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a  b  s  t  r  a  c  t

Au  nanoparticles  have  been  recognized  as  a colorimetric  sensing  element  in polymeric  systems  because
clustering  shifts  the  red color  of individual  particles  into  saturated  blue  due  to distinct  plasmonic  vari-
ation.  The  mechanism  of  pressure  sensing  is  based  on  the  disintegration  of  the particle  clusters  into  the
individual  particles  in  polymers  upon  application  of  pressure.  Polymers  are  usually  composed  of  linear
chains  that  provide  a viscoelastic  medium  for their  diffusion.  Changing  topology  of  polymer  chains  from
linear  to crosslinked  under  fixed pressure  makes  a clear  change  in spectral  features  of  the  particles  prob-
ably  due  to the  hindrance  of particle  diffusion  by  the  crosslinking  points.  Therefore,  the  working  range  of
the  sensor  films  can  be  increased  to higher-pressure  values.  In  this  work,  polyacrylamide/Au  nanoparticle
films  were  prepared  by various  concentrations  of  formaldehyde  as  a crosslinking  agent  from  0.5  to  5.0  wt
lasmonic shift
ressure sensor

%. The  initial  absorption  signal  gradually  shifts  from  690 to 545  nm  for linear  chains  upon  application  of
pressure  while  shifting  goes  down  to 571  nm  for crosslinked  ones.  The colorimetric  change  is also  exam-
ined  under  humid  environments.  Contrary  to the crosslinking  process,  humid  environment  facilitates  the
diffusion  of particles  since  the  chains  swell  with  water  molecules  that  provide  a convenient  medium  for
particle diffusion.

© 2019  Elsevier  B.V.  All  rights  reserved.
. Introduction

Pressure sensors have attracted great attention over the past
ecade due to their potential usage in various applications includ-

ng object detection, haptic displays, and fingerprint sensors, etc.
1–3]. Pressure-sensing elements have been categorized into three
ypes according to their piezoresistive [4–8], capacitive [9–11], or
iezoelectric [12,13] features. However, the colorimetric pressure
ensitive films have emerged as a new class of sensor that offers
ot only recognizes the amplitude of applied force but also char-
cterizes stress distribution. Since the accurate real-time detection
f the change in pressure loading is vital for the construction and
ndustrial fields, the use of colorimetric pressure elements in a static
ody is important for the prediction of catastrophic failures [14].

Colorimetric pressure sensitive films can be obtained using
olloidal nanoparticles (NPs) to take the advantage of optical
roperties of their assembly [15]. In addition to their size- and

imensional-dependent outcomes, the colloidal nanoparticles can
xhibit outstanding optical features due to a collective behaviour,
amely interparticle coupling [16]. For instance, gold nanoparticles

∗ Corresponding author.
E-mail address: mdemir@iyte.edu.tr (M.M.  Demir).

ttps://doi.org/10.1016/j.sna.2019.06.009
924-4247/© 2019 Elsevier B.V. All rights reserved.
are the sine qua non to fabricate stimuli-responsive smart mate-
rials as a sensor due to their distinct plasmonic properties both
individually and collectively. Under an incident visible light, their
free surface electrons are confined and can absorb the part of light
having a specific wavelength. This phenomenon defined as local-
ized surface resonance (LSPR) and can be tuned by the carrier of
the particles [17]. Since the control over LSPR by assembly or disas-
sembly of the nanoparticles leads to a saturated change in color, the
Au NP-based colorimetric sensors have been developed for a wide
variety of functions including pH [18–20], temperature [21,22], bio-
chemical sensing [23], and strain [24,25]. Moreover, the repealing
of stimulus may reverse the color to the initial state. Hence, col-
orimetric sensors consisting of plasmonic nanoparticles offer both
reusability and tailorable specificity for the measurement.

