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ABSTRACT: The increasing prevalence and detrimental effects of
volatile organic compounds are driving the need for selective on-site
sensors that do not require complex sampling or instrumentation.
Broadband selective sensors exhibiting selectivity based on their distinct
response mechanism is becoming of increasing technological relevance in
both industrial and urban settings. In this context, we propose a label-free
sensor based on a polymeric planar microcavity embedded with a
fluorescent organic dye, designed to detect various pollutants in the vapor
phase. The sensor consists of alternating layers of cellulose acetate and
poly(N-vinylcarbazole) and contains a polystyrene defect layer doped
with a quadrupolar diketopyrrolopyrrole. Both the structural properties of
the polymer microcavity and the dye in the defect layer contribute to the
sensor’s response to analytes, creating a dual-probe system where a single photonic element translates chemical signals into optical
signals, namely, transmission and fluorescence spectral variations. The discrimination capability of the photonic structure arises from
the physicochemical interactions between the analytes and the polymer components. To validate our approach, we evaluate the
sensor’s response to four distinct volatile molecules and investigate the mechanisms influencing the optical response.

■ INTRODUCTION
The escalation in production and consumption of goods has
been increasingly leading to a continuous discharge of harmful
chemicals into the atmosphere. Among these pollutants,
volatile organic compounds (VOCs) are of particular concern
due to their impacts on the environment and on human health.
Indeed, even seemingly innocuous solvents like acetone can
induce neurological damage, while tetrachloroethylene, which
is widely employed in dry cleaning processes, is a suspected
carcinogen.1 VOCs are released in the environment by many
industrial processes such as oil refineries, power plants, and
chemical manufacturing. In particular, urban sources include
painting, dry cleaning, and refrigeration processes. Usually,
quantitative monitoring makes use of highly sensitive yet
unselective portable detectors like colorimetric tubes and
infrared sensors;2 on the contrary, qualitative assessment needs
complex sampling procedures and laboratory analyses.3

Therefore, developing simple systems to identify and monitor
these compounds in both residential and occupational
environments would be advantageous for safeguarding public
health.

Within this context, colorimetric detection based on
polymer planar photonic crystals, namely Distributed Bragg
Reflectors (DBRs) or other bioinspired photonic nanostruc-
tures, offers selectivity without chemical functionalization and
has already shown the ability to detect several families of

compounds in the vapor phase.1,4−14 The interest in these
devices arise from their simple and scalable fabrication, that
makes them highly desirable in the field of disposable
transducers.15,16 DBRs are periodic structures composed of
alternating layers of materials with different refractive indexes.
The spacing between the layers is designed to create coherent
diffraction of impinging light. The layer spacing is engineered
to produce coherent diffraction of incident light. This
periodicity alters the nanostructure’s spectrum and creates
characteristic reflectance peaks known as photonic bandgaps
(PBGs), that provide them with their distinctive intense color.
The spectral position of the PBGs can be approximated by the
Bragg-Snell law:17
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where nH and nL are the refractive indexes of the high-index
and low-index layers respectively, while dH and dL are their
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thicknesses. When used in sensing, DBRs harness the
capability of polymers to adsorb volatile molecules. The
analytes diffusivity, their sorption coefficient, and intercalation
capability within polymers is mainly determined by the molar
volume (VM) of the analytes and the intermolecular interaction
between the analytes and the polymer macromolecules. Such
interactions can be predicted by the Hildebrand solubility
parameter (Δδ2) for the polymer-analyte pairs. These
parameters represent the difference of cohesive energy density
between the two species18 so that, the smaller the Δδ2, the
larger the solubility and the analyte intercalation kinetics. The
combination of both Δδ2 and VM is summarized in the Flory−
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enthalpic interaction between the species involved.19 For
sake of simplicity, we neglect here the entropic contribution of
such interaction. Therefore, χAPH rules the analyte intercalation
kinetic within the structure and the magnitude of the sensor
response. Indeed, high polymer-analyte affinities typically cause
the fast intercalation of molecules within the polymer, leading
to considerable swelling of the polymer layers. In turn, this
swelling increases the DBR optical pitch, and therefore shifts
the PBG to longer wavelengts.17 This shift is usually detected
in the reflectance spectrum of the sensor. Thanks to the
dependence of the intercalation kinetics and magnitude on χAPH ,
the response to different analytes (including aromatic
molecules, alcohols, chlorinated and fluorinated compounds)
can be easily differentiated through careful selection of the
polymers.1,5−7,20 However, DBR sensors have an important
drawback: the PBG signature used for detection is typically on
the order of several tens of nanometers, which makes detecting
small spectral variations a challenging task. To overcome this
drawback, spectrally sharper features can be inserted within the
PBG by introducing a defect in the lattice to break its
periodicity. These sharp features are called defect modes,21−23

