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Reversible Vapochromic Response of Polymer Films 

Doped with a Highly-Emissive Molecular Rotor 
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Bottari,d,e,* Andrea Puccif,g,* 

We report on a new vapochromic system suitable for sensing volatile organic compounds 

(VOCs) based on polymer films doped with 4-(diphenylamino)phthalonitrile (DPAP), a fluo-

rescent molecular rotor sensitive to both solvent polarity and viscosity. Poly(methyl methacry-

late) (PMMA) and polycarbonate (PC) films containing small amounts of DPAP (≤0.1 wt.%) 

were prepared and exposed to saturated atmospheres of different VOCs. DPAP/PMMA films 

show a good and reversible vapochromism when exposed to VOCs with high polarity index 

and favourable interaction with the polymer matrix such as THF, CHCl3, and acetonitrile. 

Analogously, DPAP/PC films exposed to polar and highly polymer-interacting solvents, that 

is, toluene, THF, and CHCl3 show a gradual decrease and red-shift of the emission. Contrary to 

DPAP/PMMA films, an unexpected increase and further red-shift of fluorescence is observed 

at longer exposure times as a consequence of an irreversible, solvent-induced crystallization 

process of PC. The vapochromism of DPAP-doped films is rationalized on the basis of altera-

tions of the rotor intramolecular motion and polarity effects stemming from the environment, 

which, in concert, influence the deactivation pathways of the DPAP intramolecular charge 

transfer state. Overall, the present results support the use of DPAP-enriched plastic films as a 

new chromogenic material suitable for the detection of VOCs. 

 

Introduction 

Nowadays, the detection of volatile organic compounds (VOCs) is 

an important aspect considering that VOCs are continuously re-

leased to the environment by different sources like industrial pro-

cesses, transportation, agriculture, etc.1,2 Some of them have ad-

verse effects on human health.3,4 Various detection methods have 

been proposed in recent years.5-7 Leading examples are based on 
changes in electrochemical, conducting, and chromic properties of 

the corresponding sensor matrices. In this context, colorimetric 

sensor systems are of particular interest thanks to their effective-

ness and simplicity.8,9 To this end, arrays of metalloporphyrins, 

chromogenic dyes, polymers,10,11 and pH indicators are utilized to 

detect several VOCs. However, most of these systems are costly, 

and have significant limitations in the sensor interaction with the 

analyte.  

New strategies for the colorimetric and specific detection of VOCs, 

which are based on dyes or conjugated polymers embedded in 

plastic materials, have been reported.12 None of the aforemen-

tioned assays enable visual detection of VOCs without, however, 

using software programs to deconvolute the changes in colour pat-

tern taking place during exposure to VOCs. 

Notable is the fact that the optical behaviour of these polymer-

based VOCs sensors is tuneable by specific interactions between 

the polymer matrix and the dye through exciton coupling and self-

organization.13-15 These synergic interactions of the dye with the 

polymer structure also provide innovative material features and 

responsive character upon external stimuli.16-18 The success of such 

dye/polymer systems is largely due to the ability of VOCs to 

spread rapidly inside the polymer matrix and to interact with the 

dye providing the means for a fast and reliable response.19-21 

Moreover, most of the polymers are colourless with good film 

forming features, which allows preparing large area devices under 

ambient conditions and by means of low cost fabrication tech-

niques. 

A particular interesting class of vapochromic molecules are the 

fluorescent molecular rotors (FMRs).22-25 FMRs are flexible chro-

mophores with a fluorescence response that depends on the local 

viscosity of the environment.26-28 FMRs have become rather popu-

lar in the last 5–10 years thanks to their easy applicability as non-
mechanical viscosity sensors, tools for protein characterization, 

