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ABSTRACT: In this study, a three-dimensional surface
enhanced Raman scattering (SERS) substrate comprised of
silver coated gold nanorods (Ag/AuNRs) decorated on
electrospun polycaprolactone (PCL) fibers has been ap-
plied, for the first time, to quantitative analytical measurements
on various arsenic species: p-arsanilic acid (pAsA), roxarsone
(Rox), and arsenate (As"), with a demonstrated sensitivity
below S ppb. As" detection in a solution of common salt ions
has been demonstrated, showing the tolerance of the substrate
to more complex environments. pAsA adsorption behavior on
the substrate surface has been investigated in detail using
these unique SERS substrates. Calculations based on density
functional theory (DFT) support the spectral observation for
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pAsA. This substrate also has been shown to serve as a platform for in situ studies of arsenic desorption and reduction. This
SERS substrate is potentially an excellent environmental sensor for both fundamental studies and practical applications.

B INTRODUCTION

Arsenic contamination is a worldwide problem with the
metalloid found naturally in water, mines, and soils in a variety
of forms. Concern with the hazards of arsenic in the
environment and exposure to human beings has led the
World Health Organization (WHO) to set a stringent standard
with a maximum of 10 ppb (ug/L) in drinking water.
However, it has been reported that drinking water with arsenic
levels at concentrations above the WHO standard has already
affected over a million people in 50 countries. This is especially
true for developing countries in South Asia (e.g,, Bangladesh)
and South America (e.g, Chile)."” The long-term exposure to
arsenic in food and drinking water increases significantly the
risks of carcinogenesis, reproductive problems, and cardiovas-
cular disease.*

Different forms of arsenic have different toxicities and a
variety of uses. Arsenate (As') and arsenite (As™) are
inorganic arsenic species and the most dominant forms of
arsenic found in water. As' is the main species found in the
aerobic environment, while As™ prevails in a more reductive
environment and can be 50—100 times more toxic than As".’
Organoarsenic compounds, such as p-arsanilic acid (pAsA) and
roxarsone (Rox), are widely used in poultry farming as feed
additives to improve feed efficiency and control diseases. The
majority of these antimicrobial drugs, however, are not
metabolized in poultry, and are excreted chemically unchanged
in farming litter. Along with the farming litter used as fertilizer
in agricultural planting, these organic arsenic compounds will
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finally degrade to other organic/inorganic arsenic species, such
as As”, As"™!, dimethylarsinic acid (DMA), and monomethylar-
sonic acid (MMA), with higher mobility and toxicity that
accumulate in the soil, underground water, and rice.t™®

The toxicity, mobility, and degradation of various arsenic
species are known to be closely related to their chemical forms,
oxidation states, and valences. Therefore, speciation of arsenic
pollution is sometimes much more important than a simple
detection of the total amount of arsenic. Many analytical
techniques have been developed and are routinely used in
analytical laboratories for arsenic detection. These include
atomic fluorescence spectroscopy (AFS), atomic absorption
spectroscopy (AAS), inductively coupled plasma atomic
emission spectrometry or mass spectrometry (ICP-AES or
ICP-MS), as well as other wet chemical methods.” Although
high sensitivity has been reached, most of these techniques
only give results for the total arsenic content with no
differentiation of arsenic species. Coupled with effective
separation methods such as ion chromatography (IC) or
high-performance liquid chromatography (HPLC) with a
carefully designed column, the above-noted techniques can
execute the quantification and speciation of arsenic anal-
ysis.'~'> However, these instrumental techniques are still
expensive and bulky, and sample preparation is sophisticated
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and time-consuming. This limitation has led to a need for a
fast, sensitive, and reproducible analytical method for arsenic
analysis.