The particles can be associated with the surrounding polymer
matrix whose mechanical and viscoelastic properties play a sig-
nificant role. For instance, Han et al proposed that the addition
of poly(ethylene glycol) into poly(vinyl pyrrolidone) (PVP) as a
plasticizer remarkably facilitate and enhance the plasmonic shift
due to provide ease of diffusion of Au NPs, therefore their separa-

tion [24]. In addition, the disassembly of plasmonic nanoparticles
upon external mechanical stimuli is more favorable if the polymer
has pendant group that is able to easily interact with the parti-
cle, e.g. pyrrolidone or amide [26]. Since the surrounding matrix

https://doi.org/10.1016/j.sna.2019.06.009
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sna.2019.06.009&domain=pdf
mailto:mdemir@iyte.edu.tr
https://doi.org/10.1016/j.sna.2019.06.009
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Fig. 1. Schematic illustrat

lays a vital role for the disassembly of the nanoparticles, hinder-
ng particle diffusion through various topologies of polymer chains

ay offer an alternative for the fabrication of colorimetric pressure
ensors working at higher-pressure ranges in various fields such
s industrial machinery, construction, agriculture, where high-
ressure monitoring is essential.

The polymers consisting of linear chains intrinsically resem-
le liquids with regard to their flow behavior. On the contrary,
he crosslinked chains provide solidification and maintaining the

aterial shape against deformation. Therefore, the crosslinking of
olymer chains has been predominantly used for the enhancement
f the material toughness and chemical inertness due to its ease of
mplementation. A three-dimensional network of polyacrylamide
PAAm) can be obtained by using aldehyde compounds due to the
apability of reacting with amide groups [27–29].

This study provides insight into the effect of polymer chain
opology on the optical properties of Au NP/PAAm films upon appli-
ation of pressure. The fabrication of the colorimetric pressure
ensor films was  carried out by integration of Au NPs into PAAm
atrix. The spectral changes by disassembly of Au NP clusters
ere observed as a function of the amount of crosslinking agent

formaldehyde) and the applied pressure. Besides crosslinking of
he PAAm chains, the humidity was also studied since the motion
f the particles in the polymeric system is significantly influenced.
he effect of humidity on colorimetric response against pressure
nd color healing is examined.

. Experimental

.1. Materials

Tetrachloroauric (III) acid trihydrate (HAuCl4·3H2O, 99%, Sigma-
ldrich), trisodium citrate dihydrate (≥99%, Sigma-Aldrich), and
VP (Mw: 10 kg/mol, Sigma-Aldrich) were used to Au NP syn-
hesis. PAAm solution (50% w/v, Mw: 1500 g/mol, Sigma-Aldrich),
ethanol (≥99.8%, VWR) and formalin (40% w/v formaldehyde,
arlo Erba) were purchased and used to prepare polymer network
aving various concentration of crosslink agents. The deionized
ater (18.2 M�•cm−1 at 25 ◦C) used in all experiments was
 the crosslinking reaction.

produced by a Milli-Q Advantage water treatment system. All
chemicals were used as received without any further purification.

2.2. Synthesis of Au NPs

The synthesis of Au NPs was  performed according to Turkevich
method via reduction of HAuCl4. An aliquot of aqueous solution
of HAuCl4 (0.24 mM,  200 mL)  was  loaded to a glass container and
heated up until reflux with magnetic stirring. Afterward, trisodium
citrate solution (0.34 M,  1 mL)  was  rapidly injected to the sys-
tem. The solution was allowed to reflux for 30 min  while its color
changed from pale yellow to dark blue and finally ruby red. The
resulting dispersion was centrifuged (12,000 rpm, 15 min) and re-
dispersed in 2 mL  water.

2.3. Synthesis of crosslinked PAAm

The crosslinking was  obtained by the reaction between PAAm
and formaldehyde (FA) (Fig. 1). An aliquot of PAAm solution (2 mL)
was diluted to 35% w/v  using 0.84 mL  deionized water. Subse-
quently, the mixture was acidified using 25 �L HCl solution (0.1 M)
and loaded to a sealed glass container to purge with nitrogen. The
desired amount of formalin solution was (from 0.5 to 5% mol  of
PAAm) injected to the system. The solution was then allowed for
mixing at 60 ◦C for 12 h. The resulting polymers were precipitated
using an excess amount of methanol. Afterward, the white precip-
itates were filtered and washed with methanol 3 times and dried
at 40 ◦C under vacuum. The dried white powders were dissolved
in deionized water and the concentration was fixed to 50% w/v for
further use.

2.4. Preparation of pressure sensor films

Firstly, Au NP (50 �L) solution was  mixed to PVP solution (10 �L,
0.16% w/v in water) to enhance the stabilization of the particles.

