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We have demonstrated the capability of a nanocomposite film made of a 2D array of Ag nanoparticles
embedded into a poly(glycidyl methacrylate), PGMA, matrix to monitor the presence of organic vapors in
the atmosphere. Specifically, changes in the extinction spectra of the submicron nanocomposite film are
used to sense the vapors. The transformations of the spectra are fully reversible and reproducible upon
multiple exposures. We associate this reversibility and reproducibility with the construction of the
nanocomposite film where the cross-linked PGMA network is able to spatially restore its structure upon
deswelling. The structure of the extinction spectrum of the film is governed by a collective surface
plasmon mode excited in the Ag NPs array. It was found that spectral bands associated with normal and
tangential components of the plasmon mode change their width and position when the nanocomposite
is exposed to organic vapors. This is due to increasing the spacing between neighboring NPs and

a decrease of the refractive index of the polymer caused by swelling of the PGMA matrix. Therefore, the
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1. Introduction

Chemical monitoring of the environment is a vital problem for
mankind since extensive industrial growth and human activity
have resulted in the production of an enormous amount of
substances that are not present in nature. Those substances
contaminate natural habitats of all living species affecting the
whole biosphere and obviously can cause a serious hazard to
human health. Air pollution is a part of this global problem.
Besides traditional air pollutants such as smokes, aerosols, and
inorganic gases, volatile organic compounds (VOC) demonstrate
a trend to increase their abundance in the atmosphere. Food
decay," soil microorganisms' activity,> and animal farms® are
among the major sources of VOC. Wide use of different organic
solvents in laboratories and industry also requires the detection
and control of VOC at places of work. Thus, there is a strong need
for low cost and effective VOC sensors with rapid response.*®
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element in a low-cost volatile organic compounds (VOC) sensor device operating in visual light.

To date a number of VOC sensors employing different
techniques have been developed. Although well-known gas
chromatography-mass spectrometry method allows detecting of
trace gas contaminants and their identification it requires
sophisticated and expensive equipment.®'® Quartz crystal
microbalance (QCM) is a resonant sensor whose resonant
frequency shifts while the target molecules are absorbed onto
the crystal's surface. Different coatings such as conventional
polymers,"” molecularly imprinted polymers,”” and metal-
loporphyrins*® are used to increase sensitivity of the QCM based
devices. For instance, an extremely low detection limit of
acrylamide (about 10 ppb) was reported for QCM coated with
certain Hunter/Vogtle-type macrocycles.* Another approach to
create a sensitive layer that is capable to absorb organic mole-
cules relies on Langmuir-Blodgett (LB) nanoscale films.* Those
films can be exploited in surface acoustic wave devices.'®
Changes of the LB films properties caused by absorption of the
target molecules can be monitored by QCM and UV-vis spec-
troscopy as well, especially when they are accompanied by
swelling of the polymer LB film."” Surface plasmon resonance
(SPR) technique has also been used to monitor changes in LB
films."”*® Moreover, surface plasmons related phenomena can
be employed for sensing purposes by themselves.

It is well established that surface plasmons are collective
oscillations of free electrons at the interface between conducting
(usually metal) and dielectric media.” The frequency of those
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oscillations is in resonance with the impinged electromagnetic
wave that opens wide perspective for the practical application of
SPR. In the extreme case, when the metal/dielectric interface is
significantly warped and its curvature achieves high value the
electron oscillations become trapped within the small volume
limited by the surface of a metal. That situation is realized in
metal nanoparticles (NPs), where electron oscillations are
confined to the nanoparticle's volume and thus termed localized
surface plasmon resonance (LSPR).>**' Remarkably, that LSPR
can be excited by visible light, while the resonant frequency
depends on the nature of the metal, particle size, shape of
a nanoparticle and dielectric environment.”> Localization and
resonant character of free electron oscillations results in the
enhancement of both electric and magnetic fields around the
nanoparticle. The enhancement gives rise to various surface-
enhanced techniques including SERS (Surface Enhanced
Raman Scattering), SEPL (Surface Enhanced Photo Lumines-
cence),”* SEIRA (Surface Enhanced IR Absorption),” and can be
also employed in the effective sensors for VOC detection®**” or for
monitoring of the refractive index of surrounding medium.?®

