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ABSTRACT: Al13 is the most active polymeric Al species responsible for
coagulation at the solid−liquid interface, whereas the detection techniques
for Al13 at the interface are currently limited. In this study, for the ﬁrst
time, the identiﬁcation of Al13 on the silicon dioxide-based colloid surface
was realized by using surface-enhanced Raman scattering (SERS), which is
an ideal surface method sensitive for single-molecule detection. The high
purity Al13 salts were prepared by an electrolysis procedure followed by
precipitation or metathesis. Al13-Cln was determined to be feasible for the
Raman detection as it exhibited more noticeable signals in comparison to
Al13-(SO4)p and Al13-(NO3)m. The peak of Al13-Cln at 635 cm−1 could be
the major characteristic peak of Al13, and the other two peaks at 300 and
987 cm−1 could be accessorial evidence for the identiﬁcation. Further, the
identiﬁcation of Al13 adsorbed on the surface of Ag and gold-core/silicashell colloids was conﬁrmed by the SERS response at the above three
wavenumbers with a higher signal-to-noise ratio than the normal Raman scattering. According to the least-squares ﬁtting
computed Raman spectra, each of the characteristic peaks was associated with speciﬁc vibrational modes.

■

INTRODUCTION
Coagulation as a common water treatment technology is a
reaction process of the coagulants and particulates proceeding
at the solid−liquid interface. During coagulation, the aluminum
(Al) hydrolyzed products can act as a highly eﬀective coagulant
for the removal of charged colloidal particulates and organics,
which would aggregate into large ﬂocs and could be removed
by the following sedimentation or ﬁltration treatment.1−3 The
Al13 polycation, [AlO4Al12(OH)24(H2O)12]7+ (Al137+) (i.e.,
Keggin-Al13), is conﬁrmed to be the most active polymeric Al
species responsible for the coagulation.1 Particularly, the
production and persistence of the active Al13 on the colloid
surface were assumed to play a dominant role in the
coagulation.3,4 However, no direct evidence for the Al13 on
the colloid surface was reported.1,3 Therefore, identiﬁcation of
the Al13 aggregates at the solid−liquid interface is desirable for
understanding the coagulation of Al salts.
It has been reported that in aqueous solutions, the
aluminum-27 nuclear magnetic resonance spectroscopy (27AlNMR), ferron colorimetric method, and electrospray ionization-mass spectrometry can be applied for the determination of
Al species.5−8 As for the ﬂocs containing Al13, X-ray
photoelectron spectra and solid-state 27Al-NMR were used
for the identiﬁcation.2,3 In fact, it is recognized that the
© 2017 American Chemical Society

hydrolyzed polymeric Al species adhered to the surface of
colloids substantially aﬀect the coagulation mechanism.1
However, the detection technique for the Al13 formed on the
colloid surface is currently limited. Recently, Raman scattering
techniques have attracted vivid interests because they can
distinguish diﬀerent species and molecules based on the
characteristic “ﬁngerprint” spectra with minimal sample
pretreatment.9−11 For instance, the monomer Al(OH)4−
containing only tetrahedron coordinated Al (AlIV) in the
aluminate solution at high pH can be well identiﬁed by a strong
band at 620 cm−1 corresponding to the Al−O stretching mode,
and the dimeric or oligomeric aluminum species were
characterized by two bands at 535 and 695 cm−1.12 In addition,
f lat Al13, [Al13(OH)24(H2O)24]15+, is constructed upon a
repeated set of cubane-like moieties arrayed in a lattice of
edge shared with an octahedra Al (AlVI) core (Figure S1). The
Raman study of f lat Al13 revealed that the region from 200 to
900 cm−1 and 900 to 1300 cm−1 exhibited the AlVI-O vibrations
and hydroxo group vibrations, respectively, which deﬁned the
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Figure 1. (a) The optimized geometry of Al13 and (b) the structure of ε-Keggin-like Al13 shown in a polyhedral representation.

