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A B S T R A C T   

We report the synthesis of a core–shell nanostructure formed by a gold nanosphere surrounded by an external 
layer of poly(10,12-pentacosadiynoic acid). The gold core provides intense SERS signaling, whereas the polymer 
shell ensures structure stability. We introduce the concept of temperature response induced by phase-transition, 
as opposed to current plasmonic thermosensors based on surface adsorption of low molecular weight reporters. 
The behavior of the core–shell nanostructure has been investigated by Variable Temperature SERS (VT-SERS) 
measurements in the range of 150 – 400 K. The polymer shell is initially in the blue form and converts into the 
stable red one starting from 290 K. This transition produces temperature effects on the position and the Full 
Width at Half Height (FWHH) of the ν(–C = C–) peak that are suitable for temperature monitoring. VT-SERS 
measurements are proved to be useful for studying the behavior of ultrathin polymer films.   

1. Introduction 

Nanotechnology is at the forefront of contemporary research; its 
advent has generated new paradigms and challenges on both the theo
retical and the experimental side. In this context, plasmonic nano
particles (PNPs) play a central role: they find application in energy 
harvesting, catalysis, nanomedicine, and numerous other fields [1]. 
Absorption of visible light by these nanoobjects leads to the formation of 
hot electrons; these can be emitted in the surroundings or may remain 
trapped inside the nanoparticles causing local heating. In the presence of 
molecules adsorbed on the metal surface, hot electrons may also interact 
with the adsorbate inducing photochemistry. Important reactions like 
water splitting [2,3], H2 dissociation [4], and alkene epoxidation [5,6] 
can be promoted in mild conditions on active plasmonic surfaces. In 
nanomedicine, the recently emerged field of plasmonic phototherapy 
relies on the heat generated by irradiating PNPs that are selectively 
incubated in tumor cells [7]. A further application is intracellular tem
perature mapping [8,9]: the pathogenesis of numerous diseases, 
including cancer, is characterized by exceptional heat production. An 
accurate, contactless temperature monitoring inside cells is crucial for 
diagnostic purposes. PNPs are ideal candidates to achieve this goal since 

they can be readily internalized in cells and subcellular structures 
[7,10,11]. In all these cutting-edge applications, for a fundamental un
derstanding and an intelligent design of the nanostructures, it is essen
tial to identify and quantify the thermoplasmonic effect, i.e. the heat 
generated by the resonance process at the place where it is produced, 
that is at the PNP surface and/or at the so-called hot-spots (1–5 nm gaps 
at inter-particle junctions) [12,13]. This requires the remote monitoring 
of the temperature distribution at the nanoscale. Numerous optical 
techniques have been suggested for this purpose, including infrared, 
Raman, UV/VIS, and fluorescence, but all of them are restricted to the 
diffraction limit. Surface Enhanced Raman Scattering (SERS) is an 
attractive tool for such application because the SERS and the plasmonic 
photothermal effects can be excited simultaneously. However, the 
power density required to boost a significant number of hot-electrons 
from the Fermi level is usually much larger than the threshold value 
for inducing detectable SERS signaling, which makes it possible to 
decouple the two processes when calibrating the response function 
against the temperature of the surrounding medium [8]. This is to be 
carefully verified case by case if meaningful working curves are to be 
produced. A further advantage of SERS spectroscopy is represented by 
the enormous enhancement of the Raman cross-section for specific 
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peaks, induced by plasmonic resonance. In general, the signal may in
crease by a factor between 105 and 108 with respect to spontaneous 
inelastic emission, providing a sensitivity suitable for nanoscale sam
pling. The large signal enhancement is mainly generated at the hotspots 
(typically, around 85% of the SERS signal is contributed by 6% of 
molecules residing therein [14]), which provides the required spatial 
resolution (less than 10 nm). 

A number of studies have been published on the development of 
SERS thermosensors. The first report on the use of Ag/Au PNPs as room 
temperature sensors dates back to 2014 [15]. Using the Rhodamine dye 
as a molecular reporter, variable-temperature SERS (VT-SERS) mea
surements demonstrated a linear intensity vs T relationship in the range 
25–45 ◦C; the behavior was reversible over at least 25 cycles for Au and 
15 cycles for Ag, which warrants reusability. A slope of the response 
function of ca. 430 counts • s− 1/◦C provided an excellent sensitivity. In a 
successive contribution [8], the choice of SERS intensity was questioned 
on the basis of the multiplicity of effects that temperature may have over 
spontaneous and/or plasmon-enhanced scattering. Instead, it was pro
posed to use the peak frequency of selected signals because this 
parameter was considered more robust and less dependent on operating 
conditions. In that case, the molecular reporter was phenyl isocyanide 
on gold PNPs, which provided a sensitivity of 0,232 cm− 1/◦C. The SERS 
thermosensor was validated by monitoring the laser-induced desorption 
of CO on gold PNPs and by intracellular thermometry of a single living 
cell [8]. A very recent publication [16] focused on the sensitivity opti
mization of a SERS thermosensor. It was demonstrated that the type of 
chemical bond of the probe molecule and the interaction mechanism 
with the metal surface are the key factors ruling the frequency- 
temperature function. Thus, the sensitivity follows the sequence triple 
bond > double bond > single bond for both aliphatic and aromatic 
probes, while the surface chemical bonding effect substantially increases 
the temperature dependence of the peak position [16]. 