and local microviscosity imaging.29-37 Remarkably, their sensitivity 

towards viscosity and viscosity changes has reached a precision 

comparable to that of commercial mechanical rheometers with 

shorter measurement time.23  

p-N,N-dimethylaminobenzonitrile (DMABN), 9-

(dicyanovinyl)julolidine (DCVJ), 9-(2-carboxy-2-

cyanovinyl)julolidine (CCVJ) and tetraphenylethylene (TPE) are 

among the most known examples of FMRs.24,30-32,38-42 Recently, a 

prototype for a new class of FMRs, namely 4-

(diphenylamino)phthalonitrile (DPAP) (Fig. 1a), was reported and 

its sensitivity towards solvent polarity and viscosity was probed 

using photophysical and computational methods.43 

DPAP presents a contrasting deactivation pattern of the intramo-

lecular charge transfer (ICT) state in low or high polar media. On 

one hand, in low and medium polar solvents DPAP shows a strong 

emission. On the other hand, in high polar and protic solvents the 

rotor’s ICT state is stabilized and decays primarily non-radiatively. 

In addition to the aforementioned trends, an increase in DPAP 

emission was observed upon increasing the solvent viscosity as a 

result of a decrease of rotor flexibility, which in turn favors a radia-

tive deactivation process. More recently, amorphous aggregation-

induced emission (AIE) nanoparticles based on DPAP have been 
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prepared and were transformed into highly emissive, rhomboidal 

nanocrystals using an ultrasound stimulus.44  

 While there are widespread applications of FMRs as viscosity sen-

sors, there are scarce examples of their use in combination with 

polymer matrices.  

Herein, we report on the emission properties of DPAP dispersed 

(0.05-0.1 wt.%) within transparent thermoplastic matrices such as 

poly(methyl methacrylate) (PMMA) and polycarbonate (PC) as a 

function of the exposure to different VOCs. The results are dis-

cussed in terms of sensitivity and reproducibility of the vapo-

chromic response of the polymer systems.  

Materials and Methods 

Materials 

DPAP was prepared following the synthetic procedures reported in 

the literature.43 All the solvents (n-hexane, toluene, acetonitrile 

(CH3CN), tetrahydrofuran (THF), chloroform (CHCl3)) were pur-

chased from Sigma-Aldrich and used as received. Poly(methyl 

methacrylate) (PMMA, Aldrich, Mw = 350,000 g/mol, acid num-

ber <1 mg KOH/g) and random copolymer polycarbonate-

polysiloxane LEXAN® EXL 1414T (PC, SABIC, Mw = 220,000 

g/mol with 1.5 wt.% Si) were used as received. 

The solvents polarity index, the PMMA-solvent Flory–Huggins 

interaction parameter χ, and the solubility parameter difference ∆δ 

(in the case of PC) are reported in Table 1. 

 

Table 1 Vapour pressure of different solvents at 20 °C,45 polarity index,46 

PMMA-solvent Flory–Huggins interaction parameter χ,47 and solubility 

parameter difference ∆δ (for PC)48 for utilized solvents 

solvent 

vapour 

pressure 

(mm Hg) 

polarity 

index 
χa 

∆δ 

((cal/cm3)1/2)b 

n-hexane 124 0.1 0.530 49 2.5 

toluene 28.5 2.4 0.450 0.9 

THF 142 4.0 0.494  0.7 

CHCl3 158.4 4.1 0.44 0.5 

CH3CN 88.8 5.1 0.500 49 -3 

a for PMMA; b for PC; ∆δ = δPC - δsolvent; δPC = 9.8 (cal/cm3)1/2 

 

Preparation of polymer films16  

500 mg of PMMA were dissolved in 15 mL of chloroform under 

stirring for 10 minutes. Then, DPAP (0.05 or 0.1 wt.%) was added 

and the resulting solution casted into clean Teflon Petri-dishes. 

In this way, 90-120 µm thick films of DPAP/PMMA were realized 

after solvent evaporation. The same procedure was adopted for the 

preparation of DPAP/PC films, save that dichloromethane was 

used as solvent for PC and clean glass Petri-dishes for film for-

mation. 