ﬁngerprints for f lat Al13.13,14 Al137+, the most common
polynuclear species in the coagulation process, has not been
studied by Raman techniques so far.15,16
Particularly, surface-enhanced Raman spectroscopy (SERS)
as a promising surface analytical technique appeared more
attractive for the ultrasensitive detection down to the singlemolecule level since it can provide an increased sensitivity
(enhancement factor as high as 108 to 1012) with the nanoscale
metal substrates.17,18 It was speculated that the electromagnetic
ﬁeld enhancement arising from localized surface plasmon
resonance and the chemical enhancement due to charge
transfer might be responsible for the increased scattered
intensity.19−21 Through SERS analysis, the slight changes in
molecular structure can be detected.22 The optimized geometry
and structure of Al13 are shown in Figure 1. It has an ε-Kegginlike structure of Td symmetry, which is characterized by a AlO4
tetrahedron center surrounded by 12 octahedrally coordinated
Al sharing edges and oxygens (−O−, −OH, and −OH2). The
unique vibrational structure of Al−O bonds makes Raman and
SERS a promising method for the detection of Al13 on the
colloid surface. The nanoscale metals such as Ag and Au have
been widely used as substrates in the SERS analysis for a better
detection of the organic and inorganic contaminants,
pathogens, and nanomaterials in environmental samples.11
Considering that SiO2 is the dominant component of the clay
mineral widely dispersed in natural water,23 the Au core was
coated with an ultrathin SiO2 shell which was used to simulate
the natural particle surface. Both Ag and Au-core/SiO2-shell
(Au/SiO2) colloids are used as the substrates for investigating
the SERS spectrum and characteristic peaks of Al13.
In the present work, a SERS method for the detection of Al13
on the colloid surface was established. The results showed that
the Raman and SERS can act as an ideal method to identify Al13
species in solids, solutions, and on the surface of colloids. A
detailed structural-mode assignment was given based on the
geometry optimization and frequency calculation of Al137+ using
density functional theory (DFT) calculations. The spectroscopic observations of Al13 on the colloid surface may be
helpful to further understand the hydrolysis reaction of Al salts
in some speciﬁc cases and optimize the strategies for the
productivity of Al13 during coagulation.

precipitation method (see the Supporting Information for
details). The solid Al13 was obtained by air-drying at room
temperature and then placed onto the clear glass slides for the
Raman detection. The Al13 solution with a concentration of
0.50 mol Al/L was prepared by redissolving the solid Al13-Cln in
ultrapure water and was transformed onto the as-prepared
silicon wafers, followed by the spectral acquisition using a
confocal Raman spectroscopy system. The silicon wafers were
chosen as the substrate for placing the samples during the
detection procedure due to the fact that it provides less spectral
overlaps than other substrates such as glass and mica plate (see
details in Figure S2 in the Supporting Information).
Preparation of Ag Colloids and Au/SiO2 Particles. The
aqueous solution of Ag colloids was prepared by the reduction
of silver nitrate with hydroxylamine hydrochloride.25 The
colloids were produced by the fast addition of 10 mL of
hydroxylamine hydrochloride/sodium hydroxide (1.5 × 10−2
/3 × 10−2 mol/L) solution to 90 mL of 1.11 × 10−3 mol/L
silver nitrate solution.
It was reported that the optimum size of coinage metals (Ag,
Au, and Cu) for SERS enhancement ranged from 10 to 100
nm.26 Au nanoparticles with a diameter of about 50 nm were
synthesized as cores following Frens’ method, on which the
ultrathin SiO2 shells were coated to form Au/SiO2 nanoparticles.27−30 In a typical synthetic procedure for Au/SiO2
nanoparticles, 1.25 mL of a freshly prepared 1 mmol/L (3aminopropyl)trimethoxysilane aqueous solution was dropwise
added to the 250 mL of Au sol under vigorous magnetic stirring
for 15 min to ensure the complete complexation of the amino
groups with the gold surface. Subsequently, 10 mL of 0.54 wt %
sodium silicate solution, the pH of which was adjusted to 10−
11 by the successive addition of cation exchange resin, was
added to the sol under vigorous stirring. After stirring for
another 15 min at the temperature of 90 °C, 100 mL of the asprepared solution was added into 400 mL of ethanol. Growth
of the additional shell was accomplished by the dropwise
addition of 400 μL of ammonia and 60 μL of tetraethyl
orthosilicate. The reaction system was then stirred for 15 min
and allowed to remain undisturbed for at least 12 h. Finally, the
product was washed and dried at the room temperature to
obtain Au/SiO2 particles.
Adhesion of Al 13 on Ag Colloids and Au/SiO 2
Particles. The Al13 solutions were prepared by dissolving
Al13-Cln in ultrapure water. The Ag substrate was found to be
unstable over time due to the aggregation of Ag colloids.31
Hence, 10 μL of the as-prepared Ag colloid solution was mixed
with isovolumic Al13 solution (0.01 mol Al/L) transferred on
the prepared silicon wafers and then was dried for Raman