All the SERS thermosensors proposed so far rely on the response of a 
molecular reporter adsorbed on the PNP surface. This approach suffers 
from a number of drawbacks: i) in the explored temperature range 
partial or even complete desorption of the probe may occur, affecting 
both the sensitivity and the working range of the sensor; ii) in aggressive 
environments the SERS reporter may be replaced by more reactive 
molecules, especially when the probe is physisorbed rather than chem
isorbed; iii) in complex media rich in reactive components, such as the 
cellular environment, the functional groups providing temperature 
sensitivity may react/interact, resulting in severe modifications of the 
response function. 

In the present contribution, we propose an alternative approach to 
SERS thermosensing, intended to respond to the above issues. We have 
synthesized a composite plasmonic nanostructure with an inner core 
formed by a gold nanosphere having a diameter of around 15 nm and a 
polymeric external shell made of poly(10,12-pentacosadiynoic acid 
(pPCDA). Polymer coated plasmonic nanoparticles have been already 
reported in the literature and proposed for biomedical applications 
[17,18]. The novel polydiacetylene-stabilized gold PNPs 
(pPCDA@AuNPs) have been prepared following a three-step approach 
previously set up to produce core–shell nanohybrids in water [19,20]. In 
the resulting nanostructures, the gold core provides excellent plasmonic 
properties producing an intense and well-resolved SERS spectrum. 
Furthermore, the in-situ polymerized external layer is permanently 
bound to the inner nanosphere, which guarantees robustness and sta
bility of the structure up to the degradation temperature of the polymer 
shell (above 300 ◦C) [21]. In this situation, the response function no 
longer depends on the surface chemistry, nor the reactivity of the sur
rounding medium, but only on the behavior of the polymer shell as a 
function of temperature. This has allowed us careful control and 
improved reproducibility of the VT-SERS effect. We have investigated 
the behavior of pPCDA@AuNPs as a function of temperature in the 
150–400 K range, when the polymer shell is initially in the blue-form 
and converts into the red-form towards the upper end of the 

temperature interval. The occurrence of multiple phase transitions was 
detected via VT-SERS and it was shown that both the position and the 
Full Width at Half Height (FWHH) of a specific peak are suitable pa
rameters for temperature monitoring. The intensity is also sensitive to 
temperature changes but displays a complex behavior reflecting the 
phase transitions. The results presented herein also demonstrate that VT- 
SERS is a promising experimental approach for studying the behavior of 
ultrathin polymer films up to the single macromolecular layer. 

2. Experimental 

2.1. Reagents, solvents, and glassware 

Chemicals and spectroscopic grade solvents were commercial prod
ucts used as received, except the diacetylene monomer 10,12-pentacosa
diynoic acid (PCDA, Sigma-Aldrich), which was purified prior to use 
from the spontaneously formed blue polymer by means of dissolution in 
ethanol followed by filtration with 0.20-µm PTFE syringe filter. Aqueous 
solutions were prepared with ultra-high-purity Milli-Q water distilled 
twice prior to use. Before the synthesis of the nanostructures, the 
glassware was thoroughly cleaned with freshly “piranha” (mixture of 
cooled 30% v/v hydrogen peroxide and concentrated sulfuric acid in a 
ratio of 1:2 v/v) and then rinsed with bi-distilled water for immediate 
use. 

2.2. Synthesis of CTAB-stabilized gold nanoparticles 

Gold nanoparticles stabilized with cetyl-trimethyl ammonium bro
mide (CTAB), CTAB@AuNPs, were prepared through a standard wet 
chemical approach carried out at room temperature. In detail, in a 
cleaned glass flask HAuCl4 (1 mL, 0,1 mol/L) was added to 100 mL of bi- 
distilled water and then reduced with a freshly prepared aqueous solu
tion of NaBH4 (5 mL, 0,2 mol/L) in the presence of CTAB (2 mL, 0,2 mol/ 
L) acting as a stabilizer. The solution, which immediately became a deep 
red suspension, was maintained under stirring for approximately 24 h to 
complete. The crude product of the nominal concentration of 1 mmol/L 
in terms of Au content was purified from the CTAB excess by filtration 
with a paper filter followed by centrifugation at 14,5k rpm for 10 min, 
re-dispersed in water and then stored at room temperature. Color 
changes and stability of the sample were constantly monitored by means 
of UV–Vis spectroscopy. 