Apparatus and Methods 

UV-Vis spectra of DPAP/polymer films were recorded on a Perkin 

Elmer Lambda 650 at room temperature. Fluorescence spectra (λexc 

= 325 nm) of DPAP/polymer films were measured on a Horiba 

Jobin-Yvon Fluorolog®-3 spectrofluorometer at room temperature 

in the dark by using the F-3000 Fibre Optic Mount apparatus cou-

pled with optical fibre bundles. Light generated from the excitation 

spectrometer is directly focused to the DPAP/polymer sample us-

ing an optical fibre bundles. Emission from the sample is then di-

rected back through the bundle into the collection port of the sam-

ple compartment. 

The emission response of the dye/polymer films was tested by ex-

posing a 2×2 cm DPAP/polymer film, attached to an aluminium 

foil covering a 50 mL closed container (Fig. 1b)50, to 20 mL of five 

organic solvents of different polarity at ambient temperature (20 

°C) and atmospheric pressure, namely n-hexane, toluene, THF, 

CHCl3, and CH3CN, with similar conditions for each experiment. 

The experiments were collected after solvent saturation was 

reached. The concentration of about 104 ppm for toluene and 105 

ppm for the other solvents were estimated taking into consideration 

their vapour pressures listed in Table 1.  

 

Fig. 1 a) Molecular structure of 4-(diphenylamino)phthalonitrile 

(DPAP), b) Schematic representation of the apparatus used to 

study the vapochromic behaviour of the DPAP/polymer films. 

Microscopy images and lifetime measurements were collected by 

using a Leica TCS SP5 SMD inverted confocal microscope (Leica 

Microsystems AG, Wetzlar, Germany) equipped with an external 

pulsed diode laser (PicoQuant GmbH, Berlin, Germany) for excita-

tion at 405 nm. The laser repetition rate was set to be 40 MHz. 

Each of the image sizes were 512×512 pixels and acquired with a 

scan speed of 400 Hz (lines per second). The pinhole aperture was 

set at 1.00 Airy. DPAP/polymer films fixed on microscope glass 

slides were viewed with a 100 × 1.3 NA oil immersion objective 

(Leica Microsystems). The images were collected using low exci-

tation power at the sample (10-20 µW). Emissions were monitored 

in the 430-490 nm range by acousto-optical tuneable beam splitter 

(AOBS) based built in detectors. Acquisition lasted until about 

100-200 photons per pixel were collected, at photon counting rates 

of 100-500 kHz. Emission lifetime images (FLIM) of the 

DPAP/polymer were elaborated using Picoquant Symphotime 

software for FLIM analysis. 

Differential scanning calorimetry (DSC) was carried out under ni-

trogen atmosphere by using a Mettler DSC 30 instrument. Samples 

of 10–20 mg were heated from 40 to 300 °C at 10 °C/min. Melting 

enthalpies were evaluated from the integrated areas of melting 

peaks by using indium for calibration. PC crystalline content (fc) 

was evaluated from the measured melting enthalpy (∆Hm) taking 

into account the melting enthalpy of the perfect PC crystal ∆H0
m 

=132 J/g,51 using the equation 1: 

fc =
∆Hm

∆Hm

0
⋅100  (eq. 1) 

Results and Discussion 

The solvatochromism of DPAP in various solvents has been fully 

described in a previous study by some of us.43 In the following the 

main results are summarized. DPAP shows a solvent-insensitive 

absorption with a broad band maximizing at around 325 nm.43 On 

the other hand, DPAP emission is strongly solvatochromic, show-

ing a red–shift of up to 120 nm when increasing the solvent polari-

ty from cyclohexane (λem = 430 nm), to o-xylene (λem = 470 nm), 

to THF (λem = 505 nm), and to acetonitrile (λem = 550 nm). Beside 

such exceptional sensitivity toward solvent polarity, DPAP dis-

plays a noteworthy response to viscosity.43 In this respect, hamper-

ing DPAP intramolecular rotation upon increasing the viscosity of 

the medium prompts an increase of the rotor fluorescence intensity. 

