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Abstract

Intelligent PNIPAAm / AgNPs composite film was fabricated by the simple assembly of silver

nanoparticles on the surface of photo-polymerized PNIPAAm film via electrostatic interaction.

Surface enhanced Raman scattering study and finite-difference time-domain simulation

demonstrated that the local electric field intensity and the SERS intensity of this resultant

composite film can be easily tuned by changing the interparticle distance triggered with

temperature or solvent variations. The composite film showed a high stability in polar organic

solvent and concentrated saline solution. As a perspective, the smart composite film might find its

applications as a SERS sensor for temperature / solvent variation detection as well as a versatile

SERS substrate for the detection of analyte in sea water and organic solvent.
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1 Introduction

In comparison with other metal nanoparticles, silver nanoparticles (AgNPs) have attracted
considerable attention because of their dominant plasmonic optical properties and have been
applied in many fields such as sensing, photocatalysis, biomedical imaging, efc."” One of the most
intriguing optical properties of AgNPs is localized surface plasmon resonance (LSPR), which is
the collective oscillation of the conduction-band -electrons induced by the interacting
electromagnetic field." The enhanced electromagnetic field at the surface of AgNPs can
significantly amplify the Raman signal of the surrounding analyte, which is the basis of their
application as surface enhanced Raman scattering (SERS) substrate.” Further studies showed that
nanostructures and gaps less than 10 nm (also termed “hot-spots™) can exponentially enhance the
SERS signal, which has been applied as a sensitive and powerful analytical technique for the

ultrasensitive detection of molecules.” " Various methods have been developed to introduce

11, 12 13-15

hot-spots on SERS substrates via either top-down or bottom-up approach. However, in

most cases, once the SERS substrates are formed, the spatial distribution of AgNPs is fixed."
Therefore, the number of hot-spots and the enhancement factor of the substrate are also fixed and
cannot respond to environmental stimuli. On the contrary, the dynamic SERS substrates with
variable interparticle distances can not only enhance SERS signals by external stimuli but also
monitor environmental variations such as temperature, pH, and solvent efc., making them suitable
for environmental changes detection. For example, temperature tunable SERS nanosensers could
act as temperature probes of biological systems in vivo."

Intelligent polymers (also called smart polymer) that can reversibly change their properties in

response to environmental stimuli, have drawn numerous research interests in the preparation of
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dynamic SERS substrates. Among them, poly(N-isopropylacrylamide) (PNIPAAm) has been
studied in detail with regard to its well-known phase behavior in aqueous solutions, which
undergoes a reversible phase transition at its lower critical solution temperature (LCST, ~ 32 °C in
water). The conformation of PNIPAAm chain changes from a swollen state (below LCST) to a
shrunken state (above LCST) upon temperature increments due to the weakened amide - water
interaction and the enhanced hydrophobic interaction between isopropyl groups.”” * The
conformational changes together with the significant dimensional variations make PNIPAAm a
good candidate for the preparation of dynamic SERS substrates.”” However, many of the
reported dynamic SERS substrates are prepared tortuously or are time consuming. In addition,
AgNPs fabricated by in situ silver ion reduction in some dynamic SERS substrates are hard to
control in terms of size and particle number. What’s more, the conformational changes of
PNIPAAm can also be triggered by solvent changes or salt ion, yet up to now few reports can be
found about the responses of dynamic SERS substrate to such stimuli.

We report in this work a facile approach to fabricate PNIPAAm / AgNPs composite films, in
which uniform silver nanoparticles were densely loaded on photo-polymerized PNIPAAm film via
electrostatic interaction. The temperature-dependent optical properties of the composite film were
confirmed by UV-reflectance spectroscopy and Finite-Difference Time-Domain (FDTD)
simulation. When the PNIPAAm / AgNPs composite film was used as dynamic SERS substrates
for detecting 4-mercaptopyridine in an aqueous solution, the SERS signals could be modulated by
temperature and solvent changes and are relatively stable even at high salt concentrations.

Therefore, the composite film holds promise as a SERS sensor for temperature detection, and can

also act as a versatile SERS substrate for analyte detection in sea water and many organic
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solvents.