2.3. Synthesis and polymerization of PCDA-coated gold nanoparticles 

Gold nanoparticles coated with PCDA molecules (PCDA@AuNPs) 
were obtained by chemisorption of the diacetylene on as-prepared 
CTAB@AuNPs properly modifying a ligand-exchange reaction (LER) 
protocol set up to produce core–shell nanoparticles in water [19,22]. To 
ensure the anchorage of PCDA molecules, the CTAB-protected pre
cursors were previously treated with an aqueous solution of NaBH4, 
following a published procedure [23]. In detail, 8 mL of a freshly pre
pared aqueous solution of NaBH4 (50 mml/L) were added to 8 mL of 
hydrosol containing the purified CTAB@AuNPs; the mixture was left for 
1 h under stirring at room temperature and then added by 0.75 mL of 
PCDA dissolved in ethanol (7 mmol/L). The diacetylene addition was 
portion wised in three aliquots of 0.25 mL every hour to avoid sponta
neous micellization of PCDA. The mixture was maintained for a day in 
the dark at room temperature under constant stirring to allow the re
action to complete. Afterward, the sample was placed in a fused silica 
cuvette and subjected to UV light for 1 min in a Rayonet chamber (254 
nm and 35 W) to induce the photopolymerization of the diacetylene 
shell. The crude polymerized nanoparticles were then purified from 
micelles of poly(PCDA) (pPCDA) and aggregates by centrifugation at 8 k 
rpm for 15 min followed by filtration under vacuum with a 1,2 μm glass- 
fiber filter. In this way, clean pPCDA@AuNPs hydrosols were obtained 
and stored in the dark at room temperature. Continuous monitoring by 
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UV–Vis spectroscopy revealed that the resulting aqueous suspension 
containing pPCDA@AuNPs is stable for months. 

2.4. Characterization of PNPs 

Electronic absorption spectra of colloidal suspensions were recorded 
at room temperature through a Shimadzu UV-1800 spectrophotometer 
with fused silica cuvettes of different pathlengths. 

Field Emission Scanning Electron Microscopy (FESEM) images were 
acquired by a ZEISS SUPRA 40 VP microscope operating at 20 keV in 
both direct (InLens mode) and back (QBSD mode) configurations. Before 
the morphological characterization, the samples were sputter-coated 
with carbon using a Polaron E5100 sputter coater to obtain good con
ductivity. A statistical analysis of the nanoparticle features was carried 
out on at least 100 measurements, taken from FESEM images at different 
magnifications with the open-source software Image J, as detailed in a 
previous work [24]. 

2.5. Sers measurements 

The spectra were collected by a confocal Raman micro spectrometer 
(XploRA-Plus, Horiba-Scientific, Japan) with a 638,2 nm diode laser as 
the exciting source and an Edge filter for recording the Stokes scattering 
down to 50 cm− 1. The radiation was collected by an Olympus metal
lurgical objective with a 10x magnification and a numerical aperture of 
0.25, resulting in a laser spot size of 3 μm. The confocal and slit apertures 
were set to 500 and 200 μm, respectively. A grating with 1800 grooves/ 
mm was used to disperse the scattered light with the highest spectral 
resolution. The radiation was focused onto a CCD detector (Horiba 
Cameras, Mod. Syncerity,) cooled at − 65 ◦C by a Peltier module; it was 
operated in the Raman-shift range 400 – 2500 cm− 1. The full laser power 
measured at the output of the objective was 25.4 mW; all measurements 
were carried out with a 25% nominal attenuation, corresponding to 6.9 
mW; the exposure time was 2 s. The spectra were calibrated using a 
monocrystalline silicon wafer as reference (primary Raman mode at 520 
cm− 1). Temperature measurements were carried out under an inert at
mosphere (dry N2, flow rate 150 mL/min) in a Linkam cell Mod. 
THMS350V (Surrey, UK) with electrical temperature control in the 
range between − 180 and 350 ◦C (accuracy = ± 0,1◦C). 

The Raman imaging measurement in the mapping mode was per
formed by placing the sample on a piezo-electrically driven microscope 
stage with an x,y resolution of 10 ± 0,5 nm and a z resolution of 15 ± 1 
nm. The stage was scanned at a constant speed in the x–y plane over a 
2350 × 2350 μm area with a 5.0 μm step size. A z-scan was also per
formed with the same experimental setup between − 15 and 15 μm 
relative to the optical focus, with a step size of 0.5 μm. 

Bandshape analysis in the 1350 – 1550 cm− 1 was performed by a 
least squares curve fitting (LSCF) algorithm based on the Levenberg- 
Marquardt method [25,26]. The model for the simulation of the 
experimental profiles employed a mixed Gauss-Lorentz lineshape with 
three components: 

A(ν) =
∑3

i=1

⎧
⎪⎪⎪⎨
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]
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1 +
(

ν− ν0,i
ai
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⎫
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(1)  

where ν is the frequency (cm− 1), Hiand ν0,i are, respectively, the height 
and the position of the ith component, Li is the Lorentz factor (0 ≤ Li≤ 1)
and ai is the half width at half height (FWHHi/2). The adopted model 
was able to simulate the experimental profiles with high accuracy 
(average coefficient of determination, R2, = 0.997; average standard 
error = 90; see Fig. 6S, Supplementary Material (SM)) in the whole tem
perature range investigated. The LSCF analysis allows us to improve the 
accuracy of the band parameters ν0,i and FWHHi by using all the data 
points of the profile (225); the accuracy achieved by LSCF is estimated to 

be 0.1 cm− 1, while is 0.5 cm− 1 by direct evaluation on the raw data. 