■

MATERIALS AND METHODS
Preparation of Al13 Salts. PACl with the total Al
concentration of 0.55 mol/L was prepared by the electrolysis
process as reported by Liu et al.24 Then, it was puriﬁed to
obtain Al13 salts (Al13-(SO4)p, Al13-(NO3)m, and Al13-Cln) by
sulfate precipitation, nitrate metathesis, and the ethanol-acetone
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analysis immediately. In the case of Au/SiO2, Au/SiO2 was used
as the model colloid for the simulated adsorption of Al13 onto
the colloid surface in natural water. Hence, a certain amount of
as-prepared particles was added to the ﬂasks containing 40 mL
Al13 solution with diﬀerent concentrations (10−2, 10−3, 10−4,
10−5, 10−6, and 0 mol Al/L), which covers the common dosage
of Al coagulant in the coagulation process (several tens to
thousands of micromoles per liter). After shaking for 24 h
(stirring rate, 160 rpm; temperature, 25 ± 1 °C) for a suﬃcient
adsorption process, the mixture was ﬁltered through an
ultraﬁltration membrane, and then the dried Au/SiO2 with a
thin layer was spread onto the silicon wafer for Raman
detection. The adsorption eﬃciency of Al on the Au/SiO2
surface was determined by the diﬀerence in Al13 concentration
in solution before and after adsorption.
Analytical Methods. Raman spectra were obtained by
using a confocal Raman spectroscopy system (Renishaw InVia
Raman microscope, Renishaw PLC) equipped with a Leica
microscope with 10, 50, and 100 × objectives and 532 nm laser
lines as the excitation source with a 5 mW laser power. Every
signal was measured by taking 6 accumulations with an
exposure time of 10 s. To increase the signal-to-noise ratio,
spectra were acquired using the SERS technique. The total Al
concentration is determined by the inductively coupled plasma
optical emission spectrometer (ICP-OES, PerkinElmer Co.),
and the purity of Al13 product is determined by 27Al-NMR
(Avance III 500 MHz, Bruker) and the solid-state 27Al NMR
(Avance III 400 MHz, Bruker). The morphology and mean size
of the synthesized core−shell particles are measured by
transmission electron microscopy (TEM, FEI F20) and
scanning electron microscopy (SEM, JSM 6301), respectively.
Computational Methods. The geometry optimization for
Al(H2O)63+, Al(OH)4−, Al2Cl6, and Al13 and the frequency
analysis for Al13 were carried out using DFT on the B3LYP
level with a 6-31G(d) basis set.32−35 The Cartesian coordinates
of the models are listed in Tables S3−S6 in the Supporting
Information. The frequencies were corrected by using
frequency scaling factor 0.9614.36 All calculations were carried
out with Gaussian 09.37 To identify the individual vibrational
modes consisting of each of the peaks in the SERS spectra of
Al13, the least-squares ﬁtting computed Raman (LSFC-Raman)
spectra were created from the computed frequencies and
intensities of the Al13 model.13,38 More details on the
calculation and the method for selecting Gaussian functions
are listed in the Supporting Information.

