Journal of Hazardous Materials 303 (2016) 94-100

Contents lists available at ScienceDirect

Journal of Hazardous Materials

journal homepage: www.elsevier.com/locate/jhazmat

Detection of dimethyl methylphosphonate by thin water film @ CrossMark
confined surface-enhanced Raman scattering method

Jingjing Wang?, Guotao Duan®*, Guanggiang Liu?, Yue Li?, Zhengxing ChenP”, Lei Xu®,
Weiping Cai®*

2 Key Lab of Materials Physics, Anhui Key Lab of Nanomaterials and Nanotechnology, Institute of Solid State Physics, Chinese Academy of Sciences, Hefei
230031, PR China

b The Third Department, Institute of Chemical Defence, Beijing 120205, PR China
¢ East China Research Institute of Electronic Engineering, Hefei 230088, PR China

HIGHLIGHTS GRAPHICAL ABSTRACT

e A thin water film confined surface-
enhanced Raman scattering method
isproposed. id enhanced

e DMMP molecules are successfully AAPAAAAASANANANA area

(@)
detected by our proposed enhanced Droplet [Jspreading
Raman method.

® Surface superhydrophobicity
and high laser power benefit the 5 _ )
detection of DMMP. ittt i
Evaporationﬂconcentrating
rEove it
Raman spectral
b oz
ARTICLE INFO ABSTRACT
Article history: It is important and necessary to effectively detect the chemical warfare agents, such as highly toxic
Received 5 May 2015 never agent sarin. However, based on the surface-enhanced Raman scattering (SERS) effect, detection

Received in revised form

11 September 2015

Accepted 12 October 2015
Available online 19 October 2015

of nerve agent simulant dimethyl methylphosphonate (DMMP) which is weakly interacted with SERS-
active substrate has been the most challenge for the routine SERS detection method. To overcome this
challenge, we put forward a thin water film confined SERS strategy. Under the space-confinement of
water film, Raman measurements are carried out in the water evaporation process. The subsequent water
evaporation induces concentrating of the DMMP molecules, which are thus successfully restricted within
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1. Introduction

As a typical highly toxic nerve agent of chemical warfare agents,
sarin is dramatically dangerous even at very low concentration. The
rapid detection and identification of sarin is an important prob-
lem in national security that has attracted considerable attention
for many years. As we known, surface-enhanced Raman scattering
(SERS) spectroscopy is one of the most effective detection tools and
offers some distinct advantages over other spectroscopic methods
for homeland security applications. Due to its fingerprint char-
acteristic, quick response and high sensitivity even to the single
molecule-level [1-4], SERS spectroscopy has been widely applied in
the fields of monitoring and detection of explosives, environmen-
tal pollutants, etc. [5-12]. However, there are few reports about
the practical detection of such toxic molecules. The laboratory
researches mainly use the structure similar but less toxic simulant
molecule (e.g., dimethyl methylphosphonate used as sarin simu-
lant).

For SERS detection technique, the target molecules need to
stay at the strong electromagnetic field enhanced areas above
the SERS substrates [13,14]. So ultrasensitive detection based on
SERS effect has been traditionally restricted to molecules carry-
ing functional groups with high affinity toward metal (gold or
silver, etc.) surfaces. For the routine detection based on the SERS
effect, it is a prerequisite for the substrate to capture or adsorb
the analytes (or target molecules) within the strong field-enhanced
areas. However, nerve agent simulant dimethyl methylphospho-
nate (DMMP) molecule has only weak interaction (or without good
affinity) with the metal substrates which are highly SERS-active,
and hence hardly adsorb on the substrates or have only very short
residence time on them. In this case, it is very difficult to be detected
by the SERS technique [15,16]. In addition, it is well known that
DMMP molecule is a weak Raman scatterer with a very small cross-
section on the order of 1073% cm? sr~! molecule~! with 514.5nm
excitation for the strongest line [17], which further increased the
difficulty of the detection. Thus, there are very limited reports on
the enhanced Raman-based detection of DMMP and it is very diffi-
cult to realize the repeatable or quantitative measurements and
trace detection [18-21]. At present, surface modification of the
SERS substrates is often to be used to help capture analytes which
have weak interaction with the metal surface [22,23]. It could lead
to selective adsorption and enrichment of those molecules on the
substrates. However, it is difficult to find the modifiers suitable
for the specific target molecules, and to achieve the repeatable
measurements and quantitative detection of them. In addition,
for the organic modifiers, they would increase the Raman spec-
tral complicacy and misidentification. How to effectively capture
such molecules weakly interacted with the metal substrates, for
the enhanced Raman-based monitoring and detection, is still a
challenge.