Surface-enhanced Raman scattering (SERS) has emerged as
a promising technique for ultrasensitive arsenic analysis. In
recent years, SERS has been extensively used in environmental
analysis and monitoring,'”"* including detection of arsenic in
water.® Extended X-ray absorption fine structure (EXAFS)
analysis has suggested As" is chemically adsorbed onto a silver
surface by the formation of As—O—Ag bonds,"” and the
difference in Raman shift (~60 cm™') of As—O stretching
between As’ and As™ helped identify arsenic in different
valences.'® This makes silver-based nanostructures excellent
SERS platforms for arsenic detection. Silver colloids of various
shapes and modifications have been studied for arsenic
detection."®™"® In addition, silver nanofilms fabricated by
mirror reactions'* ' and two-phase interfacial self-assembly”*
have also been utilized as SERS substrates for arsenic
detection. A limit of detection (LOD) of around 1 ppb has
been reached for both As'® and As.'” However, previous
SERS sensors for arsenic detection used either colloidal
suspensions or two-dimensional (2D) solid substrates. A three-
dimensional (3D) substrate fabricated using metallic nano-
particle (MNPs)/polymer composites has not been reported as
a SERS sensor for arsenic analysis. In our previous studies, a
protocol for SERS substrate fabrication has been developed
using Ag/AuNRs and electrospun polycaprolactone (PCL)
fibrous mats with electrostatic binding of Ag/AuNRs to the
PCL nanofibers.”” This 3D SERS substrate has demonstrated
high sensitivity and reproducibility, and it provides suitable
surface chemistry for arsenic detection. In this work, we have
conducted SERS studies directed at arsenic analysis with this
substrate. In addition to quantitative SERS measurements of
different arsenic species, in situ observations of arsenic
activities (i.e, As' desorption) have been carried out. More
importantly, by analyzing SERS spectra of pAsA at different
concentrations and pH values, we have determined the surface
adsorption behaviors of pAsA tautomers on silver surfaces.
Density functional theory (DFT) calculations of pAsA
tautomers interacting with a silver surface have been carried
out to further elucidate the SERS activities of pAsA. These
studies using SERS exhibit the power and versatility of the
SERS technique with our unique 3D Ag/AuNR substrates for
arsenic analysis in environmental sensing applications.

B EXPERIMENTAL SECTION

Cetyltrimethylammonium bromide (CTAB) and cetyltrime-
thylammonium chloride (CTAC) were purchased from TCI,
Inc. 3-Nitro-4-hydroxyphenylarsonic acid (roxarsone, Rox) was
purchased from Fisher Scientific, and 4-aminophenylarsonic
acid (4-arsanilic acid, pAsA) was purchased from Alfa Aesar.
All the other chemicals were purchased from Sigma-Aldrich.
All chemicals were used as received. Deionized (DI) water
(18.2 MQ:cm; Millipore Co.) was used for solution
preparations unless otherwise described.

Fabrication of 3D Ag/AuNR-Based SERS Substrate.
The fabrication of Ag/AuNR—PCL SERS substrate has been
given in our previous study.”” Specifically, 5 nm thick silver
layer coated AuNRs with a width of approximately 25 nm and
a length of about 70 nm were used as SERS-active MNPs for
substrate fabrication and arsenic analysis. This substrate
resulted in the optimum SERS performance as discussed in
our previous studies.
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Quantitative Measurements of Arsenic Species.
Arsenic solution samples were prepared in various concen-
trations with identical volumes of 10 mL. A piece of SERS
substrate was cut into identical pieces (typically 2 mm X 10
mm). Each piece was immersed into a sample solution
containing a different concentration of arsenic for 2 h, and then
taken out and washed with DI water to remove loosely bound
analyte molecules. The substrates were dried under ambient
temperature and humidity before SERS measurements. The
measurements were performed using a Kaiser Holospec 1.8
Raman Spectrograph equipped with a TE cooled Andor CCD
and an ONDAX 785 nm laser and probe head. The Raman
instrument uses an 800 lines/mm transmission holographic
grating, and the numerical aperture is 0.9 with a magnification
of 65X. For each sample, measurements were recorded on
three randomly selected spots on the substrate using ~0.8 mW
laser power at the sample with a 10 s exposure for 10
accumulations. To test arsenic detection in a more complex
environment, As" solutions containing common salt ions (30
UM Na', 10 uM K%, 10 uM Mg**, 10 uM Ca**, 10 uM CI~, 10
uM HPO,*, 10 uM SO,*~, 20 uM NO;~, 10 uM H,PO,")
were prepared at different concentrations. The sample
preparation and SERS measurements were similar to the
procedures described above.

To achieve rigorous data analysis, spectra were processed
before plotting in the following sequence: Each spectrum was
the average of three measurements. All the spectra were
baseline corrected. A background spectrum was then
subtracted, and the result was offset to read zero in regions
where there were no Raman peaks. The background spectrum
was obtained using a bare substrate immersed in a blank
solution (DI water or common salt ions solution without
arsenic analyte) under the same experimental conditions.