and the whole structure takes the name of Planal microcavity.
The defect layer, which consists of a film with different optical
thickness than the other layers of the stack, can be doped with
a fluorescent dye whose emission spectrum superimposed with
the PBG and the defect mode. In this case, the dye emission is
redistributed, resulting in a sharp and intense emission at the
wavelengths corresponding to the defect mode, and a signal
suppression at the PBG wavelengths. The defect mode of the
microcavity, along with the resulting new emission feature of
the dye, is sensitive to the structural variations of the DBR
lattice, similarly to the PBG. However, the photoluminescence
(PL) signal is much sharper than the latter, promising the
capability to detect very small spectral variation. Microcavity
sensors have already been developed; however, they are usually
made of porous inorganics, like silicon, which require long and
complex fabrication.24−26 Some works study the fabrication of
microcavity sensors by spin-coating,27,28 while polymer-based
microcavities are rare in literature.29

In this work, we incorporate a fluorescent diketopyrrolo-
pyrrole (DPP) derivative in a spun-cast microcavity to allow
analyte detection by both transmission and fluorescence
probing. DPPs first uses date back to the early 1970s30 when
these molecules were commercialized as red pigments for high-
end applications.31−33 Indeed, they exhibit large molar
absorption coefficient, large fluorescence quantum yield, and
superior stability upon thermal stresses and irradiation.34,35 All
these elements are important to ensure that parasitic effects on
the fluorescence signal can be avoided. This clearly

demonstrates the role of the fluorescent microcavity as an
effective transducer of the chemical signal into a physical one.
Several researchers have reported on the use of DPPs as
fluorescent probes,36 as two-photon absorbing materials,37 or
in optoelectronic devices including organic field-effect
transistors, organic light-emitting diodes, and organic photo-
voltaic cells.38,39 Colorimetric and fluorescent sensors based on
DPPs detect pH changes,40 ions,41 thiols,42 and other
compounds,43−45 depending on the C-aryl and N-alkyl groups
present.36 While most of the literature on this topic focuses on
solution sensing, a few papers have investigated DPPs as
probes for vapor analytes when embedded in a solid
matrix.43−46 However, a solid matrix is desirable in sensing.
Then, a solid DPP probe in the form of high optical quality
thin films in combination with photonic nanostructures can
become the two starting points to develop a sensor for
detecting VOCs in the atmosphere.

In essence, to achieve the selectivity required to detect
different VOCs species with a single photonic element, we
combine a fluorescent probe consisting of a DPP derivative,
and microcavity structure. The comprehensive response of the
microcavity to the analytes leads to a dual probe system in
which a single photonic element converts the chemical signal
into optical ones. In this way, the response of the sensor is
reflected in both the transmission (spectral shift of the PBG
due to the swelling of the layer) and fluorescence (spectral
shift, intensity changes driven by spectral redistribution and
the interaction of electronic states between the analyte and
DPP) signals. We target a proof-of-concept demonstration of a
label-free sensor for VOCs, focusing foremost on selectivity.
First, the fluorescence response of a polystyrene (PS) film with
embedded DPP is evaluated to verify its characteristic response
to four vapor analytes: toluene, 1-butanol (BuOH), acetone,
and dichloromethane (DCM). Then, a microcavity is
fabricated alternating layers of cellulose acetate (CA) and
poly(N-vinylcarbazole) (PVK), casting a central PS layer with
embedded DPP; the sensor is then tested with the same
analytes.

■ RESULTS
Before performing the sensing measurements, we investigated
the optical properties of DPP (whose structure is outlined in
Figure 1a) both in solution and in a PS blend. The toluene
solution exhibits a cyan shade, and when illuminated with
violet light, it generates a strong pink fluorescence, as depicted
in the digital photograph in Figure 1b. Such emission is
maintained in solid state polymer films. Figure 1c shows the
normalized absorption (black) and fluorescence (red) spectra
of the PS/DPP. The sample absorption has two intense charge-
transfer bands at 655 nm and at 600 nm, typical of DPP-based
D−π−A−π−D chromophores.47−49 The emission peaks at 677
nm, with a Stokes shift of 22 nm, and shows a shoulder at 740
nm. We also investigated the DPP stability under prolonged
laser excitation to disentangle effects owing to irradiation and/
or thermal effects from those induced by a possible interaction
with the analytes in the sensor. The film was then exposed for
100 min to the same laser source used for the sensing
experiments, while continuously monitoring its emission signal.
The DPP emission was slightly affected by irradiation, and the
fluorescence intensity increased by 12% during the test
(Supporting Information Figure S1).