3. Results and discussion 

3.1. Synthesis and characterization of the PNPs 

The core–shell nanostructures were obtained in three steps: first, 
gold nanospheres stabilized with cetyltrimethylammonium bromide 
(CTAB@AuNPs) were synthesized by means of a standard wet protocol 
[27]. Secondly, the as-prepared CTAB@AuNPs were incubated with a 
PCDA aqueous solution to allow the chemisorption of the carboxyl- 
substituted diacetylene on the gold nanoparticle surface by means of a 
ligand-exchange reaction (LER). Once obtained, the PCDA-coated gold 
nanoparticles (PCDA@AuNPs) were irradiated with UV light to induce 
the polymerization of the outer diacetylene shell directly in an aqueous 
suspension (pPCDA@AuNPs). 

High-resolution FESEM images of CTAB@AuNPs precursors are re
ported in Fig. 1a together with the UV–Vis spectra of the corresponding 
hydrosol (Fig. 1b). The main geometrical parameters extracted by the 
FESEM images are listed in Table 1. 

Based on the data reported, the sample is mainly constituted of 
nearly spherical particles of about 30 nm diameter with limited size 
dispersion (Fig. 1S in SM) and shape yield around 80%. Larger pseudo- 
nanospheres with an average diameter slightly more than doubled 
together with short nanorods with an axial ratio of around 2 and 
triangularly shaped nanoparticles with an average edge length of about 
50 nm are also present in small percentages as byproducts (Fig. 1S, 2S, 
3S in Supplementary Material). 

The low size and shape heterogeneity of CTAB@AuNPs is confirmed 
by the spectral profile of the corresponding hydrosol, also reported in 
Fig. 1. Indeed, the spectrum is dominated by a sharp band centered at 
526 m, corresponding to the typical surface plasmon resonance (SPR) 
band of isotropic and low polydispersed gold nanoparticles. 

As indicated above, CTAB@AuNPs were used as substrates for PCDA 
assembly to form core–shell nanoparticles (PCDA@AuNPs), which in 
turn were exposed to UV light to induce the photogeneration of the 
polydiacetylene layer (pPCDA@AuNPs). The resulting products were 
morphologically and spectroscopically investigated to ascertain the re
action success (Fig 2). As before, the main geometrical parameters 
extracted by the FESEM images are also listed in Table 1. 

The results of the FESEM characterization of dried pPCDA@AuNPs, 
carried out in both direct and back-scattered modes to discriminate the 
more reflective gold cores from the polydiacetylene shells, are shown in 
Fig 2a. The images highlight the core–shell architecture of the nano
particles, as expected. In detail, the inner gold cores have spherical-like 
geometry and an average diameter of about 15 nm, whereas the outer 
polymeric covering has an average thickness of 12,7 nm. According to a 
model of molecular mechanics reported in literature [19], the PCDA 
arrangement around the AuNPs occurs by subsequent stratification of 
bilayers on the metal surface; each bilayer is 6,264 nm thick. Based on 
these assumptions, the polymeric shell of pPCDA@AuNPs is on average 
made up of two superimposed bilayers of diacetylene molecules. As far 
as the core size is concerned, the diameter value reported in Table 1 is 
about halved with respect to that of the corresponding precursors. This 
result is consequent to the purification process of the crude sample, 
which led to the selection of the smallest and least polydispersed 
nanoparticles (Fig. 4S in SM). 

The supramolecular architecture of pPCDA@AuNPs is also 
confirmed by monitoring with UV–Vis spectroscopy. Fig. 2b shows the 
spectra recorded before (pink line) and after (black line) exposure to UV 
light. The pink profile, corresponding to PCDA@AuNPs hydrosol, is 
characterized by a well-defined SPR at around 540 nm. The plasmon 
band appears enlarged and red-shifted with respect to that of CTA
B@AuNPs precursors because of the chemical changes induced on the 
metal core surface by PCDA chemisorption, as previously observed [19]. 
The spectrum of pPCDA@AuNPs hydrosol (black line) exhibits a more 

M. Pannico et al.                                                                                                                                                                                                                                



Applied Surface Science 636 (2023) 157799

4

structured lineshape, consisting of a sharp band centered at 650 nm and 
an absorptions envelope in the 500–600 nm spectral interval. The first 
one corresponds to the excitonic peak assigned to blue polydiacetylenes, 
whereas the second one is the result of the superimposition between the 
first vibrational side-band of the poly(PCDA) at around 592 nm and the 
SPR band of the gold cores at around 540 nm. Point-to-point subtraction 
of the spectrum of PCDA@AuNPs to that of pPCDA@AuNPs yielded the 
blue line of Fig. 2, which actually corresponds to that of a poly
diacetylene in its “pure” highly conjugated blue form, suitable for 
nonlinear and sensing purposes [19,20]. 

A schematic representation of the formation and subsequent photo
polymerization of a single and double PCDA bilayer around a gold 
nanosphere is reported in Fig. 3. 