Figure 2. 27Al-NMR spectra of PACl (total Al concentration: 0.55
mol/L), Al13-Cln (total Al concentration: 0.50 mol/L), and Al13(NO3)m (total Al concentration: 0.50 mol/L).

after puriﬁcation. The purity of Al13-(SO4)p cannot be
measured by the liquid 27Al-NMR directly because it was an
insoluble polymer, while Al13-(SO4)p is believed to have the
same purity with Al13-(NO3)m due to Al13-(NO3)m being
prepared from Al13-(SO4)p by a metathesis method with
Ba(NO3)2. The solid-state 27Al NMR spectrum of Al13-(SO4)p
is provided in Figure S3. The puriﬁed Al13 solution was freezedried into the solid, and redissolution of the solid exhibited no
signiﬁcant decrease in Al13 purity, which was consistent with the
previous research.39 The results suggest that other than Al13,
there is no trace of other Al species during Raman detection.
Identiﬁcation of the Characteristic Peaks for Al13 in
Solid and Aqueous Solution by Raman. Considering that
the anions of Al13 salts may aﬀect the identiﬁcation of the
vibrational modes in Al13, the Raman spectra of solid Al13(SO4)p, Al13-(NO3)m, and Al13-Cln are compared with those of
solid Na2SO4, NaNO3, and AlCl3, respectively. Al13-Cln is
compared with AlCl3 rather than NaCl due to the fact that the
Cl is monatomic and there is only one kind of Raman-active
mode in NaCl, the external lattice mode,40 which is helpless for
the assignment of the Raman signals of Al13-Cln. It is observed
that the spectrum of Al13-Cln is quite diﬀerent from that of
AlCl3 (Figure 3a). As for the solid Al13-Cln salts, no
investigation on the bonding mode of Al13 with Cl atom was
reported. However, the Br, which also belongs to the halogen
family, has been reported to intersperse among interstices
between the tetrahedrons and octahedrons of the polyaluminum and has ﬁxed positions after the formation of strong
hydrogen bonds between OH and Br.41 Additionally, the Al
atoms in Al13 have a saturated bonding structure with OXs (X
stands for −Al, −H, and −H2) as shown in Figure 1, so no
bonds between Al and the anionic groups can be formed.
Hence, it can be rationally deduced that Cl atoms are combined
with Al13 by forming hydrogen bonds with OH instead of the
Al−Cl bond. Thereby no signal associated with Cl exists in the
spectrum of the solid Al13-Cln. The three bands in Al13-Cln, a
sharp one at 300 cm−1, a broader one at 635 cm−1, and a
smaller one at 987 cm−1, can be accordingly assigned to the
vibrational modes of Al-OXs or the hydroxo group. Although
these Raman peaks are not too strong, their signal-to-noise
ratios are statistically signiﬁcant. By contrast, only one
prominent band located at 305 cm−1 appears in the
spectrogram of solid AlCl3, which can be attributed to the
stretching vibration of the Al−Cl bond.42,43 The Raman