Once placed into the microcavity structure, the dye emission
is strongly modified, due to the spectral redistribution of the
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PL oscillator strength.17 Figure 1d sketches the structure of the
cavity, which is made of two PVK-CA multilayers enclosing a
central defect layer made of PS/DPP. Figure 1e compares the
transmission (black line) and the fluorescence spectra of the
structure (red line). The transmission was measured at an
incidence angle of 25° to enable simultaneous measurement of
both the signals using the same setup. In these conditions, the
PBG of the structure falls in between 640 and 750 nm (dotted
line in the figure). In the center of the PBG, a sharp maximum
in transmittance is assigned to the cavity mode, at 694 nm
(marked with an asterisk). The structure heavily influences the
DPP fluorescence, that now shows a sharp peak at 691 nm,
which corresponds to the cavity mode, and a much weaker
band at 733 nm, at the PBG edge. The reflectance (see
Supporting Information Figure S2), angle-resolved trans-
mission and PL (see Supporting Information Figure S3)
spectra of the microcavity were also measured and report the
typical angular dispersion expected for the structure, with both
PBG and cavity mode shifting toward shorter wavelengths as
the angle increases.17 The maximum intensity in fluorescence
is detected at 25° (Supporting Information Figure S3c).

Prior to the microcavity sensor tests, the PS/DPP films were
exposed to the four investigated analytes to study the effect of
the volatile molecules on the dye without the additional effect
of the microcavity structure. Figure 2 shows the fluorescence
(a, c, e, g) and absorbance (b, d, f, h) spectra of the PS/DPP
films during exposure and at equilibrium to toluene (a, b), 1-
butanol (c, d), acetone (e, f), and DCM (g, h). All analytes
cause fluorescence quenching, but the response time varies
depending on the analyte, with 1-butanol being the slowest.
Toluene causes a slight blue shift of the main fluorescence peak
by 10 nm with an initial 48% increase in intensity, followed by
a decrease, until an equilibrium value is reached (Figure 2a). 1-
Butanol and acetone cause an initial red shift of 10 nm, with a
subsequent blue shift of 5 nm only in the case of butanol

(Figure 2c and e). Again, the intensity of the main peak
initially increases, albeit to a lesser extent. Dichloromethane
exposure results in an initial red shift, followed by a blue shift
of 3 nm, while the signal attenuates without an initial increase
in emission intensity (Figure 2g). As for absorption, toluene
and acetone cause significant changes in the shape of the
spectrum (Figure 2b and f, respectively). In fact, as depicted in
the digital photographs of the samples collected before and
after exposure displayed as round inset in Figure 2b and f, the
color of the film visibly changes. Moreover, such variation
persists even after removal of the analyte from the sample
atmosphere. In details, for toluene, the main peak at 655 nm
and the shoulder at 600 nm are no longer visible, while two
larger and less intense absorption signals are detected at 590
and 715 nm (Figure 2b). The weak spectral feature at 450 nm
is red-shifted by 10 nm. When the exposed compound film is
redissolved in toluene (Supporting Information Figure S4),
there is no noticeable difference between pristine solved DPP
and the redissolved one, indicating that there is no or minimal
irreversible chemical change in the emitting molecule. Acetone
shows a very similar effect, with two new broader absorption
peaks at 570 and 700 nm (Figure 2f). In opposition, 1-butanol
and dichloromethane do not alter the shape of the absorption
but they reduce its intensity (Figure 2d,h).

Once this preliminary characterization was completed, we
exposed the microcavities to the same four analytes. Table 1
reports the physicochemical properties of the compounds and
of the polymer-analyte couples.18,50 These parameters were
indeed employed to design the structure. The Hildebrand
solubility parameters δtot for the analytes and the polymers
have been calculated from the relative Hansen parameters
found in literature.18 For each polymer-analyte pair, the
difference Δδ and the Flory−Huggins parameters (χ) have
been calculated. According to Δδ and χ values, 1-butanol is
more soluble in CA,20,51 while toluene, acetone, and
dichloromethane appear to have a higher affinity to PVK and
PS. We then expect a correspondent layer thickness increase
upon vapor exposure.

Figure 3 shows the response of four sensors exposed each to
one of the analytes. The transmission and fluorescence spectra
during the exposure are reported as contour plots, with the
exposure time on the y-axis, wavelength on the x-axis, and
transmission or fluorescence intensity as the color scale.
Supporting Information Figures S5, S6, S7, and S8 show the
corresponding transmission and fluorescence spectra at
selected exposure times.

In the case of toluene, the PBG of the sample is initially
centered at 680 nm, and it is visible as a purple band in the
contour plot reported in Figure 3a, with the cavity mode
positioned at 675 nm (in blue shades). During the 4 h and 30
min exposure, the PBG shifts to 820 nm (140 nm shift).
However, the shape of the spectrum changes drastically during
the experiment. The PBG initially broadens; then, after 1 h and
30 min, two distinct transmission minima are present; they are
visible in the contour as two purple bands divided by a relative
maximum in yellow-green centered at 730 nm. The first
minimum is approximately in the same spectral position as the
initial PBG, while the second is at longer wavelengths. The two
minima then red-shift by about 100 nm and begin to merge
again; only after 3 h and 30 min a single PBG with a defined
shape emerges again, centered at 800 nm (see also Supporting
Information Figure S5). After another hour, the PBG reaches
its equilibrium position. The initial fluorescence spectrum