Aiming at the existing problems, we first need to consider how
to restrict the DMMP molecules within the effective field-enhanced
area. Taking into account a big advantage of SERS detection is
unaffected by water, and the evaporation rate of water is smaller
than the volatilization rate of DMMP, we proposed a new strategy
called thin water film confined surface-enhanced Raman scattering
method to capture such hydrosoluble molecules, which are very
weakly interacted with the metal substrates. That is, under the
space-confinement of water film, Raman measurements are car-
ried out in the water evaporation process. The subsequent solvent
(water) evaporation induces concentrating of the target molecules
and hence enhancing of the Raman signal. The details are reported
in this article. It has been found that the SERS substrate can
effectively capture the DMMP molecules by using the presented
technique, and realized effective quantitative detection of DMMP
aqueous solution. This study provides a new way to achieve the

efficient enhanced Raman-based detection of the target molecules
weakly interacted with the metal substrates.

2. Experimental
2.1. Preparation of SERS-active substrates

In this experiment, gold hierarchically micro/nanostructured
bowl-like array was chosen as the SERS-active substrate. Its fab-
rication process was described in detail in our previous article
[24]. Briefly, a 10-nm gold layer was pre-coated on an ITO con-
ductive substrate. The pre-formed monolayer polystyrene (PS)
colloidal crystal (2 pm in PS sphere-diameter) was then transferred
onto the Au/ITO substrate. After heated at 110°C for 5min, the
PS/Au/ITO substrate was used as a working electrode, and the elec-
trodeposition was carried out in pure HAuCl4 aqueous solution at
—0.04mA cm~2 for 5h at room temperature. Finally, the Au bowl-
like array was obtained after dissolving the PS colloidal crystal in
methylene chloride (CH,Cl,) and cleaning with deionized water for
several times.

2.2. Characterization

The morphologies of the as-prepared substrates were observed
on a field-emission scanning electron microscopy (FESEM, Sirion
200). The static water contact angles (CAs) of the substrates were
measured on a contact angle meter SL200A (Solon Shanghai Co.,
Ltd.) at room temperature. The water droplet with 2 wL or 5 wL was
used.

2.3. Raman spectral measurements

Firstly, 10-1 mol L~ DMMP aqueous solution was prepared by
adding 216.5 pL DMMP liquid to 19.78 mL deionized water and
stirring sufficiently. Then the solution was successively diluted to
different concentrations with ten folds and stored in a refrigerator
before use. A 20 L DMMP aqueous solution, with a certain ini-
tial concentration, was dropped on the SERS substrates and spread
out to form a thin water film with ~3 mm in thickness (estimated
by the droplet-volume and coverage area of the water film). The
Raman spectra for the thin water film were thus collected after
evaporation at room temperature for different time durations. The
Raman measurements were carried out on a confocal microprobe
Raman spectrometer (Renishaw inVia Reflex) with a laser beam of
632.8 nm in wavelength and 17 mW in total laser power. The laser
beam was focused on the water film with ~3 wm in spot size. All
measurements were conducted at room temperature (~20°C) with
the relative humidity ~50%.

