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Surface-Enhanced Raman Spectroscopy of Benzenethiol Adsorbed from the Gas Phase onto
Silver Film over Nanosphere Surfaces: Determination of the Sticking Probability and
Detection Limit Time’
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A chemical warfare agent (CWA) gas detector based on surface-enhanced Raman spectroscopy (SERS) using
robust nanostructured substrates and a portable Raman spectrometer is a promising alternative to existing
modalities. A gas-dosing apparatus was constructed to simulate chemical gas exposure and provide a platform
for quantitative analysis of SERS detection. As a first step toward characterizing SERS detection from the
gas phase, benzenethiol (BT) has been chosen as the test analyte. SERS spectra were monitored during BT
adsorption onto a silver film over a nanosphere (AgFON) substrate. The SERS detection limit time (DLt) for
BT on a AgFON at 356 K is found to be 6 ppm-s (30 mg-s m™) for a data acquisition time (f,q) of 1 s. The
DLt for this kinetically controlled sensor is fundamentally determined by the low sticking probability of BT
on AgFONSs which is determined to be ~2 x 107 at 356 K. The sticking probability increases with increasing
temperature consistent with an adsorption activation barrier of ~13 kJ mol~!. Although the DLts found in the
present study for BT are in the low ppm-s, a theoretical model of SERS detection indicates DLts below 1 ppb
s~ ! for t,,,= 1 s are, in fact, achievable using existing portable Raman instrumentation and AgFON surfaces.
Achieving this goal requires the sticking probability be increased 3 orders of magnitude, illuminating the

importance of appropriate surface functionalization.

Introduction

Development of a robust, rapid, and sensitive detector for
chemical warfare agents (CWAs) released in the air is a
necessity on the battlefield and constitutes an important analyti-
cal challenge. The LCts, refers to the product of the CWA
concentration in air and time required to kill 50% of an
unprotected population by inhalation during acute exposure. The
LCtsy for mustard gas (HD) and nerve agent VX, one of the
most lethal CWAs, is 290 ppm-min and 910 ppb-min,
respectively.? Although HD has a faint smell (odor threshold
of 120 ppb),® many agents like VX are odorless. Chronic
exposure to CWAs also poses a serious threat, as they can
remain in the environment for months."*3

Presently, there are a number of competing technologies for
the detection of chemical agents in the gas phase. All detection
modalities deviate from the ideal in their capacity to optimize
factors such as size, cost, sensitivity, speed, specificity, accuracy,
reversibility, and reusability. Chemically doped detection papers,
such as U.S. military M8 strips, are inexpensive, portable, and
easy to use but relatively insensitive, nonspecific, and prone to
false positives. Field-portable gas chromatography mass spec-
troscopy (GC MS) instruments are sensitive and specific but
expensive and require long sampling times.*” Ion-mobility
spectrometry (IMS) is currently the leading technology for
chemical sensing.’~!! Using a portable mobility spectrometer,
Zimmerman et al. reports identification of 34 ug m™> and 3 ug
m~> for HD and VX gas, respectively, in just a few seconds
(~20 ppb-s and ~820 ppt-s, respectively).!? Although, IMS
provides rapid analysis in a compact package, there is no
potential for remote sensing, and complex mixture identification
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Figure 1. The localized surface plasmon resonance of a AgFON
surface optimized for SERS with 785 nm laser excitation wavelength.

is challenging. Also the destructive nature of IMS makes analyte
preconcentration difficult resulting in little improvement in the
detection limit upon further exposure.

Raman spectroscopy is an attractive alternative to conven-
tional sensing modalities. As a vibrational spectroscopy, Raman
spectroscopy has narrow line width and the ability to distinguish
between molecules of great similarity. Raman scattering cross-
sections are generally small, on the order of 107*° cm?
molecule™ sr!, 14 orders of magnitude less than those of
fluorescence. ' This limited signal can be overcome using SERS.
SERS is characterized by large enhancements in the effective
Raman cross-section (typically 10°—108) of analytes spatially
confined within the electromagnetic fields (viz., 0—4 nm)
generated upon excitation of the localized surface plasmon
resonance (Figure 1) of metal nanostructured surfaces. SERS
detection is rapidly progressing and has found applications in
biomedicine,'*'® environmental analysis,'*~2' and surface science.