In many practical analytical applications it is more rational to
use ensembles of the NPs rather than individual NPs. Indeed, it is
established that arranging of metal nanoparticles into closely
spaced planar array on a surface of dielectric substrate leads to
the strong electrodynamic coupling between LSPR in neigh-
boring nanoparticles.’>*** As a result a collective plasmon mode
emerges in the single layer of NPs upon visual light excitation.
This mode appears as a sharp and intense peak in the extinction
spectra of the array and is an eigenmode of the entire NP
ensemble.” The control over the optical response of 2D metal NP
array can be achieved through the variation of the size of nano-
particles and distance between them.'** Two types of the
collective modes are excited within the NPs ensemble depending
on the orientation of the light induced electric dipoles, which can
be parallel or perpendicular to the array plane.**** The extinction
spectra of the array strongly depend on the polarization and the
angle of incidence of the light beam.'***** The 2D array of (Ag)
NPs can be embedded into polymer film forming a nano-
composite material.***> We have found that reversible morpho-
logical changes have occurred in such composite films upon their
swelling in organic vapors.** As the polymer film absorbs solvent
significant change in the distance between NP and refractive
index of the film occurs. The level of swelling is dependent on the
solvent-polymer affinity. Therefore, such submicron nano-
composite film can serve as a sensing element in a low-cost
optical sensor operating in visual light. In fact, the sensing
nanocomposite polymer films: (a) have thickness on the level of
several hundred nm, (b) have <1 x 1 cm lateral dimensions, (c)
can be made by simple dip-coating/annealing and (d) contain
just minute amounts of Ag NPs and polymer. With these char-
acteristics and industrial production the price of the film
(including its fabrication) will be less than $1.

To this end, in the present work we studied in detail changes in
the extinction spectra of planar array of closely spaced silver NPs
embedded into poly(glycidyl methacrylate), PGMA host matrix
upon its exposure to vapor of different organic solvents. The
solvents were specially selected to have different
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thermodynamical affinity to the PGMA matrix. In general, we
found that due to specific interactions between the macromole-
cules constituting the film and the molecules of solvent vapors,
the observed spectroscopic response of the film to environment is
highly chemically specific. Therefore, the observed effects can be
used in a straightforward submicron-sized optical scheme for the
detection of volatile organic molecules using nanoscale composite
films.

In our work PGMA, a polymer possessing epoxy group in every
monomeric unit, was selected to serve as a nanocomposite matrix
for its ability to react with glass/silicon oxide/silver NPs surface
and be cross-linked upon heating.**>*¢ In essence, the PGMA film
is fabricated as a thin internally cross-linked film, covalently
bound to the glass/native silicon oxide (covering the silicon
surface) and silver nanoparticles using its epoxy group func-
tionalities. This robust structure ensures structural stability and
reversibility of the film upon multiple exposure to solvent vapors.
In fact, in our preceding works we have demonstrated that the
PGMA based polymer films are swelling reversibly upon absorp-
tion of solvent vapors.*”** The level of swelling is related to
thermodynamic affinity between the polymer and solvent vapors.
In addition, the epoxy groups of PGMA, not involved in the
reaction with the surface and cross-linking, can be used for the
grafting of other polymer chains.**?**® In this work this grafting
was used to modify the PGMA with poly(2-vinyl pyridine), P2VP
macromolecules attracting silver nanoparticles via metal-
complex formation.*** In the future design of the sensing
nanocomposite films the grafting can be used to modify film/
solvent affinity as reported elsewhere.*”°

2. Experimental details
2.1 Materials and sample preparation

Sample preparation was conducted in several steps and
included Ag NPs synthesis, chemical modification of the surface
of a substrate, preparation of 2D array of silver nanoparticles,
and embedding of the array into polymer matrix. Silver nano-
particles were synthesized via reduction of supersaturated sil-
ver(1) oxide (99.99%, Alfa Aesar) aqueous solution by hydrogen
gas (99.9999%, National Welders).** The size of the NPs
depends on the duration of the chemical reaction. The size and
interparticle distance distribution of the silver nanoparticles
were determined from SEM images (Fig. 1) by the analysis of
about 250 nanoparticles yielding the mean nanoparticle size to
be (d) = 115 nm with the standard deviation o4 = 30 nm, and
the mean interparticle distance within the layer to be (D) =
160 nm with o4 = 70 nm.