3. Results and discussion
3.1. Model of thin water film confined SERS strategy

Generally, in the traditional SERS-based detection process, the
SERS-active substrates were firstly immersed in the solution con-
taining the target molecules for a certain time to let the molecules
adsorb on the metal substrate surfaces and then dried before spec-
tral measurement. In the case that the target molecules are weakly
interacted with the substrate, however, such procedures are usually
invalid due to no or too few molecules adsorbed on the substrate
after drying. The thin water film confined SERS strategy, we pre-
sented, which could overcome the above problem, is schematically
illustrated in Fig. 1.

The target molecule aqueous solution is first dropped onto a
SERS substrate with hydrophilic surface (Fig. 1a), and then spread
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Fig. 1. Schematic illustration of the thin water film confined SERS strategy. (a)
A clean SERS-active substrate. (b) An initial water film is formed after a certain
amount of target solution is dropped on the substrate. (c) The water film is reduced
in thickness and solute is concentrated due to the water evaporation. (d and d’)
The water film thickness is comparable to that of the field-enhanced height for the
hydrophilic and hydrophobic surface, respectively. The strongest thin water film
confined SERS effect would be realized if Raman spectral measurements are con-
ducted at this moment. The insets in the (d) and (d’) are the contact angle images
showing hydrophilic and hydrophobic surfaces, respectively.

out to form a water film. The solute molecules (or the target
molecules) are thus confined within the water film (see Fig. 1b).
Assuming that the volatilization of the solute is ignored, the subse-
quent solvent evaporation induces the thinner and thinner water
film, leading to continuous concentrating of the solutes in the film
(see Fig. 1c). When the water film thickness is reduced to the
nanometer level, the confined target molecules in the water film
are all effectively localized within the space above the substrate
where the electromagnetic field can be significantly enhanced dur-

ing laser excitation (see Fig. 1d). If Raman spectral measurement
is conducted at this moment, enhanced by both the concentrated
solutes and the substrate surface, the Raman signal of the target
molecules can reach the maximum.

In addition, if we defined an evaporation-induced
concentrating-factor (CF) of the target molecules confined within
the water film as the ratio of solute concentration in the water
film at Raman spectral measurement stage to that at the initial
stage, we can simply evaluate the concentration effect. Generally,
compared with the evaporation of the solvent, volatilization of the
molecules such as DMMP in solutions is relatively less, because
of much heavier molecular weight, and the vapor tension of the
water is more than 30 times higher than that of pure DMMP
liquid at the temperature from 20°C to 30°C (the vapor tension
of DMMP mentioned here come from the Material Safety Data
Sheet of Sigma-Aldrich). Through semi-quantitatively evaluating
the CF value, we can know the solvent evaporation-induced
concentrating effect is quite significant. The details are described
in Supplementary material Section I. For the enhanced substrates
with hydrophobic surfaces, when the integrated water film is
reduced to an enough thin thickness due to the evaporation,
it could shrink horizontally and decrease the film coverage on
the substrate, which further induces concentrating. So, the CF
value should be higher in the local water films than that for the
hydrophilic substrates, as shown in Fig. 1d’. In other word, the sub-
strate with hydrophobic surface should be of better concentrating
effect.

3.2. Detection of DMMP by thin water film confined SERS method

In recent years, we have synthesized many kinds of noble
metal micro/nanostructured arrays as highly active SERS substrates
[24-26]. Among them, gold hierarchically micro/nanostructured
bowl-like array with a clean surface, which was fabricated by a
simple electrochemical deposition method, is very suitable for the
proposed thin water film confined SERS method. The fabrication
process of Au bowl-like array was described in detail in the experi-
mental section or our previous report [24]. Fig. 2a shows the typical
morphology. The gold array consists of bowl-like pores, showing a
hexagonally arranged pattern with 2-pm in period. The skeleton
between the pores is built of a great deal of nearly vertical quasi-rod
shaped nanoparticles. The static contact angle (CA) of such array’s
surface is ~105°, indicating the slightly hydrophobic surface (see
Fig. 2b).