 

Spectroscopic characterization of DPAP/polymer films 

DPAP was dispersed at different concentrations (0.05–0.1 wt.%) in 

poly(methyl methacrylate) (PMMA) and polycarbonate (PC) films 
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by film casting. These concentrations were selected to realize pol-

ymer films with emission intensities that are not impacted by spu-

rious effects stemming from high rotor concentration such as ag-

gregation, self-quenching, self-absorption, etc.52 The 

DPAP/polymer films have a thickness of 90-120 µm, appear ho-

mogeneous, and have absorption features similar to those previous-

ly reported for DPAP in organic solvents (Fig. S1).  

PMMA and PC are amorphous polymers with glass transition tem-

peratures of about 100–110 and 150 °C, respectively. Moreover, 
they only gave rise to residual emission upon 325 nm photoexcita-

tion. DPAP was dispersed in PMMA and PC glassy matrices, in 

which the rotor intramolecular rotation is strongly hampered. Un-

der such conditions, the radiative decay of DPAP is expected to 

dominate its photophysics. Recently, Iasilli et al. documented that 

when tetraphenylethylene (TPE) is dispersed in a glassy polysty-

rene (PS) matrix, the reduced intramolecular rotation result in 

strong emission of the dye, whereas the emission is significantly 

weakened when viscous but not glassy polymer matrices are 

used.32 In line with these assumptions, both DPAP/polymer films 

gave rise to a similar bright blue-green emission characterized by a 

single unstructured broad band (390-570 nm) with maxima at 

about 450 nm (Fig. 2).  
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Fig. 2 Fluorescence emission spectra of 0.05 wt.% DPAP/PMMA 

and DPAP/PC films (λexc = 325 nm).  

Emission spectra of both films are almost identical with only a 2 

nm difference in their maxima probably due to the similar dielec-

tric constant of PMMA and PC (2.8 and 2.9, respectively). Like-

wise, the emission lifetimes of these DPAP/polymer films deter-

mined upon excitation at 297 or 403 nm were also similar, with 

values of 12.7 (PMMA) and 12.1 ns (PC) (Fig. S2). Note that the 

fluorescence lifetimes compare well with those obtained in low-

polar DPAP solutions in solvents such as CH2Cl2 or o-xylene.43 

 

Effects of VOC exposure on the optical emission of DPAP/PMMA 

films 

The DPAP/PMMA films were exposed to solvents with different 

vapour pressure, polarity index and Flory–Huggins interaction pa-

rameter χ (Table 1). It is worth noting that χ is small in the case of 

effective solvent/polymer interactions. Owing to the fact that the 

solvent uptake is likely to affect the polymer matrix viscosity and 

polarity, a vapochromic effect was expected to play an appreciable 

role. 

The emission spectra of DPAP/PMMA films exposed to n-hexane, 

that is, the least polar and interacting solvent with PMMA, are re-

ported in Fig. S3. In particular, no changes in the film emission – 

neither in intensity nor in position – was noted even after 38 min. 

exposure to solvent vapours.53 In stark contrast to the aforemen-

tioned case, the DPAP/PMMA emission was strongly impacted 

upon exposure to more polar and PMMA-interacting VOCs. The 

progressive change in the emission of DPAP/PMMA films ex-

posed to toluene and THF vapours is shown in Fig. 3. 

400 440 480 520 560 600
0.0

0.2

0.4

0.6

0.8

1.0
 time =  0’, λ

max
 = 452 nm

 time =  38’, λ
max

 = 455 nm

F
lu

o
re

s
c
e
n
c
e
 (

a
.u

.)

Wavelength (nm)
                                                                                               

a)

 

400 440 480 520 560 600
0.0

0.2

0.4

0.6

0.8

1.0

 time = 0’, λ
max

 = 452 nm

 time = 38’, λ
max

 = 452 nm

F
lu

o
re

s
c
e

n
c
e

 (
a

.u
.)