Poly(glycidyl methacrylate) with number average molecular
weight of 176 000 g mol ' was prepared by radical polymeri-
zation of glycidyl methacrylate (Aldrich).**>**-° Carboxyl-
group-terminated poly(2-vinyl pyridine), P2VP-COOH (M, =
40 600 g mol '), was obtained from Polymer Source, Inc.
Chloroform (Aldrich) was used as a solvent for preparing 2%
PGMA and 2% P2VP-COOH solutions used during the fabrica-
tion of nanocomposite film.

In order to obtain the polymer film incorporating 2D array of
Ag NPs conventional microscope glass slides (Fisher Scientific)
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Nanocomposite film
2D Ag NP@PGMA

PGMA ~150 nm
P2VP~10 nm

Glass substrate

Fig. 1 Schematics for the nanocomposite polymer film containing Ag
nanoparticles (A); SEM image of 2D array of silver nanoparticles (B).

and silicon wafers (University Wafer) were used as a substrate.
Silicon wafers were employed only to determine the thickness of
the polymer layers using ellipsometry and atomic force micros-
copy (AFM) by the “scratch” method. Glass substrates were used
for optical measurements. The slides/wafers were cut into ~8 x
25 mm pieces, cleaned for 30 minutes in freshly prepared 1 : 3
mixture of 30% H,0, and H,SO, (“piranha” solution), rinsed
with DI water, and dried under a stream of nitrogen gas.

PGMA film was deposited onto the surface of the slides/
wafers by dip-coating technique using dip-coater Mayer Fein-
technik D-3400. The slides were then annealed at 140 °C for 10
hours in a vacuum oven for anchoring the film to the surface
and cross-linking.***® To remove any unanchored PGMA mole-
cules from the sample's surface the slides/wafers were rinsed in
chloroform at least three times and dried at ambient condi-
tions. After that 2% P2VP solution was drop-wise cast on hori-
zontally positioned substrate, so its surface becomes covered
with the polymer-solution. Next, the sample was dried in
ambient conditions for several hours and annealed. Annealing
of the samples at 150 °C for 1 hour resulted in the formation of
a P2VP layer grafted to the PGMA as described in details else-
where.**** The procedure was completed by rinsing of the
slides/wafers in chloroform for three times and drying at
ambient conditions. With this procedure we fabricated PGMA
film of the thickness ~150 nm with a thin P2VP grafted layer on
its surface. The thickness of the grafted layer was on the order of
10-15 nm. The P2VP layer was used for bounding of the NPs.*
For this purpose the modified slides/wafers were exposed
overnight to an aqueous suspension of Ag NPs. As a result,
a self-assembled 2D single layer of closely spaced nanoparticles
was formed (Fig. 1). The detailed procedure of 2D Ag NPs array
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preparation can be found elsewhere.** Analysis of the radial
distribution function for Ag NPs in 2D array retrieved from the
electron microscopy images reveals no periodicity or regular
arrangement of the particles within the array. The average
distance between nanoparticles in the array is about 210 nm.

Finally, the slides/wafers with self-assembled Ag NPs were
again dipped into PGMA solution, dried and annealed at 140 °C
for 10 hours in a vacuum oven. In this procedure, an additional
150-160 nm layer of surface anchored and cross-linked PGMA
was formed and the entire 2D nanoparticle array became
completely encapsulated into PGMA-P2VP-PGMA film. The
topmost PGMA layer protects the nanoparticle array from
external mechanical influence and preserves arrangement of the
NPs. Therefore, we get a polymer (PGMA) nanocomposite film
containing Ag NPs arranged in 2D system.** Initial (lower) PGMA
layer ensures homogeneity of the refractive index around the
nanoparticles and also mitigates the influence of a substrate,
which may significantly vary optical response of Ag NPs array.*®

The thickness of the polymer films was measured using an
automatic ellipsometer COMPEL (InOm Tech, Inc.) and an
atomic force microscope (Dimension 3100, Digital Instruments,
Inc.). The angle of incidence for ellipsometric measurements
was set at 70°. It was assumed that the refractive index of the
polymer layer was 1.525.** Scanning electron microscope Hita-
chi S4800 was used for imaging of the samples.

