm ™!, however, It has been recognized that the actual position

Table 1

Selected calculated and experimental Raman and SERS wavenumbers (cm™') with relative intensities of GA and the most probable bands assignment.
Calc. SQM scaled Raman solid sample Raman aq. solution Raman dimer SERS Assignment
1688 1688 bw 1690 s 92% vCO
1612 1612 vs 1619 vs 1619 s 1614s 70% vCC ring + 25% vC-OH
1603 1594 vs 45% vCC ring + 39% 6 C-H
1526 1526 m 1506 vw 51% vCCring + 36% &6 C-H
1466 1465 m 61% vCC ring + 27% vC-OH
1436 1440 w 1450 w 1430 vw 46% vCCring + 28% vCO + 21% 60H
1364 1383 m 1367 m 1368 s 39% vCC ring +28% 6CH + 27% vCOOH
1325 1320s 1337s 1311w 42% vCC ring + 31%vCO + 22% vC-OH
1277 1264 vs 1257w 1251 vs 1265m 75% pCO
1219 1216 vw 72% 50H (—COOH)
1179 1157 w 1170 m 56% 6 C = 0 + 28% 6CH
1108 1099 m 1105w 1087 m 1096 w 69% 60H
1054 1034 vw 1045 vw 1051 vw 1047 vw 63% ipd ring
988 1002 vw 59% ipd + 35% ring vCO
944 961 s 963 m 958 m 961 w 76% pCH asym
894 845w 81% pCH sym
871 801 m 810 m 793 m 797 m 88% pCH sym
778 771w 85% vCC + 10% 6CO
760 721 m 711s 694 m 710 m 76% T CO
560 551 m 542s 556 m 542 w 66% 5COH + 28% oring
448 434 w 452 vw 444 w 437 vw 72% pring
410 387 m 398 w 65% Tring
343 357m 355w 366 m 358 m 73% Tring

Abbreviations: v, stretching; 6, deformation; p, out of plane bending; T, torsion; ipd, in plane deformation; sym, symmetric; asym, antisymmetric.
*Relative intensity: b, broad; vs, very strong; s, strong; m, medium; w, weak and vw, very weak.
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of these modes are determined not so much by the nature of the substit-
uents but by the form of substitution around the ring [28]. In Table 1
unscaled DFT and calculated multiple scaled frequencies, as well as
the positions of Raman and SERS peaks and their vibrational assign-
ments are collectively summarized. For the sake of brevity, this table
just presents assignments concerning the most singular normal modes
of GA, that is, those in the region between 1600 and 400 cm™ .

3.5. Raman spectrum of gallic acid crystals

The Raman spectrum Fig. 1B of the amorphous crystals Fig. 1D, is co-
incident with published data of gallic acid by D. Kurouski et al [29];
these authors utilized tip-enhanced Raman scattering (TERS) to identify
indigo dye and iron gall ink in situ on Kinwashi paper. The present pro-
posed spectral assignment is based on our calculations as well as on pre-
vious data for the gallic acid [1,24,29] and characteristic group
frequencies [30,31]. A confident bands assignment is relevant to a cor-
rect interpretation of the SERS spectrum; then, conclusions about the
molecular orientation of the analyte on the surface can be adequately
proposed. The Raman spectrum Fig. 1A of the rod crystals Fig. 1C, is
highly consistent with a dimeric form of the gallic acid, involving the
carboxylic fragment. This proposition is consistent with Raman data
and DFT calculations by Seung-Jang Lee et al [11]. The present results
suggest that the dimeric form corresponds to the ellagic acid. In fact,
the band at 1690 cm™ ! is a ¥CO mode characteristic of a ketone group
[32,33] discarding an ester formation; for an ester, the carbonyl group
displays a signal above 1735 cm™ . Alvarez-Ros et al [3] reported the
Raman spectrum of GA in ethanol; the reported bands are highly consis-
tent with a dimeric form of GA. The dimer presence also involves severe
spectral modifications in the 1300-1200 cm ™! region where the vC-O
modes are active. Ring vibrations mainly bands ascribed to vCC
(1526 cm™ '), asymmetric in plane deformation (1034 cm™!) and out
of plane deformation (387 cm™ ') are particularly sensitive to the di-
meric structure. Table 1 contains the spectral assignment of both
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Fig. 3. SERS spectra of GA using the Leopold-Lendl Ag colloid (A) and from a modified Ag
colloid (B), Raman spectra of GA in aqueous solution (C) and in solid (D). Spectra A, B and
C were registered with the 633 nm laser line; spectrum D was registered with the 785 nm
laser line.

structures. The monomer dominates the Raman spectrum in water solu-
tion at pH 7.

3.6. SERS spectrum of GA in a dried system

The SERS spectrum of the gallic acid was not possible to obtain by
using the Leopold-Lendl colloid [34], see Fig. 3A; the SERS spectrum in
Fig. 3B was obtained in a dried system, by using the modified Ag colloid
[6]. The SERS spectrum is compared with both the Raman spectrum of
GA in solid and in aqueous solution, Fig. 3D and C, respectively. The
comparison considers the spectrum of the monomer since this is the
main species existing after dissolving the GA solid as deduced from
the Raman spectrum of GA in solution (Fig. 3C).