SERS of pAsA at Different pHs. To explore the effect of
pH on the SERS spectra of pAsA, 5 X 107" M pAsA solution
samples at different pHs were prepared. The pH of a solution
was adjusted by adding an appropriate amount of 0.1 M
NaOH, and the pH of the resultant solution was measured
with a pH Meter (Fisher Scientific, accumet AB1S Basic). The
preparation of SERS samples, acquisition of SERS spectra, and
data processing followed the previous description.

In Situ SERS Monitoring of Arsenic Activities. To
conduct in situ SERS measurement, a piece of SERS substrate
was immersed in 107* M As" solution for 2 h, washed with DI
water, and dried. The substrate was then immersed into 10 mL
of 20 mg/L NaCl and KH,PO, solution respectively and
placed in the Raman instrument for desorption monitoring,
Raman spectra were recorded in situ on the same sample spot
of the substrate in the solution, with 1 s exposure for 60
accumulations. For in situ reduction of Rox, a piece of SERS
substrate was immersed in S X 107> M Rox solution in DI
water for 2 h, washed with DI water, and dried. The substrate
was then immersed into 2 mM NaBH, solution for in situ
reduction monitoring. Raman acquisition of the Rox reduction
was the same as for the As" desorption experiment.

B COMPUTATIONAL APPROACH

First-principles calculations based on DET ™" were performed
to explore the possible configurations of pAsA on the Ag
surface. We used the generalized gradient approximation of
Perdew, Burke, and Ernzerhof (PBE)”® with van der Waals
correction as proposed by Grimme,””** which includes two-
and three-body terms (D3).**’ The projected augmented
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Figure 1. (A) SERS spectra of Rox with concentrations ranging from 5 X 107® to § X 107" M. (B) SERS quantification of Rox against

concentration for peaks at 405, 627, 813, and 1322 cm™.

Table 1. Peak Assignments of pAsA and Rox in Normal Raman and SERS Spectra

pAsA (cm™)

assignment34 Raman SERS
v(Ag-0) 210
16a(a’) 400
v(As—C) 635 611
4b(a’) 708
vy V,(As—OH) 745 742
v,(AsO,) 810 795
v, (AsO,) 855 834
NH, 983
18(a") 1002
7(a") 1097 1089
9a(a’) 1183 1182
19b(b"), v(CC) + 5(C—H) 1448
v,(As=0), v,(As(OH)O,") 1593

Rox (cm™)

assignment34 Raman SERS
v(Ag—-0) 229
y(CC) 407
v(As—C) 637 627
4b(a") 690
Uy V,(As—OH) 744
v,(AsO,) 824 797
v, (AsO,) 844 813
v(CN) 1146
v(NO,) 1342 1322
v,(NO,) 1533 1490
v(CC) 1573
v,(As=0), v,(As(OH)0,") 1591
8a(a’), 8b(a’), v,(NO,) 1617

wave (PAW) method® was used to describe the interaction
between valence electrons and the jonic cores as implemented
in VASP code.”"** We use PAW potentials with the following
valence configurations: Ag(4d'°Ss'), As(4s’4p*), C(2s’2p?),
H(1s'), N(2s2p®), and O(2s2p*).

The total-energy calculations were performed using a plane
wave basis set with cutoft energy of 470 eV and a convergence
tolerance of 1 X 107% V. For ionic relaxations, the structures
were optimized until the forces on each atom were smaller
than 0.01 eV A™". We constructed a Ag(111) slab based on the
calculated equilibrium lattice parameter of bulk Ag, considering
that the (111) is the most stable surface.’

The slab consists of a § X S repetition of the (111) surface
unit cell, and is composed by five layers, where the two bottom
layers were frozen and the three topmost layers were allowed
to relax. A vacuum region of 2.0 nm was used to separate two
neighboring slabs in the z direction, considering that the length
of pAsA is shorter than 7.3 A. Integrations over the Brillouin
zone were performed using a 2 X 2 X 1 I'-centered mesh of
special k points.

We explored different surface adsorption sites and molecule
orientations. For pAsA~ and pAsA®>~ two molecular orienta-
tions were considered: (1) the molecule with its long axis
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perpendicular to the Ag surface (straight configuration); (2)
the molecule long axis forming an acute angle with the Ag
surface (tilted configuration). In both cases, the O in the base
of the molecule can bind to the Ag surface in three different
configurations: (A) O on the top site, i.e, with the O atom
located on the top of a Ag atom; (B) O on the bridge site,
where the O atom is located in the middle of two neighboring
Ag atoms in the same layer (in the middle of the Ag—Ag
bond); and (C) O on a hollow site, at the center of a triangle
formed by three neighboring Ag atoms. These configurations
are shown in Figure S1 in the Supporting Information.