Optical measurements

The extinction spectra of the PGMA/Ag NPs composite were
recorded using Agilent Cary 60 UV-vis spectrophotometer
equipped with double beam Czerny-Turner monochromator.
Full spectrum xenon pulse lamp with 190-1100 nm wavelength
range was used as a light source. Unpolarized light was used to
probe the sample. The angle of incidence was set at § = 45°. The
sample was kept in the quartz cell 10 x 10 x 45 mm in
dimensions during recording the spectra.

3. Results and discussion
Spectroscopic measurements

As it was reported in our preceding works two types of collective
SPR modes can be excited by visual incident light in 2D array of
closely spaced Ag NPs."**' Those modes can be clearly
distinguished when using linearly polarized light at oblique
angles of incidence. Indeed, the electric vector of the incident
light beam with s-polarization (TE) excites electron oscillations
only in plane of the nanoparticle array. We denote this SPR
mode as T.*** The electric vector of a p-polarized (TM) beam
has both parallel and perpendicular components leading to the
excitation of two modes, in-plane and orthogonal to the plane.
This orthogonal component of free electrons oscillations can be
denoted as P mode. Obviously, at normal incidence there is no
difference between TM and TE polarizations with regard to the
sample's plane and only one band is observed in the extinction
spectrum of 2D Ag NPs array.*® Spectral bands corresponding to
P or T mode are to a certain degree pronounced in the extinction
spectra of 2D array depending on the angle of incidence.

This journal is © The Royal Society of Chemistry 2019
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Increasing the angle results in the rise of the normal (P)
component intensity. At the same time, the conditions of exci-
tation of T mode with s-polarized light do not depend on the
angle of incidence. Thus, varying the angle of incidence one can
control the efficacy of excitation of P and T modes. In present
work we used unpolarized light at the angle of incidence 0 =
45°, so both P and T SPR modes were excited in 2D array of Ag
NPs simultaneously. We expect that this optical configuration
can be used in envisioned low-cost sensors.

Emerging of two SPR modes in the array of Ag NPs results in
overlapping of corresponding spectral bands that may compli-
cate the analysis of possible transformations of the extinction
spectra of the samples caused by external influence (e.g
exposing to VOC). It is, therefore, convenient to present the
extinction spectrum of PGMA/Ag NPs nanocomposite film as
the sum of two Gaussian functions that correspond to P and T
SPR modes (Fig. 2). Now such parameters as the bandwidth and
spectral position can be analyzed separately for each band.

To determine the optical sensitivity of PGMA/Ag NPs submi-
cron films towards the presence of organic vapors the experiments
were performed using the following scenario. The sample was
installed inside quartz cell with the dimensions 10 x 10 x 45 mm
at the angle of 45° with respect to the incident light beam. A 20 pL
droplet of organic solvent was injected into the cell using syringe,
then the cell was tightly closed with a stopper. The extinction
spectra were recorded every 5 s while the solvent was evaporating
until no notable changes in the spectra were observed. It is worth
noting that the droplet of solvent evaporated completely in the
cell. Changes in the extinction spectra of PGMA/Ag NPs composite
triggered by injection of chloroform vapor are shown in Fig. 3a.
Since the maximum scan rate of the spectrophotometer is about
24 000 nm min~', one can neglect spectral changes during the
single scan. The extinction spectrum experience notable trans-
formation with the increase of chloroform vapor concentration.
Once the spectra stopped changing the stopper was removed and
the extinction spectra were recorded again every 5 s until vapor
escaped from the cell into the atmosphere, Fig. 3b. The same
procedure was conducted for other organic solvents such as
acetonitrile, ethanol, and toluene. Here we present the evolution
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Fig. 2 Extinction spectrum of nanocomposite taken at the angle of
incidence 6 = 45° and Gaussian fit for P and T plasmon modes.
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Fig. 3 Evolution of the extinction spectra of PGMA/Ag NPs composite
exposed to chloroform vapor: (A) — vapor concentration increases
with time of experiment as more solvent is evaporating into the closed
cell, (B) — vapor concentration decreases with time as more solvent is
leaving the open to atmosphere cell.

of the extinction spectrum for chloroform only, since the trans-
formation in extinction spectrum is most pronounced for this
solvent comparing to other solvents studied. The transformations
of the spectra are fully reversible and reproducible upon multiple
exposures. We associate this reversibility and reproducibility with
the construction of the nanocomposite film where cross-linked
PGMA network demonstrate shape-memory properties.*® There-
fore, the film is capable to spatially restore its structure upon
deswelling, where every Ag NP is placed back by the contracting
polymer network to its initial pre-swelling position.