Next, the PVP modified Au NPs were loaded to PAAm solutions
(400 �L), respectively. The solution of which the ruby red color
rapidly transformed into deep blue color was  drop-casted into a
mold and dried at 60 ◦C for 2 h.
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Fig. 3. (a) Absorption spectra and corresponding (b) peak position and FWHM of
ig. 2. Detailed approach for Au NPs; (a) absorption spectrum (inset shows appear-
nce of dispersion), (b) SEM image (inset shows DLS size distribution).

.5. Characterization

The resulting composite films were cut into small pieces with
 mm diameter and were placed into a hydraulic pressure appa-
atus (Carver Inc., Model #3925, Wabash, IN, USA). Constant and
niaxial pressures (from 40 MPa  to 120 MPa) were perpendicu-

arly applied onto film surface for 2 min  at room temperature. The
ize distribution of Au NPs was measured using Dynamic Light
cattering (DLS; Malvern, Zetasizer ZS90, UK). The morphology of
he particles was studied by Scanning Electron Microscopy (SEM;
uanta 250, FEI, Hillsboro, OR, USA). Optical properties of com-
ressed and non-compressed samples were recorded in absorbance
ode using USB2000+ spectrometer (Ocean Optics Inc., Dunedin,

L, USA) via a premium fiber cable. The photographs of the films
ere taken with a cell phone camera (Apple, Iphone 7, CA, USA).

. Results and discussion

Au NPs were obtained by reduction of Au3+ to Au◦ by citrate
olecules, which also act as a stabilizer. Since the coloring of the Au

ystem requires meticulous control over the aggregation behavior
f the nanoparticles, it is vital to study the stabilization of the par-
icles by PVP. The photo of the Au NP dispersion and corresponding
V–vis absorption spectrum is given Fig. 2a. The single and sharp

ignal is observed at 521 nm.  The particle morphology was  studied
y SEM and corresponding microscopy image is given in Fig. 2b.

he particles show a spherical shape and approximately 14 nm with
iameter. Size distribution of the total population of the particles

s presented as an inset of the figure. The diameter of the parti-
les found as 13.5 nm and exhibit Gaussian distribution through
neat PAAm/Au film under various pressure at 73% RH. Insets show appearance of
film color.

light scattering measurement, which is consistent with the results
of the microscopy images.

The addition of PAAm solution into PVP-stabilized Au NP dis-
persion causes aggregation probably due to the change in pH. The
detachment of remaining citrate molecules from the particle sur-
face may  lead to aggregation of the particles into clusters. Therefore,
the color of the mixture changes from red to blue. By evaporation of
the water from the mixture, the blue appearance was fixed and the
composite films were obtained. The blue films were divided into
small pieces to perform compression experiments between 40 and
120 MPa. The intensive compression onto PAAm/Au films resulted
in a significant color change from blue to red. The correspond-
ing absorption spectra of the film for each pressure are given in
Fig. 3a. For initial state, the broad signal is observed at 690 nm with
a shoulder. The position of the shoulder (550 nm)  is close to the sig-
nal of the individual particle dispersion. There is a clear difference
between the absorption signal of individual Au particles (520 nm)
and its aggregates (690 nm). Since these two  levels of particle state
coexist in the composite system, the effect of pressure is mainly
examined by their spectroscopic signals. For this particular spec-
trum, it can be stated that the system shows bimodal distribution
[30]. In other words, a few numbers of individual particles still exist
together with aggregates in the dried form of the blue composite.
As the pressure increases, the absorption spectrum clearly shows
a shift toward lower wavelength and finally reaches to 545 nm for
120 MPa  compression. This dramatic spectral change is originated
from the pressure-induced disassembly of Au NP aggregates. Nev-

ertheless, the difference between peak positions is nearly 25 nm
obtained from individual particle dispersion and compressed films.
This result suggests that complete disassembly cannot be achieved
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Fig. 4. (a) Absorption spectra of PAAm/Au films for each FA content under 40 MPa  and (b) peak position of the films versus pressure. The change in (c) FWHM and (d) peak
position of the films with changing FA content, respectively. The measurements were carried out at 73% RH.