B RESULTS AND DISCUSSION

Quantitative SERS Studies of Arsenic. Normal Raman
spectra of the arsenic chemicals were collected for reference
purposes. Figure S2 shows the normal Raman spectra of the
arsenic species studied in this work and their corresponding
molecular structures. The SERS spectra for Rox as a function
of concentration are shown in Figure 1. The tentatively
assigned Raman modes and observed peak frequencies for
pAsA and Rox for both the normal Raman spectra and the
SERS spectra are summarized in Table 1.
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In the normal Raman spectrum of Rox, the peak frequencies
of the symmetric and the asymmetric stretching modes for
AsO, are found at 824 and 844 cm™ respectively. A weak band
attributable to an As—OH vibration is found at 744 cm™', and
assigned to an As—O stretching for As—OH. An As—C
stretching vibration is found at 637 cm™'. In the SERS
spectrum of Rox, the symmetric and the asymmetric stretching
modes of AsO, shift to lower wavenumbers, 797 and 813 cm™!
respectively, which suggests a covalent chemical interaction of
As—O with the silver surface forming the As—O—Ag bonds.
Supporting evidence for complexation of As—O with the silver
surface comes from the observation of a band near 200 cm™},
which is attributed to Ag—O stretching. In addition, the
stretching mode of As—C is strongly enhanced in the SERS
spectrum and shifts by 10 cm™ to lower frequency at 627
cm™. The above changes of the arsenic involved Raman
modes can be also observed by comparing the normal Raman
spectrum of pAsA with its SERS spectrum. Similarly, the
symmetric and the asymmetric stretching modes of AsOx in
pAsA shift from 855 and 810 cm™ to 834 and 795 cm™,
respectively, after adsorption onto the silver surface. In
addition, the As—C stretching mode shifts from 635 to 611
cm™. Thus, the SERS features of the arsonic acid group are
very good identifiers to confirm the presence of organic arsenic
species. A broad shoulder assignable to NH, at 983 cm™
originating from pAsA and an intense stretching mode of NO,
at 1322 cm™ found in Rox are specific markers to further
distinguish them in the spectrum of mixed organic arsenic
species (Figure S3). Interestingly, the peak position of the As—
C stretching vibration in the mixture of pAsA and Rox is at 623
cm™!, which is in between the As—C stretching peaks of pure
pAsA at 611 cm™" and pure Rox at 628 cm™, reflecting a
spectral combination of pAsA and Rox.

SERS intensities of Rox at 405, 627, 813, and 1322 cm™! for
decreasing concentrations are shown in Figure 1A. Peaks
assigned to the As—C stretching at 627 cm™', the asymmetric
stretching of AsO,, at 813 cm™’, the stretching of NO, at 1322
cm™!, and the asymmetric stretching modes of As=O and
As(OH)O,™ at 1593 cm™! are readily detectable at the lowest
concentration, S X 107 M (~3.8 ppb). The result illustrates
the high sensitivity of this Ag/AuNRs—PCL SERS substrate
for the detection of arsenic with an LOD much lower than the
WHO standard of 10 ppb. As all the intensities in the Rox
SERS spectrum are decreasing as concentration decreases, no
specific peak can be used as an independent reference for
normalization and quantification. Due to the excellent
reproducibility of the SERS substrate, the background of a
bare SERS substrate can be consistently measured and
subtracted from SERS spectra of analytes, which results in
better quality spectra for quantification. As Figure 1B shows,
after spectral processing, all the major peaks of Rox are
quantitatively changing as a logarithmic function of concen-
tration, which is consistent with a Langmuir adsorption model.