Polymer-solvent interaction

Fig. 4 depicts shift of the maximum peak position and the width of
the spectral bands associated with P and T SPR modes caused by
the various VOCs. Note that time dependences of those parameters
saturate after 25 s, so that interval can be considered as a response
time of the sensing film. The observed solvent-selective response
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Fig. 4 Spectral shift (A) and narrowing (B) of P and T plasmon modes
with the increase of organic vapor concentration. The concentration
of the solvent vapor is increasing with time as more solvent is evap-
orating into the closed cell.

can be approached from consideration of the thermodynamic
affinity between the composite film and solvents, which can be
estimated using Hansen solubility parameters and their compo-
nents.**” The Hansen solubility parameter is defined as:>

1
AE\2 12
= ( 2 ) = (85 +0," + o) (1)

where AE is the cohesive energy, V is the molar volume of the
molecule, dq4 is the dispersive interactions from van der Waals
forces, 0, is the polar interaction from distribution of electron
density within the molecule, and 6y is the hydrogen-bonding
interactions from de-shielded hydrogen atoms semi-bonding
with electron rich atoms. An affinity between polymer and
solvent can be estimated via parameter Ad calculated by the
following equation:*

Ad= [(6d,pol - 6d,solv)2 + (5p,p01 - 5p,solv)2 + (5H,pol - 6H,solv)2]1/2(2)

where subscripts “pol” and “solv” indicate solubility parameters
for polymer and solvent, respectively. A smaller value of A¢
points to the higher thermodynamical affinity for the polymer/
solvent pair. The published values for the solubility parameters
for the solvents® are presented in Table 1. We used HSPiP
software®* (based on the Hansen method®**> of solubility
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parameters determination) to estimate the parameters for
PGMA (Table 1). The values of Aé are also listed in Table 1. The
solvents are arranged in accordance with their affinity to the
polymer. Thus, PGMA film can swell to the highest extent in
chloroform (the highest affinity) and acetonitrile but to a lesser
level in ethanol and toluene.

Our spectroscopic results show that the larger peak shift and
peak width variation are observed for the vapors with the higher
affinity between the polymer and vapor molecules (Fig. 4). It is
clearly seen that the nanocomposite possesses the highest
sensitivity to chloroform vapor while the sensitivity to toluene
vapor is quite low. The behavior of P and T plasmon modes is
similar however, spectral transformations for P band are more
prominent in comparison with those for T band. This indicates
the higher sensitivity of the former plasmon mode to the
organic vapor. Both P and T modes shift to the shorter wave-
lengths (blue shift) and their bandwidth decreases while the
concentration of organic vapor increases. It is naturally to
assume that the observed dependences are due to swelling of
the PGMA matrix under the influence of organic vapor. Swelling
of the polymer results in two processes, namely the increase of
the distance between nanoparticles and changing the refractive
index of the PGMA layer. The refractive index (real part of the
dielectric function) of the surrounding affects mainly LSPR
frequency, while any variations of the distance between nano-
particles in the array change coupling conditions for the plas-
mons. As a result, transformations of the extinction spectra of
PGMA/Ag NPs composite are observed.

Proceeding from the Maxwell-Garnett effective medium
model** the effective dielectric permittivity of the nano-
composite medium is expressed as:

_ feem 4 (1 — f)em(e 4 2em)
fell = (e +2em) —fle—em)

where ¢ = ¢, + ie, is the metal dielectric permittivity, e, = ny,” is
the permittivity of host medium (n,, is the refractive index of
host medium), and f is the volume filling factor of the nano-
particles. Absorption coefficient of the composite is expressed
as K(w) = L

cRen
average refractive index of the composite. Thus the resonance
absorption of light resulting from the localized plasmons exci-
tation occurs at maximum of Imeey that (in low damping

(3)

Ime.sr, where ¢ is the speed of light and 7 is the

approximation &, < |e,|) takes place at minimum of denomi-
nator of eqn (3). This condition can be written as:

24/
l—fEm'

& (w) = (4)

Taking the frequency dependent real part of the metal
permittivity as:

2
Wp

81(&)):8b+17ﬁ

(5)