3.2. VT-SERS experiments 

The VT-SERS measurement was performed on a round-shaped spot 
obtained by deposition on an Aluminum substrate, of 2 μL of the PNP 
colloidal solution. Raman imaging at room temperature of the drop-cast 
spot is represented in Fig. 4, where the image reconstruction was made 
by considering the intensity of the 1447 cm− 1 peak (peak frequency 
refers to the value at 301 K if not otherwise specified). It is found that the 
adopted drop-casting procedure produces a macrospot having a 2,310 

± 5 μm diameter; the SERS activity is intense and uniformly distributed 
across the whole spot area and the spectrum is very consistent. 

The localized surface plasmon resonances (LSPR) of the PNPs are 
responsible for both enhanced light scattering and enhanced light ab
sorption. Scattering (inelastic) generates the SERS effect while the 
absorbed power, Q, is delivered as heat according to the general rela
tionship: Q = σabsI, where σabs is the absorption cross-section and I is the 
Irradiance, i.e. the power density of the exciting beam (W/μm2). Thus, 
the heating effect is ruled by the value of σabs, which, for spherical PNPs, 
depends strongly on the particle diameter: it is negligible up to 35 nm, 
while increasing exponentially up to 60 × 103 nm2 at a particle diameter 
of 120 nm [28]. To avoid heating effects during the SERS experiment, 
which would impair the response functions, we purposely synthesized 
composite nanoparticles with an inner diameter of 15 nm. Measure
ments as a function of the irradiation power and time were performed to 
confirm the stability of the local temperature (and the associated spec
tral response) at the laser spot. 

The results (see Fig. 5) indicated that the band parameters (position 
and FWHH) remain invariant in a laser power range (at sample) between 
0.09 and 25.4 mW and – irradiating at 6.92 mW – for exposure times 
between 0.5 and 9 s. It is expected that heat generation at the PNP 
surface will be strongly enhanced for inner particle sizes exceeding 40 
nm [8]. The thermo-plasmonic effect is currently under investigation as 
a function of particle size and shape and the results will be presented in a 
forthcoming contribution. 

The SERS spectra collected at different temperatures at point A of 
Fig. 4 are displayed in Fig. 6, while Table 2 summarizes the peak fre
quencies and their tentative assignments. The SERS spectra are essen
tially coincident with their Raman counterparts, both in terms of peak 
position and relative intensity of the various components [29]. This 
indicates that the functional groups responsible for the prominent sig
nals [(–C≡C–, –C = C–, CH2] experience the electromagnetic (EM) 
resonance effect but are not directly bound to the metal surface, which 
would cause significant peak shift/broadening. In fact, the interaction 
with the metal surface is assumed to occur through the carboxylic acid 
groups of the (CH2)8COOH substituent (see Fig. 3). In this arrangement, 
according to semi-empirical QM simulations [19], the first polymer 
backbone and the (CH2)11CH3 substituent are located about 1.5 nm from 

Fig. 1. a) FESEM images of CTAB@AuNPs recorded in direct configuration; b) UV–Vis spectrum of CTAB@AuNPs hydrosol.  

Table 1 
Geometrical parameters of CTAB@AuNPs and pPCDA@AuNPs extracted from 
FESEM images of Fig. 1 and Fig. 2, respectively.  

Sample % Diameter (nm) Length (nm) axial ratio 

CTAB@AuNPs 
nanospheres 

79 
8 

28.1 ± 0.5 (6.5)  
65 ± 4 (16) 

– 
– 

1.3 (0.3)  
1.2 (0.2) 

CTAB@AuNPs 
nanorods 

7 35 ± 3 (12) 72 ± 10 (37) 2.0 (0.6) 

CTAB@AuNPs 
nanotriangles 

6 – 48 ± 3 (12) – 

pPCDA@AuNPs 
cores 

– 15 ± 1 (5) – 1.3 (0.3) 

pPCDA@AuNPs 
shell 

– – 12.7 ± 0.8 (5.1) – 

The standard deviation of values is reported in brackets. 
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the PNP surface, which warrants the EM plasmonic effect to occur, since 
on gold surfaces it vanishes exponentially at a distance of around five nm 
[30]. The characteristic sequence of CH2 wagging vibrations due to the 
phase difference between adjacent methylene groups (k = 1 to 5) con
firms that the alkyl substituents of the pPCDA shell retain the all-trans 
conformation observed in the bulk blue form [29]. The low-temperature 
SERS pattern verify that the pPCDA shell is in the pure blue form as the 
peaks of the red form (2122, 1513 cm− 1) are barely detectable. It is 
found that from 133 to 300 K the spectrum changes slightly, while at 
373 K the overall intensity decreases substantially and a shift/broad
ening of several peaks becomes apparent. The VT-SERS measurement 
has been performed in the temperature range 133 – 415 K because above 
this interval the blue-to-red transition is essentially complete. This is 
shown in Fig. 7, which reports the sequence of SERS spectra in the blue- 

to-red transition interval (373 – 415 K). 
We focused our analysis on the ν(–C = C–) range between 1350 and 

1620 cm− 1, the evolution of which with temperature is illustrated in the 
inset of Fig. 7. This choice is suggested by the substantial intensity of the 
signal and the well-behaved bandshape (a symmetrical profile that is 
reliably simulated by standard shape-functions [26], see Fig. 6S in SM). 
In the inset of Fig. 7, the band profile has been normalized over the 
maximum intensity; this alternative representation allows an easier 
comparison among the spectra by compensating for the large intensity 
drop. The plot highlights the upward shift and the line broadening of the 
blue-form peak at 1447 cm− 1 as the temperature increases, and its 
gradual conversion in the component at 1512 cm− 1, characteristic of the 
red-form. The latter becomes predominant starting from 408 K. 