SERS detection of hazardous gases has been reported
previously.?>?* SERS detection of half-mustard gas, a mustard
simulant, was reported using a portable Raman spectrometer
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and AgFON substrate.®* Nerve agent simulants, dimethyl
methylphosphonate and diisopropyl methylphosphonate, have
been detected by SERS in the gas phase using electrochemically
roughened silver oxide substrates.?>?® However, a quantitative
approach toward SERS gas detection, where the physical
parameters of detection are determined and implemented into
a comprehensive model, has remained absent from the literature.
SERS analysis of organothiols is an attractive case study for
such an analysis with numerous comparative studies provided
by the self-assembled monolayer (SAM) and molecular elec-
tronics communities.?’34 BT was chosen, specifically, as a test
analyte for SERS gas detection analysis because of its ability
to form well ordered SAMs from the gas phase with strong
S—Ag bonds (~167 kJ mol1).33"*! Also the S—Ag bond is
irreversible under ambient conditions and likely responsible for
the observed irreversible binding of half-mustard gas to the
AgFON substrate.?* Furthermore, BT has a large UV absorption
cross-section which provides a convenient means for monitoring
its concentration in the gas phase by UV—vis spectroscopy.*?

Experimental Methods

Materials. All chemicals were reagent grade and used as
received. Oxygen-free high-conductivity copper was obtained
from McMaster-Carr (Chicago, IL) and cut into 18 mm diameter
disks. Surfactant-free, silica nanosphere suspensions (600 nm
4 20 nm 10% solid) were purchased from Interfacial Dynamics.
Ultrapure water (18.2 MQ cm™!) from a Millipore system
(Marlborough, MA) was used for substrate and solution
preparation. Silver wire (99.99%) was purchased from Kurt J.
Lesker Co. BT was purchased from Aldrich (Milwaukee, WI).
NH,OH and H,0, were purchased from Fisher Scientific
(Fairlawn, VA) and CH3;CH,OH from Pharmco-AAPER and
used for cleaning.

AgFON Fabrication. Copper substrates were cleaned by
sonication (1510 Branson ultra sonicator) in 10:1:1 H,0:30%
H,0,:NH,OH. Ten microliters of nanosphere solution was drop-
coated onto a clean copper substrate and allowed to self-
assemble at room temperature. Ag films (200-nm thick) were
then deposited at a rate of 2 A s7" under high vacuum (5.0 x
1077 torr) over the nanosphere-covered surface using a thermal
vapor deposition system (home-built).*** The Ag mass thick-
ness and deposition rate were measured by a 6-MHz gold-plated
quartz crystal microbalance purchased from Sigma Instruments
(Fort Collins, CO).

Surface-Enhanced Raman Spectroscopy. A portable Raman
spectrometer purchased from DeltaNu (Laramie, WY, Inspector
Raman) was used to record SERS spectra. Excitation is achieved
at 785 nm (diode laser) with a spot size full width half-max
(fwhm) of ~30 um. Spectra were taken at 2 mW and #,.,= 1 s
in a 180° backscattering geometry. According to manufacturer
specifications, the solid angle of collection, €2, is 0.30 steradians,
the detector quantum efficiency, Q(wy), is ~25% in the region
of interest, and the transmission efficiency of the collection
optics, Ty, and spectrometer, Ty, is 70% and 80%, respectively.

UV—vis Spectroscopy. Spectra were acquired using a
Mikropack DH2000 Deuterium-Halogen light source fiber
coupled (Ocean Optics QP400-2-SR and QP600-2-SR) to an
Ocean Optics HR4000 high-resolution spectrometer taken with
faqu = 20 ms and 10° averages. The UV flow cell used measured
10.9 cm in length. The UV—vis cross-section of BT was
determined to be 7.4 x 10° L cm™! mol™!, by calculating the
slope (R* = 0.997) of a Beer’s law plot including five different
concentrations of BT in cyclohexane.
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Figure 3. UV spectra of BT gas acquired during dosing.