. 4Ttne’ .
with w, = — where wy, is the frequency of bulk plasmon,
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Table 1 Solubility parameters (3q, 6p, 01, Stotal) and affinity between polymer and solvent (Aé); refractive indexes (n) for PGMA and solvents and

their differences (An)

Refractive
Substance 8 [MPa"?] ép [MPa'?] 61 [MPa"?] Stotal [MPa"?] Ad [MPa'?] index, n An
PGMA 16.5 7.6 9.2 19.6 — 1.525 —
Chloroform 17.8 3.1 5.7 19 5.9 1.4459 0.0791
Acetonitrile 15.3 12.8 6.1 24.4 6.2 1.3442 0.1808
Ethanol 15.8 8.8 19.4 26.5 10.3 1.3611 0.1639
Toluene 18 1.4 2 18.2 9.6 1.4941 0.0309

n is the free electrons concentration, e is the electron charge, m*
is the effective mass of free electron, I' is the damping constant
of plasma oscillations, ¢}, is the bound electrons contribution
into the metal permittivity. Thus, substituting ¢;(w) from eqn (5)
to eqn (4), we obtain the resonance frequency of localized
surface plasmons for metal NPs embedded into dielectric
matrix as:

2
w.
wp= |—— 2 6)

241
1+8b+ff€m

Filling factor fin the eqn (6) directly relates to the distance
between NPs in the array. The lower the filling factor, the larger
is the spacing between nanoparticles and LSPR frequency
increases that proves our experimental finding. A shift of SPR
spectral band towards shorter wavelengths with the increase of
the distance between Ag NPs arranged in 2D array was previ-
ously reported elsewhere.”® The above discussion can be
considered for both P and T plasmon modes. Enlarging of the
distance between NPs in planar array due to swelling of PGMA
film weakens the strength of the electrodynamic coupling of
LSPR in neighboring silver NPs.

Let us discuss now the influence of the refractive index of the
host matrix on the collective plasmon mode frequency.
According to eqn (6) augmentation to the refractive index of
dielectric surrounding results in the shift of spectral bands
position towards longer wavelength. Those theoretical predic-
tions are in good agreement with experimental results pre-
sented earlier.”®* The published values for the refractive
indexes for PGMA® and solvents® used in this work are pre-
sented in Table 1. We also show in Table 1 the difference (An)
between the refractive index of PGMA and that of the solvents.
All solvents possess the index which is lower than the one for
PGMA matrix. Therefore, as the nanocomposite film swells the
refractive index (n) of the film will decrease for all solvents. The
difference is increasing in the following manner: toluene (the
lowest value of An), chloroform, ethanol, and acetonitrile (the
highest value of An). At the same degree of swelling the largest
decrease in the refractive index of the film will be observed for
acetonitrile, while the smallest will be observed for toluene.
Based on this data one can expect the decrease of the permit-
tivity of PGMA as the polymer swells. Such decrease of the
permittivity of host medium ¢, as follows from eqn (6), leads to
the increase of the resonance frequency. Simultaneous action of

This journal is © The Royal Society of Chemistry 2019

those factors, namely increasing of the spacing between Ag NPs
and lowering of the refractive index (permittivity ¢.,) of PGMA
film caused by swelling results in the observed blue shift of the
spectral bands associated with P and T plasmon modes in 2D
array of Ag NPs.

Origin of the spectroscopic transformations

To elaborate on our assumption for the origin of the observed
transformations of the spectra, namely the increase of the
distance between NPs and the decrease of the host polymer
matrix refractive index due to polymer swelling, we calculated
the dependence of the SPR peak shift on the polymer matrix
swelling factor (n) using eqn (6). The factor is the quantitative
measure of the degree of the polymer matrix swelling that can
be defined as the ratio of the volume of swelled Ag NPs/polymer
composite to its initial volume (volume without the solvent
vapor), n = V/V, = (r/r,)’. Here, r and r, is the distance between
NPs in swelled and initial polymer matrix respectively. Thus, the
filling factor for Ag NPs can be expressed as:

Sf(n) = )

.