The monomer structure dominates the SERS spectrum; this is based
on the fact that both the SERS and the Raman signals of the monomer
are nearly equivalents (Fig. 3B and D), displaying a similar spectral pro-
file and consistent in both cases with a nonionic form. Intensity changes
by surface effect are interpreted on the basis of the SERS selection rules
[7]. Thus, it is possible infer about the orientation and organization of
analytes on a metal surface. The spectral shifting observed by surface ef-
fect for some bands is related to a probable electronic charge transfer
resulting from the ligand metal surface interaction. In the present
case, no bands appear by surface effect and the general spectral shift is
rather moderate which suggest that the analyte surface interaction is
feeble. The relative intensity of the aromatic stretching vCC bands at
about 1600 cm ™! in the Raman keep a comparative relative intensity
in SERS solid; this is interpreted in terms that these vibrations corre-
spond to a molecular aromatic fragment not plane parallel to the sur-
face; an increasing of those bands should suggest a perpendicular
position of the corresponding bonds. On this basis it is proposed a rather
tilted orientation of the aromatic moiety on the surface. The Raman
band at 1526 cm ™! ascribed to an aromatic vCC mode is observed in
SERS at 1506 cm™ ! keeping the same relative intensity; this is consis-
tent with the above proposition but for a CC bond closest to the surface.
The Raman band at 1440 cm ™! is assigned to a coupled vCO/vCC mode
and an OH deformation of the carboxylic group; by assuming that the
carboxylic moiety is nearly coplanar to the benzene ring, the COOH
should be also tilted to the surface; the wavenumber shift to
1430 cm ! in SERS suggests that the carboxylic group and at least one
of the OH function are close to the surface. The multiple bands at 1383
and 1320 cm™ ! are ascribed to coupled vibrations including the vCC,
SCH and 60H modes following the calculations by Mohammed-Ziegler
et al [24] and our theoretical results including a contribution of a
vCOOH mode; these bands coalescent into a broad band at 1368 cm ™!
in SERS. This spectral behavior is in the same sense of a tilted orientation
while the wavenumber shift suggests an electronic redistribution of a
molecular aromatic fragment close to the surface. The fact that the
band at 1311 cm™! probably due to a carboxylic vCO mode and ob-
served only in the SERS spectrum, is associated to a nearly perpendicu-
lar position of the corresponding bond close to the surface. Since the
medium relative intensity it is not discarded that this mode could be-
long to a ring CO bond of a whole molecular system tilted to the surface.
The relative intensity of the strong Raman band 1264 cm™! assigned to
an out of plane C=0 vibration (pCO) drastically decreases by surface ef-
fect; this indicates that the C=0 bond is not close to the surface and/or
the carboxylic moiety is confirmed to be also tilted on the surface. This
mode has the induced dipole nearly parallel to the surface. The weak
Raman band at 1216 cm™ ! is not observed in SERS; it is a carboxyl
50H mode. A similar situation occurs for the band at 1099 cm ™! due
to a ring 50H mode. The polarizability z-component of these vibrations
is decidedly not parallel to the incident laser excitation. The band at
961 cm™ ! is observed with a weak relative intensity in SERS; this spec-
tral situation and assuming a tilted orientation of the whole molecule on
the surface suggests that this 5CO mode belong to the carboxyl moiety
in agreement with the calculations. If the band at 961 cm™ ! is assigned
to a pCH mode, then the structural fragment associated should be plane
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Fig. 4. Scheme of the gallic acid interacting with the Ag metal surface.

to the surface; however, the weak intensity supports the idea of an in-
clined system. This proposition is supported by the spectral behavior
of the pCH band at 801 cm™"' which keeps its relative intensity in
SERS. This is also observed in the case of the band at 771 cm™ ! which
resulted from coupled vCC and 8CO modes; it is observed weak in
SERS. The CO torsion at 710 cm™ ', should belong to the carboxyl moiety
if the orientation is that here proposed; this assignment is in agreement
with that obtained from the potential energy distribution calculation.
The band at 551 cm™! maintains its intensity and is assigned to
C—OH and ring deformations; this supports the idea of a not exactly co-
planar orientation of the gallic acid on the surface. Bands below
440 cm ! are ascribed to in and out of plane ring deformations; these
bands are also observed in SERS which is only consequence of a rather
tilted orientation of the molecule on the metal surface. Fig. 4 represents
the proposed gallic acid metal surface interaction. The inferred position
of GA on the surface is in concordance with the MEP contour obtained
from DFT calculations (Fig. 2) where it is observed that the negative
charge substantially covers the hydroxyl (013) and carboxylic groups,
that is, the more electronegativity of these groups makes then the
most reactive part in the molecule.

4. Conclusions

Amorphous and rod crystals from a p.a. commercial product of gallic
acid were microscopically separated. The Raman spectral analysis of the
amorphous crystals suggests a monomeric form, while the rod crystal
corresponds to a dimeric species, probably the ellagic acid. The dimer
structure involves the carboxyl and hydroxyl moieties. Raman data indi-
cate that the monomeric species dominates in water solution. A low
negatively charged Ag colloid allowed obtain to the best of our knowl-
edge, the first surface enhanced Raman scattering (SERS) spectrum of
the gallic acid. SERS selection rules allowed propose an orientation of
the analyte on the metal surface; a tilted orientation is inferred for the
dried analyte on the surface. Comparison of Raman and SERS spectra
suggests a tilted orientation of the benzene ring on the surface. Further,
MEP contour has been useful to support both the assignment and the
orientation of GA on the Ag nanoparticles. From this study it is possible
to appreciate the effectiveness of the modified Ag colloid as a good sur-
face to enhance the Raman signals. In order to interpret the advantages
of the here used modified Ag colloid into obtain SERS data of high neg-
atively charged analytes, a SERS study of the GA in solution along with a
molecular dynamic interpretation are in progress in our laboratories.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.saa.2016.03.028.
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