The position and the FWHH of the ν (–C = C–) vibration of the blue- 

Fig. 2.A. ) FESEM images of pPCDA@AuNPs recorded in direct (left) and back-scattered (right) configurations at two different magnifications; b) UV–Vis spectra of 
the hydrosols of PCDA@AuNPs (pink line) and pPCDA@AuNPs (black line); the dotted blue line corresponds to the point-to-point difference spectrum. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 3. Schematic representation of the self-assembling process leading to PCDA@AuNP and the subsequent photopolymerization of the PCDA bilayer.  
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form are reported as a function of temperature in Fig. 7a-b, respectively. 
In the range of 150 – 358 K the observed behavior conforms to the 
predictions of the theory for a system undergoing an order/disorder 
transition [31–34]. In fact, it has been demonstrated that for a simple 
harmonic oscillator, which represents a reasonable approximation for 
the present ν (–C = C–) mode, the relationship between the peak fre
quency, ν, and the temperature assumes the form [35]: 

ν2 = ν2
0 [1 + γ(T − Tc) ] (2)  

where ν 0 is the so-called ‘hard-core frequency’ at Tc and γ is the thermal 
expansion coefficient. In general, γ is phase dependent, which causes an 
abrupt change of slope in the linear ν 2 vs T diagram at the phase tran
sition. This is what is observed in the present case at Tc = 290 K. 
Regressing eq. (2) against the experimental data (see inset of Fig. 8a) 
provides a ν 0 value of 1446.3 cm− 1 and an expansion coefficient of 16.3 
× 10-6 K− 1 for T < Tc, which becomes 67.1 × 10-6 K− 1 (ν 0 = 1446.2 
cm− 1) for Tc < T < 358 K. For comparison, the expansion coefficients of 
polystyrene, poly(ethylene terephthalate), polypropylene and poly
ethylene are, respectively, 70, 59, 72–90 and 108–200 × 10-6 K− 1. The 
phase transition detected by the VT-SERS measurement at 290 K is 

related, in our view, to the activation of the molecular mobility of the 
aliphatic substituents, while the backbone chain remains unaffected. 
This conclusion is supported by the observation that up to 358 K the 
peaks characteristic of the red-form, originating from a conformational 
rearrangement of the main chain, do not emerge (vide infra). The in
tensity of these peaks starts to increase above 360 K, a temperature 
corresponding to a second change of slope in the ν 2 vs T diagram (see 
inset of Fig. 8a), which likely corresponds to a further phase transition 
mainly involving the backbone chain. 

When the γ value is sufficiently small eq. (2) can be approximated by: 
Fig. 4. Drop-casting of 2 μL of a PNPs colloidal solution on an Aluminum 
substrate. Raman image obtained by considering the intensity (peak height) of 
the 1447 cm− 1 signal. 

Fig. 5. (a): peak position (○) and FWHH (○) of the ν(–C=C–) peak as a function of the laser power. (b): the ν (–C=C–) peak collected at different exposure times with a 
laser power of 6.9 mW. Measurements performed at 301 K. 

Fig. 6. SERS spectra collected at point A of Fig. 4 at temperatures as indicated.  

Table 2 
Observed peak frequencies and tentative assignments for the SERS 
spectrum collected at 301 K on the pPCDA@AuPNPs in the blue 
form.  

Frequency (cm− 1) Tentative assignment 

2138 sh, w – 
2083 s ν(–C≡C–) 
1447 vs ν(–C = C–) 
1343 sh – 
1331 m CH2 wag; k = 5 
1304 w CH2 wag; k = 4 
1258 m – 
1245 m CH2 wag; k = 3 
1218 m CH2 wag; k = 2 
1188 s CH2 wag; k = 1 
1125 w ν(C–C) backbone/alkyl 
1103 vw ν(C–C) backbone/alkyl 
1085 m ν(C–C) side chains 
1041 w – 
691 s δ(-C–C–C-) backbone 
495 vw – 
423 w – 

sh = shoulder; w = weak; m = medium; s = strong; v = very. 
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ν = ν0 [1 + γ’(T − Tc) ] (3)  

with γ′ = γ/2. Thus, the linear relationships are retained in a frequency 
vs temperature diagram, which represents the typical response function 
of a plasmonic thermosensor. Fig. 8a shows that, as a consequence of the 
phase transitions of the pPCDA shell, we observe a blue-shift of 5.5 cm− 1 

in going from 290 to 380 K, which represents a sensitivity comparable to 
the more recent values for adsorbate-based thermosensors [8,16]. 
Further advantages of the proposed nanostructure are a meaningful 
working range and a tight linearity of the response function in the range 
from the first to the second Tc (T′

c = 290K;T″
c = 358K, R2 = 0.995). This 

relationship is theoretically predicted, which affords the transferability 
of the response function among different instrumental setups once the 
relevant parameters (γ and Tc) have been carefully measured. The 
identified linearity range is well suited for in vivo diagnostic applications 
[36],. 