Considering that variation of the filling factor from f; to
0 leads to variation of the refractive index of host matrix from
Tpol tO Nsoly, the dependence of the polymer host matrix can be
calculated as:

(1) = ot — (ot — i) (%f 1). (®)

Thus, substituting the expressions (7) and (8) into the eqn (6),
one can model the dependence of the shift of SPR peak on the
swelling degree AAgpg(n). The results of these model calculations
for Ag NPs/PGMA film, swollen to a different degree in the
chloroform vapor, are shown in Fig. 5 as solid black line. One can
see that quite moderate PGMA matrix swelling of about 1.3 times
results in the SPR blue shift of more than 20 nm. Fig. 4a shows
our experimental data where spectral shift of SPR P-mode for the
nanocomposite film exposed to solvent vapors is followed as
a function of time. During the experiment the concentration of
the solvent vapor is increasing as more solvent is evaporating into
the closed cell. It is obvious that there is a very good general
agreement between the calculated and experimental shift of SPR
P-mode observed for Ag NPs/PGMA composite exposed to
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refractive index of polymer host matrix.

chloroform vapor. Therefore, the above assumption of the role of
interparticle distance increase and the host matrix refractive
index decrease due to polymer swelling in the solvent vapor in the
extinction spectra transformation can be accepted. This conclu-
sion is also corroborated by the spectral data presented in Fig. 6a.
In fact, spectral shift of SPR P-mode is decreasing as the
concentration of the solvent vapor in the cell is decreasing. The
decrease in concentration causes deswelling of Ag NPs/PGMA
nanocomposite film and corresponding change in the interpar-
ticle distance and refractive index.

Another important question concerns the level of contribu-
tion of interparticle distance and the refractive index of PGMA
matrix to the observed transformations of the spectra. We
calculated contribution of the interparticle distance increase
and the refractive index decrease separately. The results of
calculations are also shown in Fig. 5. It is clearly seen that the
increase of the interparticle distance is dominating factor while
the decrease of the refractive index of host matrix affects the
SPR peak spectral position to a lesser degree. The calculation of
SPR shift depending on the swelling degree (Fig. 5) can be used
for estimation of the maximal swelling factors reached in our
experiments for different solvents. Using the values of P-mode
shift (Fig. 4a) at highest concentrations of solvents —27 nm
for chloroform, —15 nm for acetonitrile, —8 nm for ethanol and
—1 nm for toluene, we estimated the swelling degree 7 for the
solvents as 1.40 for chloroform (40% swelling of the PGMA
matrix), 1.19 for acetonitrile (19%), 1.09 for ethanol (9%) and
1.01 for toluene (1%). The obtained difference in values of the
swelling degree are caused by different values of affinity of the
solvents to the polymer that is discussed above. Therefore, it is
obvious that when the optical sensor is designed to detect
a particular solvent the PGMA matrix can be modified accord-
ingly to fine-tune its swelling. It can be done straightforwardly
either via polymer grafting®® or via copolymerization of GMA
with other monomers*® having higher affinity to targeted VOC.
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Fig. 6 Red shift (A) and broadening (B) of P and T plasmon modes as
the concentration of the solvent vapor in the cell is decreasing with
time as more solvent is leaving the open to atmosphere cell.

It is important to reiterate that observed transformations of
the extinction spectra of the PGMA/Ag NPs nanocomposite are
fully reversible, i.e. it is possible to make a reusable VOC sensing
device using the nanocomposite film. For instance, in one of
our experiments the cell containing VOC was opened and the
extinction spectra of the nanocomposite were recorded every
5 s. The organic vapor escaped out of the cell that cause
shrinking of the PGMA matrix. As a result, the distance between
Ag NPs in the array decreases while the refractive index of PGMA
polymer increases. Fig. 6 depicts shift of the maximum peak
position and the bandwidth variations for P and T modes. As it
is expected both bands exhibit blue shift and broadening, which
is in agreement with the eqn (6). The nanocomposite can
withstand many cycles of exposure to organic vapors without
losing its performance. The recovery (deswelling) time of the
PGMA/Ag NPs sensing film in our experimental conditions can
be determined from the SPR spectral shift and bandwidth
dependences on vapor concentration for decreasing concen-
tration (cell is open, Fig. 6). It is found that the recovery time is
about 1 min.