■

RESULTS AND DISCUSSION
Veriﬁcation of Pure Al13 by NMR. For the Raman
detection of Al13, the high purity Al13 salts, Al13-(SO4)p, Al13(NO3)m, and Al13-Cln, were chosen as the target analytes due to
the fact that they can inhibit the interference of monomeric,
dimeric, oligomeric, and other Al species. First, the purity of
Al13 in PACl, Al13-(NO3)m, and Al13-Cln was characterized by
the liquid 27Al-NMR, and the results are shown in Figure 2.
The peak at the chemical shift of 0 ppm in PACl is assigned to
the monomeric Al species, which disappeared in the samples of
Al13-(NO3)m and Al13-Cln, revealing that no monomeric Al
species existed after puriﬁcation. The peaks at 63 and 80 ppm
are attributed to the resonance of the central Al atom in the
structure of Al13 and the inner standard Al(OH)4−, respectively.
The yield of Al13 in PACl is determined to be 65.7%, while the
contents of Al13 in both Al13-(NO3)m and Al13-Cln are
calculated to be more than 98% of the total Al concentration
2901
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Al13 nanocluster. Therefore, the peaks of Al13 at 635 and 987
cm−1 are overlapped by the modes of SO4 due to their similar
positions and the high intensity of the peaks related to SO4.
The applicability for Al13-(NO3)m and Al13-(SO4)p is excluded
in this study, because Al13-Cln exhibits more noticeable
characteristic peaks at 300, 635, and 987 cm−1, which could
be successfully used for the identiﬁcation of Al13. The
subsequent detection of Al13 was thereby based on Al13-Cln.
Raman analysis of Al13-Cln aqueous solution transferred onto
the silicon wafer was investigated, and the results are presented
in Figure 4. No obvious changes were observed in the band

Figure 4. Raman spectrum of Al13-Cln (Al13) aqueous solution (total
Al concentration: 0.50 mol/L) on the silicon wafer. Inset shows the
Raman spectrum of the silicon wafer.

Figure 3. (a) Raman spectra of solid AlCl3 and Al13-Cln. (b) Raman
spectra of solid NaNO3 and Al13-(NO3)n and the ﬁtting curve for Al13(NO3)n. (c) Raman spectra of solid NaSO4 and Al13-(SO4)n.

frequencies between the solid and aqueous solution of Al13. For
Al13-Cln in the aqueous solution, it is believed that Cl is in the
bulk solution or the electric double-layer of Al13 as a free anion,
which would not contribute to the Raman signals. The strong
band at 520 cm−1 and the broad band near 987 cm−1 are related
to the silicon wafer (shown in the inset). As mentioned above,
AlCl3 has a vibrational band at 305 cm−1, and the silicon wafer
has one around 987 cm−1, so it is unreliable to distinguish Al13
based on the two bands. The Raman band at 635 cm−1 could be
the major characteristic peak for the eﬀective identiﬁcation of
Al13, and the signals at 300 and 987 cm−1 could be accessorial
evidence.
Identiﬁcation of Al13 on the Surface of Colloids by
SERS. To investigate the feasibility of SERS for detecting Al13
on the colloid surface, two nanoparticles (Ag and Au/SiO2)
were chosen as the substrates for evaluation due to the fact that
the nanoscale metal substrates (e.g., Ag and Au) are almost
essential for enhancing the Raman signals of the target
molecules.19,27 As illustrated in Figure 5a, three obvious
bands at 300, 635, and 987 cm−1 corresponding to Al13 are
observed after adding Al13 into Ag colloids, suggesting that
SERS exhibited an excellent response for Al13. The peak area at
635 cm−1 is more than half of the strongest peak at 520 cm−1,
which is roughly considered as the spectral feature belonging to
the silicon wafer. The signal-to-noise ratio of Al13 species is
substantially increased in the SERS compared to that in the
normal Raman. Since the Raman bands of Al13 in the SERS
spectrum using Ag colloids and the normal Raman spectrum
are similar in their positions, and no chemical bonds or chargetransfer were validated between the Ag and Al13, the chemical
enhancement cannot be supported. The electromagnetic