Figure 1. (a) Chemical structure of the DPP dye. (b) Photographs of
a DPP solution in toluene under white light (left) and irradiated by
405 nm light source (right). (c) Normalized absorption (black line)
and fluorescence spectra (red line) of the PS/DPP film. (d) Structure
of the microcavity: each DBR is composed of 15 alternated bilayers of
PVK and CA, while the central layer is the PS/DPP blend. (e)
Transmission (black line) and fluorescence (red line) spectra of the
microcavity. The cavity mode is marked with “*” while the PBG width
is highlighted by the dotted line. All the fluorescence spectra have
been excited at 405 nm. The microcavity has been grown on a glass
substrate.
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(Supporting Information Figure 3b and Figure S5) is clearly
affected by the presence of the cavity mode, which causes an
intense emission peak at 675 nm (red in the contour) and two
shoulders at 715 and 750 nm. The shape and intensity of the
spectrum change during the exposure owing to the influence of
the transmission spectrum, which changes dynamically (Figure
3b; the arrow shows the direction of the shift relative to the
emission maximum). However, after 2 h and 15 min, the
emission has almost completely disappeared due to the
fluorescence quenching effect of toluene. Compared with the
PS/DPP film exposed to toluene, the quenching effect is
delayed in the case of the microcavity, because the toluene
molecules must first permeate the first half of the microcavity

to reach DPP. However, once the analyte front reaches the
central defect, toluene causes stronger fluorescence quenching
in the microcavity than in the case of the PS/DPP films.

When the microcavity is exposed to 1-butanol (Figure 3c,d
and Supporting Information Figure S6), the response is much
slower. In transmission, the PBG shifts by a total of 90 nm and
reaches 770 nm at equilibrium. Again, the shape of the
spectrum is not maintained throughout the exposure and after
30 min a second transmission minimum occurs; both bands,
separated by a relative maximum, red-shift. After 4 h, the PBG
at low wavelengths becomes less intense and merges with the
main PBG at 770 nm. The fluorescence signal exhibits a
complex behavior. The intensity of the main emission peak at

Figure 2. Fluorescence spectra of the PS/DPP film before exposure (black line) and at equilibrium (green line) for the four analytes: (a) toluene,
(c) 1-butanol, (e) acetone, (g) dichloromethane. The corresponding absorbance for pristine PS/DPP film (black line) and exposed films (green
line) to the analyte vapors are shown in (b) toluene, (d) 1-butanol, (f) acetone, (h) dichloromethane. The insets in (b) and (f) represent the color
of the films before and after the exposure to toluene and acetone.

Table 1. Physicochemical Properties of the Analytes (Vapor Pressure, Pvap, and Molar Volume, VM); Hildebrand Total
Solubility Parameter (δtot) of the Analytes and the Polymers, Obtained from the Three Hansen Solubility Parameters;18

Difference in the Hildebrand Solubility Parameter (Δδ2), Flory−Huggins Parameter (χ)

Pvap (25 °C) [kPa]50 VM [Å3]18 δtot [MPa1/2]18 Δδ2
CA χCA Δδ2

PVK χPVK Δδ2
PS χPS

Toluene 3.79 177.3 18.16 40.49 1.75 5.01 0.22 1.20 0.05
BuOH 0.89 151.9 23.20 1.77 0.07 7.81 0.29 15.51 0.57
Acetone 30.61 122.9 19.94 21.10 0.63 0.22 0.007 0.46 0.01
DCM 57.98 106.1 20.20 18.71 0.48 0.04 0.001 0.89 0.02
CA - - 24.53 - - - - - -
PVK5 - - 20.40 - - - - - -
PS 19.26 - - - - - -
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675 nm decreases by 60% after the first 15 min; then the peak
red-shifts following the maximum in the transmission spectrum
(Figure 3d; the arrow shows the direction of the shift). At the
same time, new peaks appear at longer wavelengths, changing
their intensity and spectral position during the exposure. After
1 h, the peak at 730 nm becomes sharper and shifts along with
the transmission maximum until the equilibrium position is
reached. The emission also increases again in the region to the
left of the PBG, between 650 and 675 nm. However, the
fluorescence signal at equilibrium is reduced due to the
quenching effect of the analyte.