To test the robustness of the SERS substrate and study the
effects of salt ions on the SERS sensitivity for arsenic detection,
quantitative SERS measurements of As" in both DI water and
common salt ionic solutions were carried out. SERS spectra of
AsY are shown in Figure 2, where the peak at 785 em™! s
assigned to v,(A;) symmetric As—O stretching. The minor
peak around 425 cm™ is the superposition of v,(A;) and v5(E)
stretching modes.'® The shoulder at 825 cm™ is tentatively
assigned to the asymmetric stretching of As—O. As shown in
Figure 2B, the salt ions perturbed the SERS detection of As to
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Figure 2. (A) SERS spectra of AsV at concentrations ranging from
10° to 5 X 10 M in DI water. (B) SERS spectra of AsY at
concentrations ranging from 107° to 1077 M prepared in common salt
ion solutions (30 4uM Na*,10 uM K*, 10 uM Mg*, 10 uM Ca*, 10
uM CI7, 10 yM HPO,*", 10 uM SO,*7, 20 uM NO;~, 10 uM
H,PO,"). Inset: SERS intensity at peak 785 cm™ as a function of As”
concentration.

some degree, but an LOD of 1077 M (~8 ppb) is still possible.
The reduction in SERS signal stems either from salt ion
complexation with AsO,>” during adsorption, or by contam-
ination of the silver surface sites. Cations like Mg®" and Ca*,
for example, compete for attachment to the silver surface, to
form Mg;(AsO,), and Ca;(AsO,), thus reducing the free As”
that can adsorb onto the silver surface.'” On the other hand,
anions like Cl~ and PO,*>” can compete with AsO,>” to
complex with silver and form AgCl and Ag;PO,, reducing the
number of effective sites on the silver surface for As¥
adsorption. This interference can lead to poor adsorption
efficiency of As', which eventually results in a lower SERS
sensitivity for As' detection. To avoid complexation by
inorganic salt ions in hard water, some preprocessing of
samples might be required, such as adding F~ to form
precipitates with Mg?* and Ca®", which could then facilitate the
SERS performance for arsenate detection.'”

SERS Analysis of pAsA. When the relationship of the
SERS intensity of pAsA to its concentration was first studied
over the range 5 X 1078—5 x 107> M, a low LOD and good
quantification were achieved. (Figure 3A,B). At higher
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Figure 3. (A) SERS spectra of pAsA with concentrations ranging from 5 X 107 to § X 107> M. (B) SERS quantification of pAsA against
concentration for peaks at 611 and 1593 cm™". (C) SERS spectra of pAsA with concentrations ranging from $ X 107 to 1 X 107> M. (D) SERS
intensities of pAsA for peaks at 611 and 1593 cm™, with the whole concentration range from § X 107 to 1 X 107 M.

concentrations up to 1 X 1073 M, however, shown in Figure
3C, the SERS intensities of pAsA continued to decrease. The
maximum of the SERS intensity of pAsA occurred approx-
imately at 5 X 107° M, and the SERS intensity at 1 X 107> M is
comparable to the SERS intensity obtained at 1 X 107" M as
shown in Figure 3D. Although good quantification was
obtained at concentrations below $ X 10™° M, the decreased
Raman intensity at higher concentrations of pAsA was
unexpected. As more and more sites on the surface are
occupied, the Raman intensity should approach a limiting
value as the surface becomes saturated, which was observed for
4-mercaptopyridine (4-Mpy) in our previous study.”’

To elucidate the unexpected behavior of intensity with
increasing concentration for pAsA, we considered the possible
molecular structures of pAsA in detail. As a polyprotic acid,
pAsA has three different pK, values (pK,, = 1.9, pK,, = 4.1, and
pK,; = 9.2), and several tautomers can coexist in aqueous
solution.*® With increasing pH, the dominant form of pAsA in
water changes from protonated pAsA, denoted as pAsA’, to
neutral pAsA, and upon a further increase in pH, it changes to
deprotonated pAsA, denoted as pAsA™ and pAsAz_, as shown
in Scheme 1. Using the known values of pK,, one can calculate
the equilibrium fraction of each pAsA species as a function of
pH, since the molar percent of the different arsenic species
existing in water is only related to pH.”” Therefore, the
population of different tautomers of pAsA can be determined
and plotted at every specific pH as shown in Figure S4. At
concentrations above 5 X 107* M, the pH of the pAsA solution
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Scheme 1. Different Tautomers of pAsA That Can Exist in
Water

HO- As OH Ho- As OH HO- As o o- As o
NH3
pAsA* pAsA PAsA pAsA2

is below 3.9. Figure S4 shows the dominant species in the
solution are pAsA* and pAsA. As previously discussed, pAsA
molecules anchor to the silver surface via As—O—Ag binding,
and neither pAsA* nor pAsA can significantly adsorb onto the
silver surface. As the concentration of pAsA decreases, the pH
rises to above 6. More pAsA molecules are now in the
deprotonated forms, pAsA~ and pAsA®", which are more
inclined to interact with the silver surface via the negatively
charged As—O".