Fig. 2. The surface morphology and wettability of gold hierarchically micro/nanostructured bowl-like array. (a) FESEM image from tilted view. The inset: a local magnified
image and the scale bar is 500 nm. (b and c) The water droplets’ shapes on the array before and after surface modification with thiol, respectively. The volume of the water

droplets is 2 nL and 5 pL respectively for (b) and (c).
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Fig. 3. Raman spectra of DMMP molecules. Curves (I) and (II) are for a droplet of
102 mol L-' DMMP aqueous solution on the SERS substrate after evaporation for
a very short time and an optimized time, respectively. Curve (III) for pure DMMP
liquid. Raman test conditions: 100% laser power, 10 s integration times, 1 acquisition.

When a droplet of DMMP aqueous solution, with 20 wL in vol-
ume and 102 molL-! in initial concentration, was on the Au
bowl-like array without surface modification, it spread out forming
a water film with ~3 mm in thickness. If the Raman measurement
was conducted on such water film at the initial evaporation stage,
no distinct signal could be detected except the background [see
curve (I) in Fig. 3]. However, after evaporation for an enough long
time before completely drying, as shown in Fig. 1d and d’, a signifi-
cant Raman spectrum could be observed. The specific evaporation
time was closely related with the ambient environment, such as
temperature and relative humidity, etc. Under our experiment con-
dition (~20°C room temperature and ~50% relative humidity), if
starting timing from when the distinct signals are very weak but
detectable, after ~300 s evaporation interval, we obtained the opti-
mal Raman spectrum, as shown in curve (II) in Fig. 3. There are one
dominant peak at 2936 cm~! and the other three smaller peaks at
2863 cm~1, 2968 cm~! and 3006 cm~!, respectively, which are in
good agreement with the Raman spectrum of the pure DMMP lig-
uid [as shown in curve (III) in Fig. 3] and other published literature
[18]. These four main peaks in the higher wavenumber region are
assigned to the C-H stretching modes of DMMP molecules [27]. In
addition, there is another peak located in the lower wavenumber

region at 714cm~! [see curve (I) of Fig. S1], is assigned to the P-C
stretching mode of DMMP molecules [27]. However, through the
same evaporation concentrating process on a non-SERS substrate
(e.g., Si wafer substrate), no characteristic Raman signals of DMMP
molecules were observed. In addition, we further performed some
SERS measurements with pure DMMP liquid on gold substrates.
After complete drying, we did not collect the characteristic Raman
peaks of DMMP molecules, indicating no DMMP molecules would
be left on the substrate while the water was completely evapo-
rated. Obviously, these results demonstrated that DMMP molecules
can be effectively detected by our proposed thin water film con-
fined SERS method on a SERS-active substrate. That is, in order
to realize the effective detection of DMMP molecules, not only
the evaporation-induced concentrating effect, but also the highly
active SERS substrate is necessary.

Further, the detailed Raman spectral evolution of the DMMP-
contained water film on the Au bowl-like array substrate with
the evaporation interval was recorded. Fig. 4a gives the spectra
after evaporation for different durations for the same water film
as that corresponding to curve (II) in Fig. 3. During initial stage
of the evaporation, no characteristic Raman signals were detected
and the film is opaque in the field of optical microscope, as shown
in Fig. 4b. With the evaporation of solvent water, the water film
gets thinner and thinner. When evaporation for ty duration, which
varies from several minutes to few ten minutes, depending on the
volume of solution droplet and the ambient conditions (temper-
ature and relative humidity), the water film on the substrate was
slightly transparent, and the characteristic peak at 2936cm™! is
very weak but detectable (see curve 1 in Fig. 4a). We start timing
at this moment. The further evaporation leads to appearance of the
other three characteristic peaks and continual enhancement of the
four Raman peaks (see curves 2-6 in Fig. 4a). When the evapora-
tion interval At is upto ~300s, the intensity of the characteristic
Raman peaks were increased to the maximum, as illustrated in
curve 7 in Fig. 4a. The corresponding water film-photo is given
in Fig. 4c, showing translucency or semi-transparence. The gold
ordered arrangement pattern on the substrate looms up. After a
little longer evaporation interval (~20s), the gold ordered array
on the substrate is clearly appeared (Fig. 4d), corresponding to
the complete evaporation or drying. Conducting Raman measure-
ment at this moment, from curve 8 in Fig. 4a, we can see the weak
peaks located at 2928 cm~! and 3060 cm~"! are not the character-
istic vibration peaks of the DMMP molecules, indicating that the
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Fig. 4. Raman spectra and photos of the gold bowl-like array. (a) Raman spectra for a droplet of 10~2 mol L-! DMMP aqueous solution on the SERS substrate after evaporation
for different intervals. Curves 1-9 correspond to the interval At=0, 112, 1555, 1995, 2435, 2795, 301 s, 323 s and 348 s, respectively. (b-d) The photos of the gold bowl-like
array covered with water film at the initial stage, optimized Raman-measured stage and completely dried stage, respectively. Raman test conditions: 100% laser power, 10s