2 Experimental Section

2.1 Materials

N-isopropylacrylamide (NIPAAm, 98%, Aladdin), N,N’-methylene bisacrylamide (MBA, 97%,
Aladdin),  2-[4-(2-hydroxy-2-methyl-1-oxopropyl)phenoxylethyl ester (12959, TCI) ,
4-mercaptopyridine (4-Mpy, TCI), 2-aminoethyl methacrylate hydrochloride (AEMH, 98%,
HWRK Chem), anthracene (HWRK Chem), methanol (AR, Sinopharm Chemistry Reagent Co),
ethanol(AR, Sinopharm Chemistry Reagent Co), silver nitrate ( AgNO; . AR, Sinopharm
Chemistry Reagent Co), crystal violet (AR, Sinopharm Chemistry Reagent Co), tri-sodium citrate
(AR, Sinopharm Chemistry Reagent Co) and sodium chloride (NaCl, AR, Sinopharm Chemistry
Reagent Co) were used as received. All deionized water used in the synthesis and characterization
was acquired by UPH series of tap water ultrapure water machine.

2.2 Synthesis of PNIPAAm film

PNIPAAm films were synthesized by photopolymerization.” In a typical procedure, 0.90 g
NIPAAm , 0.01 g MBA (crosslinking agent), 0.05 g 12959 (photoinitiator) and 0.09 g
2-aminoethyl methacrylate hydrochloride (functional monomer) were dissolved in 1mL methanol.
Then one drop (about 80 pL) of such solution was spread on a polytetrafluoroethylene (PTEF)
petri dish and left untouched for 10 min under ambient conditions to allow the solution to reach
saturation after solvent evaporation. The solution droplet was then covered with a cover glass and
exposed to UV radiation (365 nm or 264 nm) for 15 min. The cover glass was removed and the
crosslinked film was peeled off from the PTFE dish and washed in cold water for 3 times to get

the PNIPAAm film.
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2.3 Synthesis of AgNPs suspension

AgNPs were synthesized according to the method reported by Lee and Meisel.” 0.001 M silver
nitrate was dissolved in 150 mL deionized water. After the solution was heated to boiling, 3 mL of
1% tri-sodium citrate solution was added slowly under vigorous stirring. The reaction was kept for
6 h under boiling temperature to obtain the product Ag colloid with desired sizes. A due amount of
Milli-Q water was added to obtain 125 mL of Ag colloid (the final concentration of Ag was 1.2
mM).

2.4 Preparation of PNIPAAm / AgNPs composite film

PNIPAAm film was immersed in 3 mL AgNPs suspension for 1 h. After that, the film was taken
out and washed in deionized water for three times to get the clean PNIPAAm / AgNPs composite
film.

2.5 Finite-Difference Time-Domain Simulation

The FDTD method was employed to simulate the electric field intensities and distributions at the
surface of the SERS substrate by FDTD Solution software. The incident light is defined as a plane
wave with an injection direction that is parallel to Z axis. For room temperature simulation, the
calculation region was 100 X 60X 60 nm’, for high temperature simulation the region was set at 78
X 60X 60 nm’. In both cases the boundary conditions were set to periodic for X and Y and
perfecting matched layer (PML) for Z. A mesh override region was set to 0.25 nm around the
nanoparticles. The overall simulation time was set to 1000 fs. A 2D Z-normal frequency domain
profile monitor with z=0 was applied to measure the electric field profile of the SERS substrate at
the wavelength of 633 nm.

2.6 Characterization and Measurement
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UV-vis spectrum of Ag colloid was collected using a Model 760-CRT double-beam
spectrophotometer (Shanghai Precision and Scientific Instrument Co.,Ltd.). UV-reflectance
spectra of AgNPs / PNIPAAm at 25 °C and 40 °C were collected using a UH4150 UV/visible/near
infrared spectrophotometer (Hitachi Co.,Ltd). TEM images of AgNPs were acquired on a Model
JEM-2100EXII transmission electron microscope (JEOL Co., Ltd.), operating at 200 kV. Fourier
transform infrared spectra (FT -IR) were collected using a Nicolet infrared spectrometer
(AVATAR-370-FTIR). The zeta potential was measured using a Malvern Zetasizer Nano ZS model
ZEN3600 (Worcestershire, U.K.) equipped with a standard 633-nm laser. SERS spectra were
recorded using a Jobin Yvon confocal laser Raman system (SuperLabRam II), which was
equipped with a He-Ne laser at 632.8 nm with a power of ca. 5 mW. Each spectrum was obtained
by three accumulations and the acquisition time was set at10 sec.