The FWHH also displays a substantial increase with temperature, 
especially above 300 K (see Fig. 8b). Band broadening in an ordered 
molecular structure is due to anharmonicity and/or reorientation of 
molecules. When dynamic disorder prevails over the phonon decay 
process, the FWHH can be expressed as [31,32,37]: 

FWHH = A + B⋅T + C
[

τc

1 + ω2τ2
c

]

(4)  

where the constant A accounts for broadening factors arising from 
structural and/or compositional defects [33,37], the linear term is 
related to the contribution of anharmonicity, and the third term repre
sents the influence of the thermally activated reorientational process 
[33,34,37]. In particular, this term is characterized by the correlation 
time, τc, which is the average residence time in a given potential well, i. 
e. the time to jump from one potential well to another. It is given by: 

τc = τ0 e
Ea

kBT (5)  

where Ea is the energy barrier to reorient the involved molecules and kB 
is the Boltzmann constant. Since ω2τ2

c ≪1, eq. (4) can be rewritten as: 

FWHH = A + B⋅T + τ0Ce
Ea

kB T (6)  

which affords to estimate Ea from the experimental data and verify the 
relaxation mechanism. The solid red line in Fig. 8b represents the 
regression of the experimental data points with eq. (6): it is found that 
the observed trend is well reproduced by the theory (R2 = 0.996), which 
provides an Ea value of 10.9 kcal/mol, A = 13.4 cm− 1, and B = 0.017 
K− 1. In Fig. 8b is also reported the contribution of the non-exponential 
terms of eq. (6) (solid black line); a comparison with the observed 
behavior reveals that structural/compositional defects (A) and anhar
monicity (B) rule the broadening effect up to 302 K; afterward the 
molecular mobility is activated and the reorientation effect becomes 
predominant. The onset temperature to molecular mobility as estimated 
from the FWHH vs T curve is very close to the value of T′

c from the 
frequency vs T diagram (compare Fig. 7a and 7b), which confirms that 
the two spectroscopic parameters reflect the same physical transition, 
albeit with a different sensitivity. In fact, the broadening effect is not 
directly related to the thermal expansion, which makes it less responsive 
to phase changes and unable to capture the second transition involving 
the backbone chain. In terms of application as a plasmonic thermo
sensor, the FWHH increases by 10 cm− 1 in going from 303 to 395 K, with 
an average sensitivity of 0.11 cm− 1/K, almost doubled in comparison to 
the peak position. Here again, the a priori knowledge of the analytical 
form of the response function and the availability of accurate B and Ea 
values will facilitate the construction of robust calibration curves. 

Next, we considered the temperature dependence of the intensity, I, 
of the ν(–C = C–) vibration Preliminarily, we verified, by a deep-profile 
analysis in the − 15 to 15 μm range, that the defocusing caused by the 

Fig. 8. Peak position (a) and FWHH (b) of the ν (–C=C–) mode of the blue-form 
as a function of temperature. In (a) red and black lines refer to the regression of 
the experimental data with Eqs. (2) and (3), respectively. In (b) the solid red 
curve is the regression obtained with eq. (6). (For interpretation of the refer
ences to color in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 7. SERS spectra of PNPs in the 373 – 418 K range. Temperatures as 
indicated. The inset highlights the 1380 – 1610 cm− 1 frequency interval. 
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temperature excursion during the VT-SERS run (3.0 μm, at most) does 
not affect the absolute intensity values (see Fig. 5S in SM). The I vs T 
trend is considerably more complex than those previously discussed are 
(see Fig. 9): a first linear decrease is followed by a sudden growth, a 
maximum at around 318 K and a further drop. This complexity is related 
to the plasmonic effect, which decays sharply with the distance, d, be
tween the oscillator and the PNP surface. Theory predicts a power-law 
dependence of the form [38,39]: 

EF =
I
I0

∝
(

R + d
R

)− 10

(7)  

where EF = I/I0 is the enhancement factor (electromagnetic) and R is 
the radius of the spherical PNP. In practice, experimental values of the 
exponent range between − 3.5 and − 5.5 depending on the metal/ 
adsorbate pair [40–42]. Thus, any expansion or contraction causing a 
change in the gap between the backbone chain and the metal surface 
will be immediately detected as a change in peak intensity. 

The slight linear decrease in the 150 – 290 K range suggests that in 
this interval, the system is dimensionally stable and the peak intensity is 
ruled by the ordinary temperature dependence of the inelastic light 
scattering [35,43]. At 290 K the steep increase reflects the phase tran
sition detected by peak position and FWHH; the increment suggests a 
reduction of the distance between the backbone and the PNP surface, 
likely caused by the expansion of the layer formed by the external alkyl 
substituents [the (CH2)11CH3 groups]. This expansion apparently stops 
at around 320 K, followed by a pseudo-stationary regime that almost 
parallels the one at low temperatures. Starting from 355 K (the T″

c 
temperature from peak position measurements) the intensity drops 
abruptly (see also Fig. 7) with a 70 % reduction in around 30 K. At T″

c 
emerges the red-form, causing a substantial modification of the localized 
surface plasmon resonance (LSPR) band. In fact, in passing from the blue 
to the red-form the shape of the UV–VIS spectrum changes substantially, 
and the maximum moves from 650 to 540 nm [22,44–46]. In this light, 
we associate the final intensity drop to an off-resonance effect, i.e. a 
mismatch between the excitation line at 638 nm and the LSPR, taking 
place when the blue-form converts into the red. 