The microcavities exposed to acetone and dichloromethane
show a different behavior than those exposed to toluene and 1-
butanol. Indeed, the response is faster, resulting in less drastic
changes in the shape of the PBG in transmission and in the

presence of a definite emission peak in fluorescence. In the
case of acetone (Supporting Information Figure 3e and Figure
S7), the PBG shifts by 100 nm from 685 to 775 nm in only 30
min. The shape of the PBG and the cavity mode are not always
maintained during the experiment: between 3 and 15 min, the
PBG broadens and then splits into two minima, but after 20
min the original shape is restored. In fluorescence, the main
peak in the contour plot of Figure 3f appears to shift to longer
wavelengths, from 680 to 762 nm following the transmission
maximum. At 12 min after the beginning of the exposure, the
emission intensity increases in the range between 650 and 720
nm. This signal is visible in the contour plot as a green band.
When equilibrium is reached the intensity of the main peak
(now at 762 nm) has decreased by 40% compared to the initial
value (Supporting Information Figure S7).

Figure 3. Optical response of the microcavity during exposure to the analytes: (a, c, e, g) transmittance and (b, d, f, h) fluorescence dynamic
response. (a, b) Toluene; (c, d), 1-butanol; (e, f), acetone; (g, h) DCM. The arrows are guides-for-eyes to highlight the spectral shift while asterisk
and open circle marks highlight significant points in the evolution of the fluorescence signal for toluene and DCM, respectively; additional details
are provided in the text.
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When the microcavity is exposed to dichloromethane
(Supporting Information Figure 3g and Figure S8), the
response is even faster, with a 60 nm shift in transmittance
in the first 10 min. The shape of the PBG and the cavity mode
are preserved during the red shift from 680 to 750 nm (a shift
of 70 nm), except for a broadening of the PBG between 2 and
4 min after the start. The main peak of the fluorescence signal
shifts from 684 to 749 nm following the cavity mode; during
the first 2 min, its intensity increases, but when equilibrium is
reached, the intensity is 25% of the initial value (Supporting
Information Figure S8). During the exposure, a second
emission peak appears between 669 and 700 nm, leading to
a second red spot in the contour plot (highlighted by an
asterisk in Figure 3h) next to the red line corresponding to the
main peak. This second peak appears quickly, but then its
intensity decreases, leaving only a cyan band in the contour.
Gradually, the two emission peaks shift apart until, after 6 min,
the peak at shorter wavelengths is at the left edge of the PBG
(Supporting Information Figure S9). Table 2 provides a

comprehensive summary of the spectral changes observed in
transmittance and fluorescence when the microcavity is
exposed to the analytes, as described in the following
paragraphs.

■ DISCUSSION
When the DPP/PS film is exposed to the analytes, the shift of
the fluorescence and absorbance spectra suggests a change in
the energy levels of the dye molecules, especially in the case of
exposure to toluene and acetone (Figure 2). The quenching
mechanism is unknown, because there are no quenching
studies on this specific DPP derivative, either in solution or in a
matrix. However, when the film is redissolved in toluene after
exposure to the analyte vapors, the original absorption
spectrum of the solution is restored (Supporting Information
Figure S4), indicating that no irreversible reactions between
the analytes and DPP have occurred, and that the origin of the
effect is physical. The DPP derivative used in this work exhibits
solvatochromism in solution,47 but when the dye is embedded
in a polymer, its environment is modified by the interactions
that can take place between the dye, the polymer, and the
analyte molecules that permeate the matrix. A simple
solvatochromic effect is not sufficient to explain the observed
emission shifts. The properties of some other DPP derivatives
in the solid state have been investigated.52−57 However, there
are very few studies in the literature on the effects of solvent
vapors on DPPs in the solid state58−61 or on DPPs embedded
in polymer matrices.43,44 Mizuguchi et al. studied three DPP
derivatives (with different chemical groups) in the solid state
exposed to acetone vapors.58 The vapors lead to crystallization
and to changes in the absorption spectra analogous to those
presented here, with a new peak forming at higher wavelengths
with respect to its initial emission spectrum. This may suggest
that changes in our PS/DPP films are related to a
rearrangement of the DPP molecules within the polymer

Table 2. Summary of the Transmittance and PL Spectral
Changes That Occur When the Microcavity Is Exposed to
the Analytesa

λi‑PBG
[nm]

λf‑PBG
[nm]

ΔλPBG
[nm]

λi‑PL
[nm]

λf‑PL
[nm]

Δλ−PL
[nm]

Toluene 680 820 140 675 - -
BuOH 680 770 90 675 760 85
Acetone 685 775 100 680 762 82
DCM 680 750 70 684 749 65

aλi‑PBG/λi‑PL = initial PBG minimum/PL maximum wavelength:
λf‑PBG/λf‑PL = final equilibrium PBG minimum/PL maximum wave-
length; ΔλPBG/Δλ‑PL = spectral shift between initial and final PBG
minimum/PL maximum wavelength.