spectrum of the solid AlCl3 which is characteristic of a
centrasymmetric Al2Cl6 molecule is calculated and provided in
Figure S4. The strong peak appears at 314 cm−1 in the
calculated Raman spectrum, which is nearly identical to 305
cm−1 in the experimental spectrum and 308 cm−1 in the study
of Edwards et al.43
As for NaNO3, the three peaks centered at 724, 1066, and
1384 cm−1 correspond to the v4, v1, and v3 modes of NO3,
respectively (Figure 3b).14 In the Raman spectrum of Al13(NO3)m, the Raman peaks of Al13 at 300 and 635 cm−1 could
be observed clearly. On the basis of the peak ﬁtting results, the
weak peak at 1014 cm−1 and the strong sharp peak at 1053
cm−1 are assigned to Al13 (hydroxo group bending vibrations at
987 cm−1 in Al13-Cln) and NO3 (ν1 NO3 symmetric stretching
mode at 1066 cm−1 in NaNO3), respectively. The shifts of the
two peaks may arise from the interaction of the hydroxo group
in Al13 with the NO3 group.
In the spectrum of Na2SO4 (Figure 3c), four bands at 454,
645, 991, and 1150 cm−1 are characteristics of the v2, v4, v1, and
v3 modes of SO4, respectively.44 While in the spectrum of Al13(SO4)p, four bands at the similar wavenumber values of 454,
616, 988, and 1087 cm−1 are observed, and the band at 300
cm−1 is considered to be related to the vibration mode of Al13.
For Al13-(SO4)p, the characteristic peaks of Al13 at 635 and 987
cm−1 are close to the v4 and v1 modes of SO4, respectively. It
was reported that SO4 had a large Raman cross section which
would result in the characteristic peaks with high intensity,21,45
whereas the intensity of the Al13 spectra was relatively feeble
owing to the high symmetry and small polarizabilities of the
2902
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features, especially the peaks at 300 and 635 cm−1, strongly
increased in intensity with increasing the amounts of Al13
adsorbed on the Au/SiO2 particle surface and were still
observable with the low Al13 amounts of 10−6 mol Al/g.
Considering that the common dosage of Al salts is higher than
10−5 mol Al/L,3 the concentration range investigated in this
study can cover most cases in coagulation treatment processes.
Therefore, the SERS approach has the potential to be applied in
the identiﬁcation of the Al13 species on the colloid surface. To
further examine the quantitative ability of this method, the
linear calibration curves are presented in Figure S6. The result
indicates a less-than-ideal linear correlation, which is probably
due to the nonuniform distribution of the solid samples on the
silicon wafer as observed by the microscopy, inhomogeneous
hot spot densities, analyte polarizability, or the inhomogeneity
and irreproducibility of the noble-metal substrate. In the case of
Au/SiO2, the Au core is used to generate a large ﬁeld
enhancement, and the inert silica shell prevents the core from
direct contact with Al13 molecules, ensuring that there are no
chemical interactions between Al13 and Au.46 The adsorption of
Al13 on the Au/SiO2 surface depends on the electrostatic
attraction.47,48 Hence, the electromagnetic enhancement should
be the enhancement mechanism for Au/SiO2 colloids. On the
basis of the obtained results, SERS is proved to be a reliable
method to identify Al13 on the surface of Ag and Au/SiO2
colloids with a higher peak intensity.
Theoretical Analysis for Al13 Identiﬁcation. It is known
that the vibrational modes are related to the species and
structures.49 The characteristic Raman signals of Al13 can be
assigned to the vibration of bonds related to the Al13 molecule
structure. The molecule of Al13 ions is considered to be
symmetrical, assuming that the Al13 group is free with Cl−. As
shown in Figure 6a, AlIV-O, AlVI-OAlIV, AlVI−OH, AlVI−OH2,
and O−H (or −H2) are believed to be the dominant chemical
bonds. The LSFC-Raman spectra of Al13 adsorbed on the Ag
and Au/SiO2 colloid surface were created to associate all the
Raman peaks with speciﬁc vibrational modes. During the
hydrolysis process of Al coagulants, diﬀerent kinds of
monomers such as Al(H2O)63+ and Al(OH)4− may polymerize
to dimeric or oligomeric aluminum species and further to form
multimeric species like Al13 and f lat Al13, although their
reaction conditions are generally diﬀerent.13,50 As a result, the
AlVI-O bond in Al(H2O)63+ (Figure 6b) and the AlIV-O bond in
Al(OH)4− (Figure 6c) are the structural units of Al13 or flat
Al13. The Raman signals of the Al−O bonds in Al(H2O)63+,
Al(OH)4−, and f lat Al13 were used as the assistance and
supplementary of LSFC results for the assignment of
vibrational peaks of Al13.
The experimental SERS spectra, associated LSFC-Raman
spectra, and constituent vibrational modes of Al13 adsorbed on
Ag and Au/SiO2 colloids are shown in Figure 6d. It is observed
that the spectra of Al13 on the two kinds of colloids are similar,
as well as their corresponding vibrational modes. The LSFCRaman spectra are composed of 156 unique vibrational modes
(the coeﬃcients of the component Gaussian functions are listed
in Table S2 in the Supporting Information). The LSFC Raman
spectra of Al13 samples, incorporating the vibrations of the
aforementioned various bonds, correlate well to the experimental spectra over the entire frequency range of 260−1100
cm−1. The peaks from 260 to 900 cm−1 in the Raman spectra of
Al13 are found to be mainly associated with the Al−O
vibrational modes, and the positions of these bands are in
agreement with recent Raman studies of the Al−O bands in the