Fig. 5. Absorption spectra of the (a) non-crosslinked and (b) crosslinked (5% FA) films for various RH. The change in (c) FWHM and (d) peak position of the films having
various  FA content with changing RH, respectively. The measurements were carried out under 40 MPa.
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Fig. 6. (a) Photoframe of the films having different FA content under various pres-
G. Topcu, M.M. Demir / Sensors 

ven at higher pressure; rather aggregated domains still exist in the
ompressed film structure. Besides the spectral shift, the shape of
he spectra also changes. The absorption signals get narrow as the
ressure increases. Both dissipative and radiative mechanisms to
he damping of the collective electron oscillation may  contribute
o this result [31–33]. More specifically, light re-emission (scat-
ering) becomes negligible for small spherical metal nanoparticles,
hich leads to the spectral narrowing of the LSPR with disassem-

ly of aggregates. The limit of spectral narrowing may  be result of
he dissipative mechanisms. The reduction of the collective charge
scillation into single electron-hole pairs in the different (inter-
and) or same (intraband) bands, namely Landau damping, affects
he intrinsic optical properties of the nanoparticles [34]. In Fig. 3b,
he changes (shift and narrowing) in the spectra with respect to
ressure are given. Both the signal position and full width at half
aximum (FWHM) of the spectrum show an exponential decrease

s the pressure increases. On the other hand, the appearance of
lms for each compression level is presented as an inset of the fig-
re such that a clear change in color from blue to red is clearly
bserved.

The spectral change at constant pressure was  examined as a
unction of FA content used during the preparation of the films.
he absorption spectrum of each film having different FA content
nder 40 MPa  compression is presented in Fig. 4a. The signal posi-
ion of the non-crosslinked film in the spectrum falls to 556 nm
hile it shifts to higher wavelength by increasing FA concentra-

ion. Moreover, the signal is getting broaden at longer wavelengths.
or the disassembly of the particles in the polymer matrix, the
eneral sense is the use of the polymer that can allow continu-
us flow under the external mechanical stimuli. On the other hand,
he use of FA leads to the reduction in the flow rate of the matrix
nder fixed mechanical force. The effect of crosslinking on the opti-
al properties of the film has been investigated for the structural
evelopment of PAAm/Au particle nanocomposite materials. It was
reviously reported that the crosslinking points of the polymer
hains reduce the free volume in the material, hence hinder the dif-
usion of the nanoparticles [35,36]. Therefore, the Au NP aggregates
ith an inhibited diffusion result in relatively weaker disassem-

ly under similar mechanical stimuli compared to the particles in
 non-crosslinked matrix. Thus, the shift in absorbance decreases
s the concentration of crosslinking agent increases. The higher
rosslinking, the harder the particles diffuse. In Fig. 4b, the change
n peak position with respect to pressure for different FA content
s presented. Obviously, all regimes follow a dramatic decrease as
he pressure increases and the range of shift differs for each film.
t high concentration of the crosslinking agent, this range gets
arrower and final peak position reaches to only 571 nm,  namely
6 nm higher than non-crosslinked one. FWHM of the signal of the
lms shows a linear increase with respect to FA content under all
ressures (Fig. 4c). The viscosity of the medium is dramatically

ncreased by crosslinking. The particle domains prefer to stay in
ggregated state because the crosslinking points may  hinder their
iffusion into individual particles. Similarly, the shift in peak posi-
ion increases as FA content increases (Fig. 4d). At low FA content,
he peak position is close to the signal of individual Au particles.
owever, at high concentrations, the signal is close to one of their
orresponding clusters probably due to the aforementioned forma-
ion of a three-dimensional network by crosslinking agent.

Since the PAAm consists of hydrophilic pendant groups on
arbon backbone, the material frequently employed in a diverse
pplication as a hydrogel [37,38]. PAAm especially having short
hain length has hygroscopic nature, hence their solid form may

e dramatically affected by even moisture in the air atmosphere
39,40]. Therefore, the optical response of PAAm/Au NP sensor films
as investigated in a humid environment. The films were exposed

o various relative humidity (RH; 73, 80, and 87%) for half an hour
sure at 73% RH. The appearance of the films after compression on (b) smooth (left)
and rough (right) surfaces.

and the compression tests were carried out. In Fig. 5a, absorption
spectra of the films prepared by non-crosslinked (linear) chains
at different RH conditions for 40 MPa  pressure are presented. The
spectra remain more or less unchanged under all humidity levels
tested. On the other hand, humidity has a strong influence on the
crosslinked PAAm matrix and corresponding spectra are shown in
Fig. 5b. Compared to the neat counterpart, the signals differenti-
ate dramatically for the films prepared by 5% FA. The signal falls to
604 nm for 73% RH while it is observed at 566 nm for 87%RH. Since
the number of remaining aggregates appears more dominant in
the crosslinked films, the softening by increasing RH has a consid-
erable change in absorption compared to the non-crosslinked case.
In Fig. 5c and d, FWHM and absorption peak position are given as
a function of RH, respectively. Both of them show a linear decrease
as the RH increases. It is well established that humidity swells the
polymer chains such that the particles find a convenient medium
for diffusion. Under pressure, the particle domains can diffuse into
the individual particles and the signal shifts toward 540 nm even
for the crosslinked systems.