Figure 4. (a) Simulated transmittance contour plot assuming that all the sensitive layers and the microcavity swell simultaneously. (b) Simulated
transmittance contour plot, with gradual swelling of the layers of the microcavity. (c, d) Schematic of the swelling process: The different colors
represent PVK (red), CA (light yellow), and the microcavity layer (orange). The swelling of the CA is indicated by a color shift from light yellow to
brown. In detail: (c) swelling scheme for simultaneous swelling of the layers when only one of the two polymers swells in response to analyte
intercalation; (d) gradual swelling scheme, assuming the superior half of the microcavity swells first. Red layer, PVK film; yellow layer, CA film;
orange layer, DPP:PS film.
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matrix. The matrix itself could have an influence; when an
emitter is embedded in a polymer matrix, the effectiveness of a
solvent vapor treatment generally depends on the affinity of the
solvent for the fluorophore, but also for the polymer, since the
solvent can affect the mobility of the polymer chains and
facilitate migration of the dye.62−64 Therefore, our hypothesis
is that when the analyte molecules enter the PS matrix, they act
as plasticizers and facilitate the migration of the DPP
molecules, which then form aggregates, leading to fluorescence
quenching and changes in absorbance.

Exposure of the microcavities to the four analytes showed
that a significant response can be obtained for both
transmission and fluorescence. The changes in transmission
are, in fact, the main cause of the changes in the fluorescence
spectra: in all cases, emission is suppressed when the PBG
minimum overlaps with the dye emission wavelengths, and it is
enhanced when the cavity mode falls in the same spectral range
(Figure 3). Indeed, the main emission peak red-shifts when the
cavity mode shifts. The analytes also directly affect the DPP by
quenching its fluorescence, but this effect becomes relevant
only after the analyte molecules have permeated at least half of
the microcavity structure, i.e., after the analyte has reached the
PS/DPP defect layer. This is particularly evident in the case of
toluene, where a drastic fluorescence quenching effect occurs
while there are two minima in the corresponding transmission
spectra (this point has been highlighted with an asterisk in
Figure 3a.b). The presence of two minima indicates that there
are two sections of the microcavity with different periodicities.
This means that the toluene molecules must diffuse layer by
layer in the sample, so that at some point one section of the
microcavity is swollen and gives the transmission minimum at
longer wavelengths, while the second section of the micro-
cavity is still unaffected by toluene and gives a minimum at the
original spectral position of the PBG. This is also consistent
with the hypothesis that a compact analyte front causes a
strong and sudden emission quenching when it reaches the
defect. In contrast, when the microcavity is exposed to acetone
and dichloromethane, the PBG shifts while maintaining its
shape. This effect is possible if the analyte molecules diffuse
very rapidly through the multilayer, so that the polymer layers
swell all together and the layer thicknesses are always
homogeneous throughout the stack.

To provide an interpretation for the response of the sensors
qualitatively, we calculated the transmittance spectra in a
simulation of the two opposite cases of polymer swelling. The
details of the procedure are described in the Experimental
Section. The progressive change of layer thickness is modeled
in the simulations, while the initial starting value was
determined by atomic force microscopy (AFM; Supporting
Information Figure S9). In the first simulation, all layers of one
of the polymers are assumed to swell simultaneously (Figure 4a
and scheme in Figure 4c); the periodicity of the structure is
maintained and a definite PBG is present in the spectra at all
times. In the second simulation, gradual swelling is assumed
(Figure 4b,d). In this case, the PBG in the contour plot of the
simulation (Figure 4b) splits into two transmission minima as
the asymmetry of the structure increases; the first minimum is
at the same wavelengths as the original PBG, and the second
minimum is at longer wavelengths. Comparison of the
simulation with the experimental results shows that systems
exposed to dichloromethane fall into the first category; systems
exposed to toluene or 1-butanol fall into the second category,
while exposure to acetone is an intermediate case, since there is

a time interval between 3 and 15 min in which the PBG loses
its shape.

Ultimately, the distinct response of the microcavity sensor to
the analytes is evident even when considering a single
fluorescence spectrum, rather than relying on the entire time
response shown in contour plots. Indeed, after 30 min of
exposure to the vapors, the shape of the fluorescence spectra is
markedly different in the four cases (Figure 5). In addition, the
response time can be easily tuned by modifying the
microcavity structure1 to reach responses as short as few
minutes5,65 or less.66

Addressing the fundamental physical mechanisms governing
the observed changes in fluorescence is rather complex. While
the response detected in transmittance is related to the
swelling of the microcavity and can be predicted through
proper modeling, the fluorescence is affected by variations in
both the electronic structure of DPP and the dielectric
environment. Figure 2 suggests that the PL changes can be
attributed to a quenching mechanism, along with a second
process that also affects the absorbance spectrum of the
molecule. We propose that this behavior is associated with a
physical aggregation effect on DPP. Additionally, the swelling
of the microcavity layers generates a dynamic spectral
redistribution of the PL signal and can induce variations in
its radiative rate.21,22 While spectral redistribution is highly
significant for analyte detection, changes in radiative rate are of
low significance for this purpose and beyond the scope of this
paper.