Dosing. Gas dosing is achieved by mass flow-controlled
(MKS, M100BO1312CR1BV) mixing of BT saturated N, with
pristine N, (Figure 2). The saturated BT carrier gas is passed at
1 mL min~! through a bubbler containing neat BT and is later
diluted downstream at 100 mL min~!. BT concentration is
monitored by UV—vis spectroscopy (Figure 3). Once the BT
concentration reaches steady state, the gas stream is allowed to
flow over the SERS substrate by opening the back valve on the
sample cell and then simultaneously opening and closing the
front and vent valve, respectively. Only ultradry grade N, was
used. All piping is 0.25 in. stainless steel except the sample
cell which is 0.125 in. All connections are made with standard
Swagelock or VCR fittings.

Temperature Control. A Peltier solid-state thermoelectric
cooler (Melcor, CP 1.0—31—05 L) controlled by a Melcor
MTTC-1410 temperature controller (£0.004 C) was used for
temperature control. A temperature sensor (Melcor, 2-wire
PT1000 RTD) in contact with a copper cylinder (Ilength 8 mm
diameter 10 mm) clamped between the TEC and substrate
provide temperature feedback. Silicon-based grease (Radio
Shack) was applied at the TEC/copper cylinder junction and
copper cylinder/substrate junction.

Analysis. Spectra were stored on a hand-held computer. All
spectra were processed with Matlab scripts which calculated
the peak intensities by subtracting the maximum peak height
from the minimum in a baseline region. A conversion factor,
C, was determined for converting SERS intensities recorded in
adu mW™! s7! to photons detected using benzene (BZ) as a
standard and the general expression:*

do(w,)
lw,) = I(wL)NWZ (D

where /(w;) is the Raman scattering intensity at ws, I(wy) is the
incident laser intensity at @, N is the number density of scatters,
(do(wy))/(dL2)is the Raman cross-section at w,, and Z is a
geometric factor that takes into account the spectrometer depth
of field. C is calculated by modification of eq 1 to account for
f.cq and some experimental parameters:
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where (dogz(w,))/(dQ) is the BZ Raman cross-section (4.9
x 1073 cm? sr™! molecules™! at = 992 cm™!)*® and I (wy)
is the BZ Raman scattering intensity (adu mW~! s7!) at w,.
The geometric factor, [IBT(w,,Z)dZ, was determined by
collecting a series of BT SERS spectra on a AgFON at w, =
1076 cm™!, as a function of focal distance, z (150 um steps,
Line Tool Co. Model A RH micro positioning stage).
Normalization and integration of peak intensities yields z =
0.12 cm. The conversion factor was determined to be 32
photons mW s adu™'.

The Raman cross-section of BT, (dogr(w;))/(dRQ), at w,=
1091 cm™! (mode responsible for SERS at 1076 cm™!) was
determined to be 6.4 x 1073! cm? sr! molecule™! by
comparison with the known BZ Raman cross-section using
the relation:

dogr(w) IET(Q)S') Ny dogz(w))

Q" ey Ngr 49 ©)

where IET(w,) is the Raman scattering intensity of neat BT
at .

Results and Discussion

An important property of this gas-phase SERS study is that
BT binds irreversibly to the SERS substrate through a strong
S—Ag bond. Similarly, many CWAs can irreversibly bind to
silver or chemically functionalized silver surfaces, and the S—Ag
bond is likely responsible for the observed irreversible binding
of mustard gas to the AgFON substrate. As a result of
irreversible adsorption, detection here is characterized, not by
a limit of detection, but by a detection limit time (DLt)
dependent on the kinetic rate of analyte adsorption. Lower
concentrations can be detected for longer exposure periods, and
the DLt is defined as the minimum concentration that can be
detected in one second of exposure for a 7,,q = 1 s and spot
size of 1.4 x 1075 cm?. This study seeks to discover how quickly
molecules can be detected by SERS and how it might be
accelerated.