3 Result and Discussion

A three-step approach was employed for the fabrication of PNIPAAm / AgNPs composite film, as
shown in Schemel. The detail fabrication is presented in the experimental section. In the first step,
PNIPAAm film with amine groups was synthesized by photopolymerization.” Raman spectra of
NIPAAm before and after UV radiation are shown in Figure 1A. Three peaks related to C=C
double bond at 1247, 1405 and 1620 cm™ could be clearly seen in Figure 1A(a). After UV
irradiation for 15 min these three peaks dramatically decreased (Figure 1A(b)), which confirmed
the transition of monomer into polymers.” FTIR was also utilized to monitor the
photopolymerization (Figure1B). The peaks at 1414 and 1624 cm’ respectively due to C=C and
-C=C stretching vibrations in NIPAAm monomer disappeared after UV irradiation, which is

consistent with the results of Raman study. What’s more, after thoroughly rinsing with cold water
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to remove unreacted monomers, the absorption peak at 3450 cm™ in FTIR spectrum of PNIPAAm
(N - H vibration in AEMH segment) can be clearly seen,” confirming the incorporation of amine
group in the PNIPAAm chain.

In the second step, positively charged AgNPs were prepared according to Lee and Meisel’s
protocol. Uniform AgNPs with an average diameter of 354 nm were obtained (Figure 2A). This
kind of AgNPs suspension showed an absorption peak at 407 nm in UV-vis spectrum (Figure 2B),
which agrees with the previous report.”" * This citrate protected AgNPs showed a negative charge
(- 347 &£ 2 mV) by zeta-potential measurement, which will facilitate the further assembly of
AgNPs on amine-group bearing PNIPAAm film.

In the third step, PNIPAAm / AgNPs composite film was fabricated by electrostatic assembly
of AgNPs on amine-group bearing PNIPAAm film. The color of the translucent PNIPAAm film
gradually became dark brown (Figure Sla, b) after immersing the film in AgNPs suspension for 1
h (Figure S2). After rinsing the film with water and drying it in the air, a greyish-green luster was
observed (Figure Slc). SEM image (Figure 3A) also showed a closely stacked AgNPs layer,
indicating the successful assembly of AgNPs on PNIPAAm film.

As PNIPAAm / AgNPs composite film is opaque, UV-reflectance spectroscopy was performed
to study the thermo-sensitivity of the film at 25 °C and 40 °C. Figure 3B showed that the
reflectivity of the composite film at 40 °C was larger than that at 25 °C over a wide wavelength
ranges (300 ~ 700 nm). This could be explained by the closeness of the AgNPs induced by the
shrinking of PNIPAAm chain network upon heating.” ™ * With closeness of the AgNPs and the
increase of the particle density, the extinction / anti-reflection feature of the AgNPs weakened, the

composite film then becomes similar to the reflective bulk silver film at higher temperatures.
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The calculation of interparticale distances between the adsorbed AgNPs at low and high
temperatures was performed in order to better understand the dynamic changes of the PNIPAAm
/AgNPs composite film. Based on the assumption that all AgNPs were distributed evenly on the
PNIPAAm film with a pattern schemed in Figure S3, we can calculate the average interparticle
distance between the AgNPs at 25 °C and 40 °C. Specifically, the density of AgNPs in dry state
was obtained from SEM image (Figure 3A), and dimensional variations of the PNIPAAm / AgNPs
composite film can be evaluated from digital camera image (DCI) (Figure S1) at 25°C, 40 °C and
dry state. According to calculation results, the interparticle distance decreased from 15 nm at 25 °C
to 4 nm at 40 °C, indicating the shrinking of PNIPAAm chain at higher temperatures and the
increased particle density of the composite film. The observation further corroborates the
UV-reflectance result. As a consequence, the PNIPAAm / AgNPs composite film can be expected
to serve as a dynamic SERS substrate.