integration times, 1 acquisition.
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Fig. 5. Intensity of the Raman peak at 2936 cm~! versus evaporation interval (data
from Fig. 4a). Point A: the maximal measured value. Point B: the peak vanishes.

longer evaporation induces the rapid decrease of the Raman peaks
and finally vanishing. Representatively, Fig. 5 gives the intensity of
the dominant peak at 2936 cm~! as a function of evaporation inter-
val (the data from Fig. 4a), and clearly shows such evolution of the
peak intensity.

The above successful observations of Raman characteristic
peaks for the DMMP molecules in an aqueous solution are easily
understood. This is mainly attributed to the thin water film confine-
ment and subsequent evaporation-induced DMMP-concentrating
within the space above the substrate where the electromagnetic
field can be significantly enhanced during laser excitation, in addi-
tion to the local electromagnetic field enhancement of the gold
micro/nanostructured array. Due to the space-confinement of the
thin water film, evaporation of water leads to the concentrating
of DMMP within a thinner and thinner film. In other words, by
the water evaporation, more and more DMMP molecules in the
film would be confined within the space with significant local
electromagnetic field enhancement above the substrate, show-
ing ever-increasing Raman signal with the evaporation interval,
as demonstrated in Fig. 5. Obviously, after the water film is com-
pletely evaporated, the confinement effect thus disappears. In this
case, DMMP molecules could not stay on the substrate and the
corresponding Raman peaks vanish. It should be noted that the
evaporation-induced reorientation of the DMMP molecules may
also generate an additional Raman signal enhancement due to
charge-coupling between the molecules and the metallic surface
[16].

In order to further reveal the intensity-evolution of the Raman
peaks with the evaporation interval shown in Fig. 5, we further
semi-quantitatively analyzed the concentrating kinetics of DMMP
molecules in the water film due to the evaporation, as detailed
in Supplementary material Section II. We first put forward two
assumptions, the solvent water evaporation rate is constant and
the solute volatilization rate is proportional to the solution con-
centration. Through a series of derivation, we can find that the
reciprocal solute concentration in the water film is nearly directly
proportional to the evaporation time of water. When the solute
concentration (C) in the water film is not enough high, or trace in
amount, intensity (I) of its Raman-shift peaks should be directly
proportional to C. In our case, DMMP is of good water-solubility
and much larger molecule weight (124.08) [28]. So, Eq. (S6) could
be a good description of the solute concentration evolution dur-
ing water evaporation. From Eq. (S6’), the reciprocal intensity of
the characteristic Raman peaks should be of nearly linear rela-
tion with the evaporation duration t or evaporation interval At of
water, which has been confirmed by further spectral analysis. Fig. 6
gives the results corresponding to the reciprocal Raman intensity
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Fig. 6. Reciprocal Raman intensity at the peak 2936 cm~! versus evaporation inter-
val (data from Fig. 5). The solid line is the linear fitting result.

at the peak 2936cm~! versus the evaporation interval At (data
from Fig. 5), showing a good linear relation between them. This
also implies that the volatile-loss could be very small or negligible
during water film evaporation at ambient environment. By linear
fitting, the plot in Fig. 6 can be described as