To quantitatively characterize SERS gas detection, the
SERS signal arising from 8 ppm (40 mg m~3) BT gas in N,
dosed to a AgFON maintained at 358 K was continuously
monitored with a portable Raman instrument (Figure 4A).
A comparison of the SERS and normal Raman spectra of
BT is shown in Figure 4B, with slight deviations in peak
position highlighted. Shifts in peak position are commonly
observed in SERS and arise from differences in the chemical
environment experienced by the bound and neat species.
Differences in relative SERS and normal Raman peak
intensities are attributed to preferential enhancement of
vibration modes oriented perpendicular to the surface.%4748

The temporal evolution of the BT SERS intensity at 1076
cm™! is shown in Figure 5A. The DLt here is determined by
analyzing the background noise prior to chemical dosing and
assessing when a measurable SERS signal is observed. The
initial rate of adsorption is illustrated by the slope of the red
line in Figure 5A, determined by a linear regression fit to the
first four data points in the linear regime of the adsorption uptake
curve, yielding k = 8.2 x 10* photons s~! (R?> > 0.999). This

J. Phys. Chem. A, Vol. 113, No. 16, 2009 4583

|A] 2 mW power B] 2 mW power
t.,=1s t.=1s
:[3 x 108 photons I1 x 108 photons Q
| At(s) 1076 “]12013 "
AW ___ . A2r1| SERS ‘ .
137 1 -
15|l?6 115'{;” | 59U|
1184+ \ \620 JL
S
i 18 |7 Lo 1004
: ~M A -
eat 1094
/\_,_/\AAMW.‘__JL 70 1120 ne
1559 | 414
PO A P NP OUS e | 1583 1182, 4 F91s 619
A [ S S | e T b ¥ ade © ool
1600 1200 800 400 1600 1200 800 400
Raman Shift (cm™) Raman Shift (cm™)

Figure 4. (A) SERS acquired on a AgFON maintained at 358 K before
and during exposure to 8 ppm BT gas. (B) The upper red trace is SERS
of BT taken on a AgFON. For comparison, normal Raman of neat BT
is shown in the lower green trace.
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Figure 5. (A) The red line is a linear fit to the initial SERS intensity
growth at 1076 cm™" on a AgFON at 356 K. The gold region represents
three standard deviations above the mean background noise. (B) All
peaks grow according to first-order Langmuir kinetics except at 422
cm™! which exhibits double exponential behavior.

slope can be easily converted into a rate of molecular adsorption,
kaas, through the following expression:

_ _kNA
ads Nf,at (w S)

“)

where N is the surface number density (~6.8 x 10'* molecules
cm 2 on flat Ag surfaces),® A is the AgFON surface area excited
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(approximated by twice the planar area illuminated by the fwhm
to account for AgFON morphology), and N§"(w) is the number
of SERS photons detected at saturation coverage and frequency
w,. The calculated rate is 2.5 x 10% molecules s~'. The
intersection of the linear fit with the detection threshold signal,
represented by three standard deviations above the mean
background signal (A = 5.7 x 10* photons), indicates the
detection threshold is met following a 0.69 s dose. The SERS
DLt is thus 6 ppm-s for BT gas adsorption on a AgFON
maintained at 358 K using #,.q = 1 s. This detection threshold
corresponds to 1.7 x 108 molecules, 280 attomoles, or 1.8% of
a monolayer.

The sticking probability is the chance a molecule that collides
with the substrate adsorbs. In characterizing the DLt the value
of the sticking probability is most important in the initial, linear
regime of adsorption, where the number of unoccupied sites
are much greater than the number of occupied and adsorption
occurs at a constant rate. A comprehensive model for determin-
ing the total SERS intensity detected based on this initial sticking
probability has been previously formulated.** Incorporating the
known parameters for the experimental setup used in this work
and generalizing this model for the analyte Raman cross-section
and f,.q, the number of SERS photons detected at w,, Np(ws),
can be expressed through the following relation during the initial
linear regime of adsorption:

Npy(w) = 1.0 x 10% (molecules x photons X sr X
do(w,

1
dQ Pitexptacq

cm 2 x torr ! x 579 S.EF(w,) (5)

where P; is the partial pressure, f.,, is the chemical gas exposure
time, S; is the initial sticking probability, and EF(wy) is the
enhancement factor at w, (~107 for the AgFON at 1076 cm™1),%°
defined as the increase in analyte Raman scattering cross-section
observed upon adsorption to a SERS substrate.