To confirm the predominance of the deprotonated forms of
pAsA rather than the protonated or the neutral pAsA in terms
of adsorption and SERS activities, a higher concentration of
pAsA at 5 X 107" M was chosen for further study under
different pH conditions. Various small amounts of 0.1 M
NaOH were added to 5 X 107" M pAsA to increase the pH of
the solution from 3.90 (no NaOH added) to 4.81 (50 uL
NaOH added). The resultant SERS signal shows a gradual
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Figure 4. (A) SERS spectra of 5 X 10™* M pAsA under different pH conditions and 5 X 107 M pAsA (no NaOH added). (B) SERS intensity
comparison of the 611 and 1593 cm™" peaks of pAsA at 5 X 107* M at different pH values and pAsA at 5 X 107> M (no NaOH added).

increase in intensity as shown in Figure 4. This proves that the
SERS intensities of pAsA are truly related to its tautomer
population. It should also be noted that no higher pH of the
pAsA was obtained in this study, since the amount of NaOH
was calculated to ensure the pH value is totally contributed by
the tautomers of pAsA and not the extra OH™ from NaOH left
in the solution. In other words, for the highest pH value of 4.81
obtained in this case, the amount of NaOH added into the
solution turned all pAsA in the solution into pAsA™Na" salt as
an initial solute.

Interestingly, for the SERS intensities of 5 X 107* M pAsA
obtained at different pH values compared to the SERS
intensity of 5 X 107> M, the SERS intensities obtained at the
former were still much weaker than the SERS intensity
obtained at the latter, which has a pH of approximately 6.79. In
addition, there are two deprotonated tautomers of pAsA:
pAsA™ and pAsA®>~. The roles these two tautomers play in the
pAsA adsorption and SERS response require further
elucidation. The concentrations of different pAsA tautomers
calculated from the solution concentration and pH values are
shown in Table S1. [pAsA~] species existing in 5 X 107" M
solutions under different pH conditions were all about an order
of magnitude higher than [pAsA~] existing in S X 107° M
solution. This trend is opposite to the observed trend of SERS
intensities, as shown in Figure 4B. This result suggests that the
pPAsA” was not the predominant tautomer giving rise to SERS
intensities. [pAsA®~] is the species responsible for the SERS
intensities, which changed from 1 to 17 nM with pH increasing
from 3.90 to 4.81 while reaching the highest at approximately
200 nM in 5 X 1075 M solution; that is consistent with the
change of SERS intensities. Moreover, the SERS intensities, for
instance, peaks 611 and 1593 cm™', which are assigned to As—
C stretching and combination of As=O and As(OH)O,",
respectively, exhibited a linear relationship between the Raman
intensity and the logarithmic function of [pAsA*~], as shown in
Figure 5. Thus, pAsA®”, we believe, is the tautomer that
contributes most of the SERS intensity even though a very
trace amount of pAsA*~ (nanomolar level) exists in the pAsA
solutions.

The coexistence of both bidentate and monodentate
adsorption structures of the monophenyl substituted organo-
arsenic species adsorbed on ferrihydrite has been suggested by
an EXAFS study.”® The structure of the bound pAsA has been
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Figure 5. SERS intensity of pAsA peaks at 611 and 1593 cm ™" plotted
against concentration of pAsA””.

calculated for both monodentate and bidentate adsorption
structures that can complex with hydrated iron oxide clusters
to form outer- and inner-sphere complexes based on DFT.® In
our study, DFT calculations of pAsA™ and pAsA®~ interacting
with Ag surface have been executed to elucidate the spectral
observation of pAsA discussed above. The computational
results for pAsA~ and pAsA®~ on the Ag(111) surface indicate
that the bottom O atom binds to the surface on the bridge site,
with two different orientations. The monodentate structure is
energetically more favorable for pAsA™ in a tilted config-
uration, which is 151 meV lower in energy than the straight
configuration, as shown in Figure 6. The phenyl group of
pAsA” forms an angle of 44° with the surface plane. In
contrast, the deprotonated species pAsA*~ tends to adsorb in a
straight configuration; ie., the phenyl group is almost
perpendicular to the surface, forming an angle of 85° with
the surface plane. We find that, starting with a tilted
configuration, the pAsA®>~ spontaneously relaxes to the straight
configuration. Thus, the slight energy difference of pAsA>~ on
the bridge site for straight (0.00 meV) and tilted (1.33 meV)
configurations is due to the similar final optimized structures.
The total energy differences between the various config-
urations tested are listed in Table S2 in the Supporting
Information.
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Figure 6. Optimized pAsA~ and pAsA®~ on the Ag(111) surface. Both
molecules tend to adsorb on the bridge site (see Figure S1), yet with

different inclinations. H, O, N, C, As, and Ag are represented by pink,
red, blue, brown, green, and gray spheres, respectively.