In summary, the microcavity has proven to be a promising
sensor for the selective detection of organic molecules in the
vapor phase. The selectivity of the sensor results both from the
different affinity of the analytes for CA, PVK and PS, and from

Figure 5. Microcavity fluorescence spectra before (black line) and
after (colored lines) 30 min of exposure to (a) toluene, (b) 1-butanol,
(c) acetone, and (d) DCM.
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the effect of each analyte on the DPP fluorophore, which in
some cases leads to aggregation. Such a sensor−perhaps
integrated in a chip67,68 - could find application in many fields
where optical probes based on polymeric photonic crystals can
be used as VOC sensors, from environmental monitoring to
the industrial sector (e.g., for indoor pollution detection and
food spoilage detection)4,69 and even for biomedical
applications.4,69 This approach has also been reported for the
discrimination of different analytes employing chemometric
approaches.20 In this sense, utilizing both PL and transmittance
to probe the response adds an additional variable, enhancing
the potential of these sensors for qualitative assessment in
complex mixtures.

■ CONCLUSIONS
A polymer planar microcavity with an embedded fluorescent
diketopyrrolopyrrole derivative was developed as a sensor for
the detection of volatile organic compounds. Four solvents
with different polarity and molecular volume have been tested.
The diketopyrrolopyrrole dye was found to be sensitive to the
analyte vapors by fluorescence quenching even when not
embedded in a microcavity. Aggregation effects are observed
upon exposure to toluene and acetone. However, the
microcavity offers several advantages over a sensor based
solely on the emission of the dye. The microcavity sensor can
detect and identify analytes based on two different
mechanisms, namely the time evolution of the transmission
spectrum of the microcavity and the corresponding mod-
ification of the fluorescence signal of the dye. When the
microcavity sensor is exposed to the vapors, the transmission
changes affect the shape and intensity of the fluorescence
spectrum, making it easier to detect the changes caused by
exposure to the analytes. In addition, the narrow emission peak
due to the spectral redistribution of the dye fluorescence
operated by the cavity mode facilitates the identification and
detection of the analyte. The highlighted selectivity of the
microcavity sensor is due to the characteristic interaction of the
analytes with both the polymers of the photonic crystals and
with the diketopyrrolopyrrole dye. The microcavity offers the
possibility of detecting the analytes in two different ways, i.e.
by considering the entire time response or by selecting
appropriate individual spectra. The significant variation in
spectra depending on the analyte shows promise for identifying
different classes of molecules using the same sensor, without
the need for specific receptors.

■ EXPERIMENTAL SECTION
Microcavity Fabrication. The microcavities were fabri-

cated by spin-coating on a glass substrate, alternating layers of
poly(N-vinylcarbazole) (PVK, Acros Organic, Mw = 135600 g/
mol, Mn = 56400 g/mol; refractive index n = 1.692 at 550
nm)70 and cellulose acetate (CA, Sigma-Aldrich, Mn = 50000
g/mol; n = 1.477 at 550 nm),71 as the high and low refractive
index materials respectively on a microscope glass substrate.
The dielectric contrast between the two polymers is Δn =
0.215 at 550 nm. For the process, 33 mg/mL of CA were
dissolved in 4-hydroxy-4-methylpentan-2-one (Sigma-Aldrich,
99%), while PVK was dissolved in toluene (ACS Reagent,
>99.5%), with a concentration of 35 mg/mL. Both solutions
(100 μL) were spin-cast at 170 rps on glass substrates. Each of
the two DBR mirrors composing the cavity consists of 30
alternated CA and PVK layers. Every four layers, the samples

were thermally annealed at 75 °C, for 1 min on a hot plate.
The defect layer in between the two DBRs was obtained
casting at 50 rps a toluene solution (150 μL) containing 2,5-
dihexyl-1,4-diketo-3,6-di(6-(diethylamino)-2-benzofuryl)-
pyrrolo[3,4-c]pyrrole (DPP, concentration 1 mg/mL, Support-
ing Information Figure S10) and polystyrene (PS, concen-
tration 30 mg/mL; Sigma-Aldrich, Mw = 192000 g/mol,
refractive index n= 1.593 at 550 nm).70,72 Identical procedure
was employed to cast the DPP reference thin film on glass
substrates. The DPP was synthesized following the literature
procedure by Koszarna et al.47

Optical Characterizations. Absorbance spectra were
collected for both DPP film and solution with a UV−vis
spectrometer (Shimadzu UV-1800, 1 nm resolution). Photo-
luminescence spectra were instead collected upon excitation
with a CW 448 nm, 40 mW laser (Changchun New Industries
Optoelectronic Tech) and collected with an Avaspec-
ULS2048CL-EVO-RS detector (spectral range 200−1100
nm, resolution 1.4 nm) in an optical fiber optical setup.