The sticking probability for organothiols on noble metal
surfaces has been shown to range from unity to 1078.2%3%5! The
initial sticking probability, S, is expressed as a ratio of the initial
adsorption rate to the BT collision frequency, approximated
using ideal gas kinetics:

S, =k, V2TMRT[PAN,]”" (©6)

where M is the molar mass, R is the ideal gas constant, T is the
temperature of the dosed gas, and N, is Avogadro’s number.
Using eq 6 the BT sticking probability is calculated to be 1.5
x 1073 (the BT surface collision rate is 3.7 x 10'3 molecules
s~!'at297 K and 1 atm). Substitution of this sticking probability
in eq 5 predicts Np(ws) = 8.2 x 10* photons following a fey, =
I s of 8 ppm BT with #,.q = 1 s. Changing S; to 0.01, a 3 orders
of magnitude increase, increases Np(w;) to 5.6 x 107 photons,
requiring only f,.q = 1 ms for positive detection. A S; of unity
would decrease the DLt from the 6 ppm-s demonstrated here
to 90 ppt-s with #,.q = 1 s.

Equations 5 and 6 suggest at least five methods to increase
the adsorption kinetics and otherwise improve the DLt. One
method is to increase the collisions frequency by artificially
increasing the pressure of the gas being analyzed. It is expected
that the collision rate may be increased by 3 orders of magnitude
without excessive difficulty (for example 100—1000 atm pres-
sure is often used in high performance liquid chromatography
columns). A second method, commonly employed in GC, is to
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increase the concentration of analyte with the use of cold traps
or solvent traps, and then flow a concentrated gas stream over
the sample. A third method is to increase the sticking probability.
Increasing the sticking probability may be achieved by modify-
ing the surface to increase the interaction of the analyte with
the surface. For this method to succeed, it will be important to
systematically study the activation barriers to adsorption, for
example by varying the substrate temperature. A fourth potential
method is to ionize the analyte and use electric fields to direct
the ions to the sensing region. Finally the DLt can be improved
by increasing the signal-to-noise ratio through improvements
in the spectrometer, substrate, and signal analysis. It is also
apparent from eq 5 that Np(ws) is directly proportional to
enhancement factor. Model calculations predict SERS enhance-
ment factors can reach values of ~10'! in the junctions between
nanoparticle dimers.’>>* SERS active sites with an EF(w,) of
10" covering 10% of the substrate surface could increase the
number of photons detected independent of any increase in the
kinetics of the adsorption process. In addition, the signal-to-
noise ratio could be increased by addition of an appropriate
SERS reference standard, which could be added through
controlled gas-phase adsorption of a fraction of a monolayer.

The Raman cross-sections of several CWAs and CWA
simulants have been measured by Christesen and show strongest
lines on order 1073 cm? sr! molecule™! (at 785 nm excita-
tion).!3 These Raman cross-sections are greater than that of the
1076 cm™! BT peak, thus requiring even smaller enhancement
factors to achieve similar SERS signals to those reported here.
However, the sticking probabilities of these agents on AgFON
surfaces are expected to be lower than that of BT.