The different orientations of the adsorbed pAsA~ (tilted)
and pAsA®~ (straight) on the Ag(111) surface are expected to
result in large differences in their contributions to the observed
SERS intensities. When pAsAZ_ is bound to the silver surface,
the orientation of the phenyl group is perpendicular to the
surface. The polarizability change of the phenyl breathing
vibrational mode is also perpendicular to the silver surface, and
results in a hi%h SERS signal as suggested by the SERS
selection rules.” When the phenyl group is instead tipped
away from the surface normal, there is less coupling to the
SERS electromagnetic field localized around silver surface and
this results in a much weaker SERS signal, even though pAsA™
could be the major species adsorbed on the silver surface.
Interestingly, the different binding orientations of pAsA™ and
pAsA>™ to the silver surface lead to little changes in peak
positions, but large changes in peak intensities. This suggests
that the changes in the orientation angles do not always cause
considerable changes in Raman frequency.*’ In our case, the
lack of peak shifts between pAsA™ and pAsA®~ could be due to
(1) the bulky AsO;— group attached on the surface which
prevents the phenyl group from further approaching and
contacting the silver surface and (2) the para functional group
—NH, that cannot effectively interact with the silver surface.
This resulted in little change in peak position with only an
intensity change between pAsA*~ and pAsA™.

In Situ SERS of Arsenic Activities. In addition to
quantification and speciation of arsenic, the Ag/AuNRs—PCL
SERS substrate also serves as a platform for in situ observation
of changes in arsenic activities, such as As" desorption and Rox
reduction, as shown in Figure 7.

As for in situ desorption of As”, different desorbing agents
KH,PO, and NaCl were used to compare the desorption
efficiency. As seen in the inset in Figure 7A, H,PO,~ desorbed
AsY from the SERS substrate more efficiently than CI~. More
than 80% of the As’ was removed from the substrate by
H,PO,” within 30 min, while only about 50% of the As’
desorbed from the substrate in the CI™ case after a 90 min
desorption. As for in situ reduction of Rox by NaBH, shown in
Figure 7B, the NO, symmetric stretching vibration, 2{(NO,),
at 1322 cm™" quickly disappeared within 1 min. In addition, a
new peak at 983 cm™', assigned to NH,, showed a gradual
increase in intensity with time indicating reduction of the NO,
by NaBH, accompanied by the formation of NH,.

B CONCLUSION

These results describe the first successful speciation and
quantification of the different arsenic species using a Ag/AuNR
decorated 3D polymer SERS substrate. They demonstrate an
LOD of 4 ppb in DI water and 8 ppb in common salt ionic
solutions. Moreover, these SERS substrates have shown the
versatility to investigate in situ SERS monitoring of arsenic
desorption and reduction, providing an excellent sensing
platform for both fundamental and applied studies. Signifi-
cantly, a detailed analysis of the SERS spectra of pAsA
provided insightful information on the nature of the binding
structures of pAsA onto the silver surface. We were able to
then draw the conclusion that pAsA™ and pAsA®~ are the pAsA
tautomers that can effectively be adsorbed onto the silver
surface via formation of As—O—Ag bonds. We also concluded
that pAsA®™ is the tautomer that contributes the most SERS
intensity due to its orientation and chemical interaction with
the silver surface. These results were corroborated by DFT
calculations for the bonding configurations of pAsA~ and
pAsA”>™ on the Ag(111) surface. All the results have explicitly
indicated that this 3D Ag/AuNRs—PCL SERS substrate is of
great potential for use as an environmental sensor for arsenic
analysis.
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Figure 7. (A) In situ SERS spectra of As" desorption at a concentration of 10~ M in 20 mg/L KH,PO,. Inset: Normlized Raman intensity of 785
cm™ peak of As¥ as a function of time illustrating its desorption in 20 mg/L KH,PO, and NaCl, respectively. (B) In situ SERS spectra of 5 X 107°

M Rox reduction with time in 2 mM NaBH,.
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