To further understand the mechanism of the SERS effect tuned by temperature, the near-field
electric distribution of the PNIPAAm / AgNPs composite film was calculated based on FDTD
solution software. A thin layer of water (Z = 0 ~ 30 nm) and PNIPAAm (Z = -30 ~ 0 nm) was
added to mimic the real condition. The refractive index of PNIPAAm was set to be 1.35 at 25 °C
and 1.65 at 40 °C.” As shown in Figure 4, the simulated electric field profiles at different
temperatures showed a significant field enhancement at 40 °C than at 25 °C. The thermo-induced
local electric field enhancement depicted that the PNIPAAm / AgNPs composite film with high
sensitivity could be employed as the dynamic SERS substrates for molecular sensing.

Using 4-mercaptopyridine (4-Mpy) as a probe molecule due to its distinctive Raman spectral

40-42

feature and strong binding with AgNPs via S-Ag bond, ~ the SERS activities of PNIPAAm /
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AgNPs composite film with increasing temperature were investigated. The recorded SERS spectra
are presented in Figure 5A. The bands at 1006 and 1097 cm™' can be assigned to the ring breathing
and C-C-C/C-S stretching, respectively. A peak at 1216 cm™ is assigned to the B(CH)/ p (NH)
stretching. The peaks at 1577 and 1609 cm’ are from the ring stretch modes of the 4-Mpy
molecules with deprotonate and protonated nitrogen atoms. The occurrence of Raman band at
1097 cm™ corresponding to the ring breathing / C-S stretching mode indicates that 4-Mpy was

42, 43

bound to the AgNPs surface through the sulfur atom.” Figure 5B shows the
temperature-dependent SERS intensity at 1097 cm™, which increased sharply at ~ 35 °C and then
leveled off with temperature increasing. It’s not surprising to find that phase transition of
PNIPAAm (LCST ~32 °C) just happened in the temperature region (30-35 °C) where the SERS
signal showed a significant improvement of at least 3 fold. Moreover, upon cooling from 40 °C to
25 °C, the intensity could go back to the original intensity at 25°C. As seen in Figure 6, showing
the reversible thermo-induced change can be repeated for at least three-times. Therefore, the
thermo-induced SERS signal changes on the PNIPAAm / AgNPs composite film is quite
reversible. Similar results were obtained while detecting CV (10'9 M) and anthracene (104 M) on
the composite film (Figure S3 and Figure S4). A clear increase in SERS intensity can be observed
with temperature increases. These results indicate that the PNIPAAm / AgNPs composite film hold
potential as a SERS sensor for temperature variation detection.

In addition, the reproducibility of the PNIPAAm / AgNPs composite film was investigated by
comparing SERS signals from 20 different spots on the same composite film (Figure 7A) and

different composite films (Figure 7C). The peak at 1097 cm™ was chosen to evaluate the

reproducibility of composite film (Figure 7B and Figure 7D). The relative standard deviations are
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17.5 % (Figure 7B) for spot-to-spot and 18.6 % (Figure 7D) for batch-to-batch respectively, which
prove that the SERS substrate exhibits a good reproducibility.

PNIPAAmM/AgNPs composite film was immersed in basic, acid or salt solution to study the
durability of the film. The SERS intensity is relatively stable within pH range of 5~9, but
significantly decreases at lower pH value (<4) or higher pH value (=10) (Figure S6). As above
mentioned, the main driving force of the formation of PNIPAAm/AgNPs composite film is
electrostatic interaction, harsh pH conditions might destabilize the electrostatic interaction
between PNIPAAm chain and AgNPs, leading to the detachment of AgNPs from the film and the
decreased SERS signal. Interestingly, the SERS signal is reasonably stable even at high salt
concentration equal to 15 w% (Figure S7). This might be attributed to the “salting out” effect of
PNIPAAm chains: the chains dehydrate and collapse at lower temperature with the presence of
salt ions, " protecting the AgNPs against detachment from the film.