Figure 5. (a) SERS spectra of Ag colloids and Al13 (0.01 mol Al/L) on
Ag colloids. The inset shows the ﬁtted peak areas of two samples. (b)
SERS spectra of Au/SiO2 and Al13 adsorbed on the surface of Au/SiO2
particles.

enhancement, which should be a nonselective ampliﬁer for
Raman scattering by all molecules adsorbed on the surface of
substrates, is likely to be responsible for the enhanced Al13
spectra. In addition, two new weak bands at 475 and near 520
cm−1 appeared in SERS, which would be analyzed subsequently.
The identiﬁcation of various amounts of Al13 adsorbed on the
surface of Au/SiO2 colloids by SERS is shown in Figure 5b.
The mean size of Au/SiO2 nanoparticles is approximately 50
nm (Figure S5a), and the thickness of silica shell is about 2−4
nm (Figure S5b). The adsorption eﬃciencies of Al13 on Au/
SiO2 (dosage of 1g/L) are determined, and the amounts of Al13
on per unit weight of Au/SiO2 are calculated to be 0.13 × 10−2,
0.98 × 10−3, 1.0 × 10−4, 1.0 × 10−5, and 1.0 × 10−6 mol/g for
the initial Al13 concentration of 10−2, 10−3, 10−4, 10−5, and 10−6
mol Al/L, respectively (Table S1). For a better comparison, the
Raman spectrum of Au/SiO2 treated by the ultrapure water
placed on the silicon wafer is also provided as a blank control.
The bare Au/SiO2 (0 mol Al/g) yielded no signals in SERS
except the peaks related to the silicon wafer. In the presence of
Al13 species, three obvious vibrational bands at 300, 635, and
987 cm−1 can be found, demonstrating the successful
identiﬁcation of vibrational modes of Al13 adsorbed onto the
particle surface with enhanced Raman signals. These Raman
2903
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Figure 6. (a) Schematic diagram of the bonds in Al13, the optimized geometry of (b) Al(H2O)63+ and (c) Al(OH)4−, and (d) LSFC-Raman spectra
that depict the contributions of each type of vibrational modes of Al13 on the surface of Ag and Au/SiO2 colloids (concentration of Al13 with Ag
colloids: 0.01 mol Al/L; amounts of Al13 absorbed onto Au/SiO2: 0.13 × 10−2 mol Al/g).