With the exception of the 422 cm™! mode, SERS peak growth
appears to follow time-dependent Langmuir kinetics (Figure 5B),
where coverage, 0, is described by:

0 = O [1 — exp(—rte,)]] (7)

0. represents saturation coverage and r is the rate constant for
adsorption. The growth in intensity of the 422 cm™' peak is
best described by a double exponential with a risetime constant
of 15 s, less than half the risetime of the other peaks, and decay
time of 85 s. The 422 cm™! mode’s deviation from first-order
Langmuir kinetics is likely related to its strong dependence on
the a,, tensor, i.e., its electromagnetic enhancement is very
sensitive to surface layer orientation.** Assigned to the C—S
stretching and ring in-plane deformation vibration,* the double-
exponential behavior of the 422 cm™! mode is consistent with
a gradual reordering of the adsorbed layer as the surface
approaches saturation coverage, a phenomena previously ob-
served in BT and other organothiol adsorption studies.?$3>

The temperature dependence of BT adsorption on a AgFON
is shown in Figure 6A, where the 1076 cm™! peak intensities
have been normalized to a saturation coverage intensity of 3.6
x 10° photons, occurring at 1100 s for the 260 K data (not
shown) for the purpose of comparison. A comparison of the
slopes in Figure 6A reveal that the initial sticking probability
increases exponentially with temperature and by a factor of 5
over the temperature range studied, from 1.5 x 1075 to 2.8 x
107°, indicative of chemisorption.* The inset of Figure 6
illustrates the linear relation of the In(k,qs) plotted against 1/T
with the activation energy determined using the Arrehnius
equation.>

kg = Ae ®)

ads
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where A is the pre-exponential factor and E, is the activation
energy. The slope yields an activation energy barrier of 13 kJ
mol . This activation energy is comparable with those measured
by Dubois et al. for the chemisorption of ethanethiol and
methanethiol gas on Au (21—29 kJ mol!).3! It is hypothesized
that this activation energy is required for organothiol dissociative
attachment (RSH + Au — RS/Au + !/,H,). Further evidence
of a dissociative attachment mechanism is in the disappearance
of the of S—H in-plane bending vibrational mode® located at
918 cm™!, absent in the SERS spectra (see Figure 4B). Contrary
to the work of Dubois et al. and Eberhardt et al. with alkanethiol
adsorption on Au(111), the data here does not indicate any
physisorbed precursor state where the RSH remains intact on
the surface before dissociation.>'! It is unclear whether this
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Figure 6. (A) SERS intensity at 1076 cm™! monitored on a AgFON
at temperatures 358, 297, and 260 K. Linear regression lines, shown
by the red, purple, and blue lines, are fit to the initial slope of each
curve and plotted as In rate (k,q) vs 1/7. Slope yields an activation
energy of ~13 kJ mol™!. (B) SERS peaks monitored on a AgFON at
297 K and (C) 260 K.
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difference in observed BT surface chemistry is related to a
difference in the AgFON morphology compared with the of
flat single crystal Au(111) surfaces used in these studies or
whether the kinetics of BT adsorption differs from that of
alkanethiol.

An unexpected, double-humped feature is apparent in the 297
and 260 K data sets, where an abrupt deviation from Langmuir
kinetics is observed and BT exhibits presaturation increases in
sticking probability (Figure 6B,C). Such adsorption dynamics
have not been observed for alkanethiol adsorption from the gas
phase on flat Au surfaces, and more work is needed to
understand the physical nature behind these features.

Conclusions

The results presented represent a significant step toward the
real-time gas detection of CWAs with portable SERS instru-
mentation. A study of BT gas-phase adsorption on AgFONs
provides an instructive system for studying the limits of gas-
phase SERS detection. The DLt’s were determined by compar-
ing the early temporal evolution of the BT SERS signal with
respect to the background signal prior to dosing using f,q= 1 s.
The SERS DLt for BT on a AgFON at 356 K is projected to be
6 ppm-s, with accumulation of analyte during extended exposer
periods enabling detection of lower concentrations. The calcu-
lated initial sticking probability of ~2 x 107> for this system
indicates the greatest improvements in SERS DLt’s below 1
ppb-s, will be achieved through increases in adsorption kinetics.
The initial BT/AgFON sticking probability is found to be
strongly temperature dependent with an activation barrier of ~13
kJ mol~!. The quantitative nature of these experiments has
provided insight into the potential use of SERS as a gas-phase
detection modality. Looking toward the future, highly enhancing
SERS substrates with optimized surface/analyte affinities are
poised to play an increasingly important role in areas where
robust, sensitive, and affordable sensing is required.
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