}:]90.88—0.56xAt (1)
in which the intensity I was multiplied by 10>, and At isins.
3.3. Factors influencing thin water film confined SERS effect

The thin water film confined SERS effect mentioned above would
be influenced by some factors, such as SERS-active substrates,
evaporation conditions and volatility of the solute, etc. Obviously,
the highly enhanced substrates, low solute’s volatilization rate
and appropriate solvent’s evaporation rate would be beneficial to
exhibiting significant thin water film confined SERS effect. In addi-
tion, further experiments have revealed that surface wettability of
the substrate and the laser excitation power are also important to
induce the strong thin water film confined SERS effect.

As mentioned before, the substrate with hydrophobic sur-
face should be of stronger concentrating effect than that
with hydrophilic surface. For confirmation, the parallel Au
micro/nanostructured bowl-like array shown in Fig. 2a was first
modified with thiol by immersion in an ethanol solution of 2 mM
1-hexadecanethiol for 2 h before rinsing with ethanol for several
times and drying at room temperature, so that the substrate with
more hydrophobic surface was obtained. After such modification,
the static CA was increased from ~105° to ~160° (see Fig. 2c),
exhibiting superhydrophobic surface. Using such modified array
as SERS substrate, it has been found that the thin water film con-
fined SERS effect is really significantly enhanced. Typically, Fig. 7
shows the SERS spectra of DMMP on the gold array with and
without surface modification, measured after evaporation for an
optimal duration, for the aqueous solution with initial concentra-
tion of 10-3 molL-'. For the substrate without modification, the
characteristic peaks of DMMP is very weak (see Fig. 7a). However,
the surface modification induces much stronger Raman scattering
peaks of DMMP (see Fig. 7b), and the intensity of the dominant
peak at 2936cm™! is one order of magnitude (~12 times) higher
than that without modification. Comparing to the hydrophilic sur-
face, the droplet on the superhydrophobic surface would shrink to
a smaller one, the contact area between the droplet and the SERS
substrate would gradually reduced, inducing the significant local
concentration, leading more DMMP molecules reaching the effec-
tive field enhanced region. In a word, such Raman enhancement
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without (a) and with (b) surface modification after optimal evaporation duration
(see the text). Raman test conditions: 100% laser power, 5s integration times, 1
acquisition.

could be attributed to the superhydrophobic surface-induced much
higher CF value, leading to the stronger concentrating effect [5,29],
in addition to the local electromagnetic field enhancement of the
substrate.

We knew only when the thickness of the water film is reduced
to the nanoscale by evaporation, can the concentrating effect and
hence thin water film confined SERS effect reach maximum. How-
ever, for the measurements in the normal ambient conditions, the
thickness of the water film, corresponding to the maximal mea-
sured Raman signals could be estimated to be in tens of micron
scale (~8 wm to 30 wm in this study) based on the total evapora-
tion duration to dry the water droplet on the substrate and its initial
thickness. According to our experience, under the normal ambient
conditions, the evaporation speed of the thin water film is ~pwm/s
in order of magnitude. It is too late to measure the Raman spec-
tra when the water film is reduced to the nanoscale in thickness,
because such thin water film would be completely evaporated or
dried within one millisecond at the normal ambient environment.
This is why the Raman peaks vanish immediately after the maxi-
mal measured value, as shown in Fig. 5 (points A and B). In other
words, the maximal measured value is much smaller than the real
maximal value. Although we can obtain CF of about 103 in order
of magnitude according to Eq. (S1’), the real maximal or optimal
effect is far from reached, in the normal ambience.