The crosslinking has a strong influence on the absorption spec-
trum and as well as the appearance of the films. The photo-frame of
the corresponding films is given with respect to the amount of FA in
the course of film preparation (column) and applied pressure (row)
(Fig. 6a). The color of the film gradually turns into reddish as the

pressure increases as each of the rows are followed. The change
in color ambiguously observed in the case of a higher degree of
crosslinking. The effect of crosslinking at constant pressure on color
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ig. 7. Detailed approach for color healing feature of the films; (a) the appearance
pon color healing cycle, and (d) time evolution of color healing at 95% RH.

hange can be clearly distinguished for each column. In contrast to
he effect of pressure, the color turns into bluish as the FA content
ncreases. Note that the change in color with increasing crosslinking
s more clearly observed in the case of higher compression. These
esults may  suggest that the films can be employed not only for
he measurement of the magnitude of pressure but also for the
istribution of the pressure over the material. Two identical films
ere compressed on smooth and rough surfaces, separately. The
hotographs of the resulting films are presented in Fig. 6b. The for-
er  case leads to smooth and single colored reddish film. It can

e claimed that the pressure is homogeneously dispersed over the
mooth surface. On the other hand, the latter one resulted as hav-
ng multiple colors with a gradual transition and seems a mixture
f the blue and red, i.e. the pressure is heterogeneously dispersed
ver the film surface. The change in the color throughout the film
ay  hint about the distribution of applied pressure.
Since the hygroscopic feature of PAAm has a considerable

nfluence on the motion of the Au NPs, the humidity may  affect
is/assembly in steady state as much as upon the compression.
he film was compressed with 120 MPa  and exposed to 95% RH
or 6 h. The appearance of the film for each stage is presented and
orresponding absorption spectra are given in Fig. 7a and b. The
nitial blue colored film turns into reddish by compression, not sur-
risingly. Subsequently, the humidity treatment causes color back
rom reddish to bluish and the absorption signal shifts from 545
o 645 nm.  The color healing process may  be simply explained by
urther gelation of the polymers due to excessive humidity. The
articles have enough free volume to assemble back that results

n bluish colored aggregates. Even though the color cannot be
ully healed under humidity, the peak position of the compressed

lm falls to 545 nm for each cycle, which may  suggest that it is a
eversible process (Fig. 7c). The time evolution of color healing is
resented in Fig. 7d. The peak position exponentially increases to
45 nm and fixed at this wavelength. By providing enough time
g process, (b) absorption spectra (recorded after 6 h healing), (c) the peak position

during the color healing process, the van der Waals interaction
between polymer chains and the particles gets more favorable.

4. Conclusions

Pressure-sensitive colorimetric PAAm/Au films containing the
various degree of crosslinking were fabricated and their sensor
properties were investigated in terms of their optical response
upon pressure up to 120 MPa  under various relative humidity lev-
els. The blue color of the films at the initial state gradually turns into
reddish under pressure due to the disassembly of Au NP aggregates,
which results as a spectral shift in the absorbance. The shift under
certain pressure not only depends on the magnitude of applied
force but also internal and external circumstances such as the
amount of crosslinking agent in the preparation and humidity of
the environment. The characteristic pressure response may enable
the use of films as a pressure sensor in different pressure scales.
Since the dis/integration of the Au particles is based on the diffusion
process in the presence of polymer chains, changing the topology of
the polymer chains from linear to crosslinked allows controlling the
pressure range where the sensor is active. The usage of formalde-
hyde retards the colorimetric change under similar pressure, this
result suggests that the pressure range required obtaining the same
amount of shift increases. The exposure of the deformed films to
excessive humidity enables the transforming both in structure and
color back to the initial state. Therefore, this healing approach
seems a promising way for the reusability of the PAAm/Au films.
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