As PNIPAAm chain can also respond to other stimuli such as solvent polarity change, SERS
intensities of 4-Mpy in H,O, EtOH and H,O / EtOH mixture were studied. Figure 8c shows a
significant SERS signal increase in H,O / EtOH mixture with a volume ratio of 1:1 compared to
that in pure H,O and pure EtOH (Figure 8a and Figure 8b). Though the introduction of organic
solvent can alter the LSPR of AgNPs,” the SERS signal normally becomes weaker in organic
solvent (herein, EtOH) than in water (Figure 8b)." Generally the SERS enhancement factor in
nonaqueous media is only 1/10 to 1/100 of that in aqueous media."” So the highest SERS signal of
PNIPAAmM / AgNPs composite film in H,O/EtOH mixture in this study could only be attributed to
the greatest enhancement of LSPR induced by the closeness of AgNPs in solvent mixture such as

1:1 v/v H,O / EtOH. As well known, the competition of ethanol with water will cause the
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dehydration and the collapse of PNIPAAm chain, leading to the shrinking of PNIPAAm film and

48, 49

the decreased interparticle distances. This finally caused the formation of more SERS
hot-spots in 1:1 v/v H,O / EtOH mixture. In Figure 8c, it’s worth mentioning that SERS signals
related to ring-breathing mode at 1006 cm™ , B(CH)/ B (NH) stretching mode at 1216 cm™ and the
v(C-C) with protonated nitrogen mode at 1609 cm’' become much stronger compared to that of the
v(C-C) with deprotonated nitrogen mode at 1577 cm™, also hinting the improved charge transfer
process and the formation of hydrogen bond between the N atom of 4-Mpy and the hydroxyl
group of ethanol.

To evaluate the long-term stability of the PNIPAAm / AgNPs composite film as SERS substrate,
the composite film was simply stored in water for 4 months. The composite film was then taken
out and the SERS intensity of the analyte was measured. Figure S8 showed that the SERS signal

of 4-Mpy only decreased 12.0 % compared to that of the original value, illustrating the good

stability of the PNIPAAm / AgNPs composite film.

4 Conclusion

In summary, a smart PNIPAAm / AgNPs composite film was designed and fabricated by the
simple assembly of negatively charged silver nanoparticles on photo-polymerized, amine
group-bearing PNIPAAm film via electrostatic interaction. Interparticle distance changes among
adjacent AgNPs on the composite film triggered by temperature or solvent variations can
drastically alter the optical properties of the composite film. Eventually, SERS signals of the
composite film could be modulated by temperature and solvent changes. The proposed dynamic

SERS substrate even exhibited high durability under high salt condition. Therefore, this kind of
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composite film can be expected to be utilized as a SERS sensor for temperature / solvent variation

detection and for detecting analyte in sea water or in organic solvent.
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Figure 3. (A) SEM image of PNIPAAm / AgNPs composite film in dry state; (B) UV-reflectance

spectra of PNIPAAm/AgNPs composite film at 25 °C (a) and 40 °C (b).
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Figure 4. (A) Simulated electric-field profile of PNIPAAm / AgNPs composite film at 25 °C and
(B) 40 °C.
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Figure 5. (A) SERS spectra of 1 X 10* M 4-Mpy using PNIPAAm / AgNPs composite film as
SERS substrate with increasing temperatures and (B) the corresponding temperature-dependent

SERS intensity at 1097 cm™ .
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Figure 6. SERS intensity of 4-Mpy at 1097 cm’! during repeated heating (40 °C) / cooling (25 °C)

cycles.
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Figure 7. (A) SERS spectra of 4-Mpy (1 X 10*M) using PNIPAAm / AgNPs composite film as
SERS substrate from 20 randomly selected spots. (B) The intensities of peak (1097 cm’l) at 20
spots on the same substrate. (C) SERS spectra of 4-Mpy (1 X 10™*M) using different PNIPAAm /
AgNPs composite film as SERS substrates. (D) The intensities of peak (1097 cm™) at different

substrate.
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Figure 8. The SERS spectra of 1 X 10™* M 4-Mpy using PNIPAAm / AgNPs composite film as

SERS substrate in H,O (a), EtOH (b) and EtOH / H,O mixture (volume ratio = 5:5) (¢).