Obviously, to further increase the thin water film confined SERS
effect, we should decrease evaporation rate of the solvent water
by some special ways, especially, since t=t; when the Raman
shift peaks are weak but detectable (if the solute volatilization is
neglectable relative to the evaporation of the solvent water). In fact,
control of the evaporation rate needs some requirements and expe-
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Fig.8. Laser power (P) dependence of the Raman spectra for the 10-2 mol L-! DMMP
aqueous solution on the SERS-active substrate. (a) Raman spectra of DMMP aque-
ous solution droplet on the substrate, excited by different laser powers, after the
evaporation for the same duration. The full excitation power of the equipment
Pmax =17 mW. (b) The intensity of the peak at 2936 cm~! as a function of the laser
excitation power. The solid-line is linear fitting result [data from (a)]. Raman text
conditions: 10s integration times, 1 acquisition.

riences. At present, we try to control the evaporationrate by putting
the substrate with the thinner water film (after evaporation for a
certain time) into a quartz cell, which having a controllable opening
to adjust the local humidity. Using this method, closing the open-
ing when the ordered array was loomed up, as shown in Fig. 4c,
we successfully collected the Raman signal of DMMP in the solu-
tion with 1 x 10~4mol L~ initial concentration, as shown in Fig.
S2. If controlling the opening more skillfully, much lower initial
concentration solution should be detected.

It is well known that the Raman scattering intensity of the tar-
get molecules is directly proportional to the laser excitation power.
Using a higher laser power can lead to a stronger Raman scattering
signal. But too high laser power will destroy the molecules due to
the thermal effect, inducing the low Raman signal instead. How-
ever, our case is an exception. The thin water film could not only
restrict the target molecules within a certain space but also pro-
tect them from the laser-induced damage since such water film
can significantly reduce the laser-induced thermal effect. Fig. 8a
shows a typical results corresponding to the Raman spectra of
DMMP excited by different laser powers with the same evapora-
tion time. The full power (Pmax =17 mW) of the equipment could
be used in this study, while <5mW is usually used in the con-
ventional measurement. The intensity of the peak at 2936cm™!,
shows very good linear relation with the power in the whole power
range, as illustrated in Fig. 8b. The straight line passes through the
origin. So, for our thin water film confinement and evaporation-
concentrating strategy, we can use enough high laser excitation
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power (>17mW) to further increase Raman scattering intensity,
exhibiting the stronger thin water film confined SERS effect.

Based on the above results, the thin water film can offer some
functions: (i) confinement of the target molecules within the lim-
ited space above the SERS substrates. When the film is reduced to
an enough thin thickness, the molecules are localized in the field-
enhanced area though they are not adsorbed on the substrate. (ii)
Concentrating of the target molecules. Evaporation of the solvent
lead to concentrating of the solution, inducing concentrating of
the target molecules in the film and increasing the number of the
target-molecules in the field-enhanced area above the substrate.
(iii) Reduction of laser-induced thermal effect. The thin water film
can protect the target molecules from laser-induced damage. In
this case, we can increase the laser excitation power to enhance
the Raman signals.

4. Conclusion

We have presented a thin water film confined SERS method to
effectively capture the hydrosoluble DMMP molecules within the
strong electromagnetic field enhancement area above the SERS-
active substrate surface and realized the effective quantitative
detection of them. In this method, the DMMP molecules-contained
aqueous solution with a certain initial concentration is dropped
on the SERS substrate to form a thin water film on it. The DMMP
molecules are thus restricted within it. Subsequent solvent (water)
evaporation induces concentrating of the DMMP molecules within
the space of strongly enhanced electromagnetic field above the sub-
strate, and hence enhances the Raman signal. Herein, the thin water
film can not only confine the DMMP molecules within a limited
space, but also protect the DMMP molecules from laser-induced
damage.

It should be mentioned that the hydrophobic substrate sur-
face, slower evaporation and stronger excitation power can further
enhance the thin water film confined SERS effect. Especially, the
slow and controlled evaporation in the later stage would further
lead to several orders of magnitude higher thin water film confined
SERS effect. The strategy presented in this work could be a promis-
ing route for SERS-based detection of the soluble molecules, which
are of small Raman scattering cross-section and hard to adsorb
on the SERS substrate, by choosing appropriate solvents. Here, it
should be noted that the strong volatile soluble molecules are not
suitable for this strategy. In this case the liquid film can not confine
these molecules.
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