Estimation of sensitivity

The detection sensitivity of PGMA/Ag NPs sensing film can be
approximated as follows. We consider P mode since it exhibits
higher sensitivity. The concentration of organic vapor in the cell

This journal is © The Royal Society of Chemistry 2019
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when the solvent was completely evaporated can be calculated
as follows:"

 22.4pV

6
S VIZ x 10° (ppm), )

where ¢ (ppm) is the concentration of organic vapor, p (g mL™") is
the density of VOC, V (mL) is the volume of a solvent, M (g mol ")
is the molecular weight of organic chemical, and Vj is the volume
of the cell (ie. 4.5 mL). The higher and lower limits of the
concentration of VOC vapor which can be quantitatively detected
by the sensing nanocomposite film in our experimental set-up has
been estimated for the chloroform, since for this solvent the
sensitivity is highest. In our experiments we used the chloroform
volume of 20 pL (0.02 mL), since this amount of the solvent
created the saturated vapor. At higher volumes of the solvent in
the cell some amount of the chloroform remained in the liquid
phase. For chloroform (p = 1.4890 ¢ mL ™' and M = 1194 g
mol ") calculations of the solvent vapor concentration yield ¢ =
1.24 x 10° ppm. Thus, the estimation of the higher limit of
sensitivity of PGMA/Ag NPs film gives for chloroform the value of
1.24 x 10° ppm. Therefore, sensitivity of PGMA/Ag NPs composite
film to chloroform vapor defined from the spectral shift of P band
is ~0.02 nm ppm . With this accuracy we foresee that using the
nanocomposite film as a sensing element it will be possible to
detect presence of chloroform in atmosphere at the level of
several ppm. It is the lower limit of sensitivity for the nano-
composite sensing film. Therefore, we suggest that the present
films (when designed for a particular solvent) can be straightfor-
wardly used in a low-cost unattended VOC sensor device oper-
ating in visual light. This type of sensor alarms an operator
when ppm level concentration of VOC is reached. To increase the
sensitivity of the nanocomposite sensing film we envision the
following key avenues: (a) regulate degree of the matrix cross-
linking to take full advantage of the swelling, (b) regulate chem-
ical composition of the cross-linked matrix to maximize the
solvent absorption by the film, and (c) adding additional 2D NPs
layers into the film. In the latter case not only interactions
between the particles in the single layers but also the electro-
magnetic interaction between distinct layers can be interrogated.

4. Conclusions

In general, we have demonstrated the capability of 2D array of
closely spaced Ag nanoparticles embedded into PGMA host
matrix to monitor presence of organic vapors in atmosphere.
Namely, changes in the extinction spectra of the submicron
nanocomposite film can be used to detect the vapors. The
transformations of the spectra are fully reversible and repro-
ducible upon multiple exposures. We associate this reversibility
and reproducibility with the construction of the nanocomposite
film where cross-linked PGMA network is capable to spatially
restore its structure upon deswelling. The structure of the
extinction spectrum of such nanocomposite is governed by
collective surface plasmon mode excited in the Ag NPs array.
Plasmon modes of two types are excited at oblique angle of
incidence. They correspond to different orientation of charge
oscillations in the nanoparticles with respect to the array's
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plane. It was found experimentally that spectral bands associ-
ated with normal and tangential components of the plasmon
mode change their spectral width and position when the
nanocomposite is exposed to organic vapors. The bands exhibit
blue shift and spectral narrowing with the increase of vapor
concentration. This is due to enlarging the spacing between
neighboring NPs in the array caused by swelling of the PGMA
polymer matrix. At the same time, the refractive index of the
polymer film decreases with the swelling. Those two processes
weaken electrodynamic coupling between LSPR in neighboring
Ag NPs that explains the observed spectral changes. The level of
spectral transformation is directly related to the level of poly-
mer-solvent thermodynamic affinity, where the higher affinity
corresponds to the higher level of the swelling. It was found that
spectroscopic sensitivity of the nanocomposite film to chloro-
form (the best solvent for PGMA matrix) vapor is ~0.02 nm
ppm . The response time of the sensing film was found to be
on the level of 25 s. The recovery time of the sensing film for
next cycle of the VOC concentration measurement is about
1 min. For other organic compounds tested here (ethanol,
acetonitrile, and toluene) the sensitivity is lower. However, it
can be improved with chemical modification of the polymer
matrix hosting nanoparticles. Therefore, we expect that the
nanocomposite films (when fabricated for a certain analyte) can
be effectively used as sensing element in a low-cost VOC sensor
device operating in visual light.
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