Reflectance spectra were measured with a Y-probe optical
fiber probe (FCR-7UVIR200, Avantes). The light source was a
deuterium-halogen lamp (DH-2000-BAL, Ocean Optics,
spectral range 230−2500 nm). The reflected signal collected
with an Avaspec-ULS2048CL-EVO-RS detector (spectral
range 200−1100 nm, resolution 1.4 nm). An aluminum mirror
was used for the white reference spectrum. Angle-resolved
transmission was measured with a homemade optical setup
comprising optical fibers (FG400AEA, diameter 400 μm, NA
0.22), coupled with the deuterium-halogen lamp (DH-2000-
BAL), and with the spectrometer (Avaspec-ULS2048CL-EVO-
RS); the spectra are measured every 5°, going from 0° to 70°.
Angle-resolved fluorescence is measured with a similar setup,
but the sample is irradiated with a continuous laser source,
previously described.

Sensing Measurements. For each analyte, a PS/DPP or
microcavity sample was placed in a quartz cuvette closed with a
bulb containing a liquid reserve of the analyte to saturate the
environment. The selected analytes were toluene (ACS
Reagent, >99.5%), 1-butanol (Sigma-Aldrich, 99.9%), acetone
(Sigma-Aldrich, Chromasolv, >99.8%), and dichloromethane
(Supelco SupraSolv, >99.8%). The calculated vapor concen-
trations (25 °C) are 0.141 mg/L, 0.026 mg/L, 0.394 mg/L
1.131 mg/L respectively. During exposure, the transmission
(absorbance for PS/DPP film) and fluorescence of the
microcavity were measured on the same spot of the sample,
set time intervals. Transmittance/absorbance was collected
with a fiber-based setup consisting of the light source
previously mentioned and a CCD spectrometer (AvaSpec-
ULS2048XL, spectral range 200−1150 nm, 1.4 nm resolution)
at 0° from the normal direction to the surface of the
microcavity. Simultaneously, PL measurements were per-
formed exciting the sample with the 448 nm laser and
detecting the signal with the Avaspec-ULS2048CL-EVO-RS.
An automatic shutter blocked the laser beam in between the
measurements to prevent constant irradiation of the dye. For
practical, geometrical reasons, there is an angle of 25° degrees
between the fluorescence collection system and the normal
direction to the surface of the sample. Because of this, in the
case of the spectra measured during the exposure to the
analytes, the transmission spectrum has been rigidly blue-
shifted by 20 nm as discussed in the Results section.

Spectral Modeling. Response spectra were modeled with
a MATLAB code based on the transfer matrix method, as
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described in previous works.22,23 The code considers the
refractive index dispersions of the polymers and gives the
simulated transmission spectrum of a microcavity, given the
layer thicknesses. In the case of simultaneous swelling, the
experiment with exposure to dichloromethane was used as a
reference for the simulation. Layer thicknesses were fitted from
the experimental spectra collected at the begin and at the end
of the exposure. Subsequently, the film thicknesses were
systematically varied in the simulations, to reproduce the
changes in the transmission spectra due to the progressive
swelling of the polymers over time. It is assumed that only one
between CA and PVK swells when the analyte intercalates the
structure, depending on which polymer has the greatest affinity
for the analyte (smaller Δδ2). The layers of the other polymer
act as a barrier to the penetration of the analyte molecules into
the deeper layers. This assumption is based on previous works
on DBR sensors.51 In the case of dichloromethane, considering
the Hildebrand and Flory−Huggins parameters listed in Table
1, the PVK layers and the PS defect layer are swelled. Based on
previous works,51 all layers are assumed to swell with time
according to an exponential law (d = a − b·c−t), where d is the
layer thickness and the parameters a, b, and c are different
depending on the analyte and on the polymer considered
(PVK or PS), in order to have initial and equilibrium
thicknesses corresponding to those obtained by modeling the
experimental spectra. The time scale is arbitrary; the
thicknesses vary from the initial value at time 0 and reach
the equilibrium value at time 100. In the case of gradual
swelling, exposure to toluene is used as a reference for the
initial and equilibrium spectral positions of the PBG. Again, the
PVK is swollen when toluene intercalates the structure.
Initially, only the first half of the microcavity is swollen, then
the second half starts to swell as well. The film thicknesses are
systematically varied in 5 nm steps from the initial to the final
values.

Thickness Measurement. Atomic force microscopy
(AFM) was used measure the thickness of the defect layer in
tapping mode using a Nanosurf Core AFM microscope.
Thickness was determined from the profile of a cross-section
cut into the sample film. Two samples were prepared, the first
was a CA film that served as a reference, and the second was a
bilayer, with a PS/DPP layer on top of a CA layer. PS/DPP
was cast using the same experimental parameters as the defect
layer in the microcavities. The thickness of the reference layer
was then subtracted from the total thickness of the bilayer. The
scans were analyzed using the open-source software
Gwyddion.73 The measurement was repeated 5 times.

■ ASSOCIATED CONTENT
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Optical characterization of the PS/DPP film and of the
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