In summary, the VT-SERS measurements demonstrate that the 
sensitivity of the peak intensity towards any dimensional modification 
of the polymer shell makes it unsuitable as a parameter to be employed 
in plasmonic thermosensing. On the other hand, this same sensitivity 

renders the SERS intensity of selected signals a powerful tool for 
investigating volume contraction/expansion and the associated phase 
transitions for any polymeric shell that can be made to surround a 
plasmonic core. 

According to eq. (7), if the absolute intensity depends strongly on d, 
the intensity ratio between two SERS peaks corresponds to the ratio 
between their Raman counterparts, assuming a frequency-independent 
enhancement. This condition is satisfied for the doublet at 1447–1512 
cm− 1 due to the small frequency gap. Thus, we can assume, according to 
the general theory of inelastic light scattering [43,47], that I1512/I1447 =

ω1512/ω1447 • CRF/CBF with CRF and CBF denoting the concentration of 
the red and the blue form, respectively, while ωi are the Raman cross- 
sections of the respective signals. More specifically, CRF and CBF repre
sent the concentration of conformational sequences generating the two 
peaks. According to a detailed ab-initio investigation on the structural 
properties of pPCDA [48] the blue and the red sequences are charac
terized, respectively, by diacetylenic conformations with a dihedral 
angle, τ, of 170◦ and 145◦ (see Fig. 7S in SM). 

The conversion between the two forms: BF⇆RFis regulated by the 
equilibrium constant Keq = CRF/CBF. The van’t Hoff equation for Keq is: 

ln
(

I1512

I1447

)

= −
ΔH
RT

+
ΔS
R

+K (8)  

where the symbols have the usual meaning and K is a constant ac
counting for the ratio between the Raman cross-sections of the two 
signals. Fig. 10 reports the I1512/I1447 ratio as a function of temperature, 
which marks the onset of conversion at 358 K, the T″

c temperature (see 
Fig. 8a). The van’t Hoff diagram, represented in the inset of Fig. 10, 
displays the negative slope characteristic of an endothermic process, and 
a ΔH value of – (11 ± 1.3) kcal/mol. This figure is coincident with the Ea 
value obtained from the FWHH vs T diagram (10.9 kcal/mol), which 
confirms the soundness of the band-broadening approach in evaluating 
the activation energy of the transition and demonstrates that the process 
is enthalpically driven. The above analysis also demonstrates that VT- 
SERS measurements can be a sensitive and accurate method to investi
gate conformational equilibria in thin polymer films adsorbed on plas
monic surfaces. 

4. Conclusions 

In the present contribution we introduce a novel approach to plas
monic thermosensing, based on the phase transition of the external layer 
of a core–shell nanostructure. We have synthesized and tested poly 

Fig. 9. Intensity (peak height) of the ν (–C=C–) mode of the blue-form as a 
function of temperature. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.) 

Fig. 10. The ratio between the intensities of the peaks at 1512 and 1447 cm− 1 

as a function of absolute temperature. The inset displays the van’t Hoff plot of 
the intensity ratio. 
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((10,12-pentacosadiynoic acid)-coated gold nanospheres 
(pPCDA@AuNPs), which exhibit significant and reproducible tempera
ture effects that can be accurately quantified by SERS spectroscopy. The 
following conclusions can be drawn:  

• The PCDA outer shell has been polymerized in situ in the blue form, 
which is a metastable phase. Upon heating above 290 K, a transition 
in the stable red form takes place, causing an increase in the position 
and the FWHH of the ν(–C = C–) peak. These effects can be theo
retically predicted.  

• The response functions of both the above parameters afford a proper 
temperature sensitivity and a working range suitable for in vivo and 
in vitro diagnostic applications of the proposed thermosensor. 

• The a priori knowledge of the analytical form of the response func
tions facilitates the construction of accurate and transferable cali
bration curves.  

• The intensity of the ν(–C = C–) peak is also very sensitive to the phase 
transitions but its behavior is complex and unsuitable for tempera
ture sensing.  

• It is also demonstrated that VT-SERS measurements are a powerful 
tool to investigate the behavior of ultrathin polymer films (down to 
the single molecular layer) surrounding plasmonic nanoparticles. 
These films are of major technological interest in the semi-conductor, 
optoelectronic, manufacturing and biomedical industries. 
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[31] C. Carabatos-Nédelec, P. Becker, Order–disorder and structural phase transitions in 
solid-state materials by Raman scattering analysis, J. Raman Spectrosc 28 (1997) 
663–671. 

[32] F. Jebari, P. Becker, C. Carabatos-Nédelec, Order-disorder phase transition in 
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