f lat Al13 which contains only AlVI.13,14 The band at 300 cm−1 is
accordingly assigned to the AlIV-O, AlVI-OAlIV bending, and
AlVI−OH2 stretching vibrations. The previous study of the
Na2O−Al2O3−H2O system also supported the assignment of
the region below 350 cm−1 to the Al−O bending vibrations.12
The low-intensity band at 475 cm−1 in the SERS spectra of Al13,
which is insensitive for the normal Raman method, is associated
with the AlVI−OH stretching vibrations. This result is
consistent with the previous report that the peak at 478 cm−1
was attributed to the metal−oxygen (AlVI-O) symmetric stretch
of the flat Al13 cluster.14 For the peak near 520 cm−1, it is
observed that AlIV-O, AlVI-OAlIV, AlVI−OH, and bonds in the
silicon wafer all contribute spectral intensity to this region.
Because they partially overlap with the intense peak at 520
cm−1 of the silicon wafer, there is considerable uncertainty in
the precise identiﬁcation of Al13 on the basis of this region.
The most dominant features in the region from 550 to 1100
cm−1 are the peaks located around 635 and 987 cm−1. The peak
at 635 cm−1 is assigned to the stretching vibrations of AlIV-O
and AlVI−OH and bending vibrations of AlVI−OH2. The AlIV-O
stretching vibrations have been reported to be located at 620
cm−1 in the Raman spectrum of Al(OH)4−.51,52 While in this
study, the peak corresponding to the AlIV-O vibrational mode
in Al13 is resolved to be located around 660 cm−1. It is
recognized that the position of a Raman band, which relates to
the corresponding bond force constant, basically depends on

electronic structure and bonding.53 The 40 cm−1 blue shift of
the AlIV-O band in Al13 reveals an overall increase in the extent
of AlIV-O bonding. Due to the fact that the electron donor H
atom was replaced by the Al-octahedrons, the electron density
of AlIV-O in Al13 is more uniform than that of Al(OH)4−,
resulting in the decrease in the polarity of the AlIV-O bond, and
thereby the blue shift in the frequency. Jackson and co-workers
recently reported that the region from 900 to 1300 cm−1
exhibited resolved bridging hydroxo group vibrations that
collectively deﬁne ﬁngerprints for the f lat Al13 clusters.14
Computations in this study also reveal that hydroxo group
bending vibrations dominate in the region from 900 to 1000
cm−1. These give rise to a broad signal around 987 cm−1. The
spectra of the parent monohydrate salts and other polymeric
species with the similar structure have been reported in the
previous studies.13,14,54−56 By contrast, the obtained results
show that Al13 exhibits unique vibrational characteristics and
reveal the reliability of Raman spectrum for the detection of the
Al13 molecule.
Potential Application. The interactions between coagulants and colloids are known to play a vital role in the
coagulation process. Particularly, the production and persistence of active Al13 species on the colloid surface have a
signiﬁcant impact on the treatment performance. In this study,
SERS is proposed as an eﬀective analytical method for the
identiﬁcation of Al13 species on the surface of colloids. The
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ﬁndings may shed some light on understanding of the real
coagulation process by clarifying the behaviors of Al13 at the
solid−liquid interface. It may also help to optimize the realistic
water puriﬁcation process upon the optimization of the
selection, dosing mode, and dosage of the coagulants and the
regulation of reaction conditions (pH, basicity, temperature,
etc.). Moreover, the established method is considered to have
the application potential in the study of the geochemical cycle
of Al, due to the fact that Al13 plays an important part in the
process in the nature system. In some cases, the applications of
the detection method may be limited due to the interferences
by some anions, thus the inhibition of the interferences needs
to be further investigated. However, the foreseeable applications can be realized in the simulated water systems for
investigating the migration and transformation of Al13 on the
colloid surface and for providing some references for the Al
coagulation in a realistic water treatment process.
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