Wavelength (nm)
                                                                                               

b)

 

Fig. 3 Progressive changes in the fluorescence emission of 0.05 

wt.% DPAP/PMMA films as a function of exposure to (a) toluene 

and (b) THF vapours (λexc = 325 nm). The spectra were collected 

for 38 min. with a time interval of 1 min. 

In both cases, the decrease in the DPAP/PMMA emission is main-

ly ascribed to the viscosity sensitivity of DPAP with increasing 

solvent uptake by the polymer matrix. Note that in the glassy state 

the PMMA matrix is characterized by a large fraction of free vol-

ume. The latter comes in the form of channels and cavities reach-

ing molecular dimensions. Considering that solvent vapour fills 

these empty spaces, diffusion and swelling of the polymer starts 

from the outer surface layers inwards. In turn, an overall decrease 

of the local microviscosity evolves.54 This phenomenon leads to a 

partial increase of DPAP mobility, which, in turn, favours its non-

radiative deactivation.  

A more evident change in the emission is observed for 

DPAP/PMMA films exposed to either CH3CN or CHCl3 vapours 

(Fig. 4), solvents which present a favourable combination of po-

larity index and χ parameter (Table 1). When vapours of CH3CN 

and CHCl3 penetrate into the polymer films, their emission 

intensity dropped reaching a minimum after 5 min. of vapour 

exposure. From there on, the emission remained unchanged.55 On 

the other hand, for CH3CN and CHCl3 a red–shifted emission is 
observed (28 and 49 nm, respectively). Interestingly, despite hav-

ing the higher polarity index, CH3CN displays a lower red-shift 

than CHCl3. This finding can be rationalized considering that the 

magnitude of the red-shift in the DPAP-doped films emission upon 

solvent vapour exposure is the result of a subtle interplay between 

solvent polarity (vide supra)43 and solvent/polymer interactions. 

The solvent permeation into the film appears crucial for establish-

ing the response time of the film. Similar findings have been re-

cently reported for PMMA films doped with solvatochromic dyes. 

The vapochromic response resulted substantially delayed when 

methanol, the weakest interacting solvent with the matrix, or its 

mixture with dichloromethane, was utilised.50 

By contrast, vapour pressure appears unable to play an effective 

role in the phenomenon selectivity. 
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Fig. 4 Progressive changes in the fluorescence emission of 0.05 

wt.% DPAP/PMMA films as a function of exposure to (a) CH3CN 

and (b) CHCl3 (λexc = 325 nm) and (inset) pictures of the same film 

with the exposure time of CHCl3 vapours taken under the illumina-

tion at 366 nm. The spectra were collected for 5 min. with a time 

interval of 1 min. 

In Fig. 5, the relative emission variations of DPAP/PMMA films 

as a function of solvent vapours exposure time indicate that the 

largest and fastest vapochromic response occurs for films that are 

exposed to VOCs featuring high polarity and strong chemical in-

teractions with the polymer matrix such as CHCl3 and CH3CN. 
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Fig. 5 Relative fluorescence intensity variation of peak maximum 

(∆I/I0) of 0.05 wt.% DPAP/PMMA films as a function of exposure 

time to different VOCs (λexc = 325 nm).  

 

These results suggest that the selectivity of DPAP/PMMA films is 

determined by the chemical affinity of PMMA for the solvent va-

pours and by the solvent polarity. More specifically, solvents with 

χ values lower than 0.45 and polarity indices higher than 4 interact 

well with the PMMA matrix, thus providing the vapochromic be-

haviour.  

The kinetics of the vapochromic phenomenon was also affected by 

the DPAP concentration within the doped films. When 0.1 wt.% 

DPAP/PMMA films were exposed to CHCl3, the minimum emis-

sion intensity was reached after a 16 min. exposure (Fig. S5), as 

compared to 5 min. at lower rotor concentration. 

Fig. 6 documents that the vapochromism of DPAP/PMMA films is 

completely reversible. After desorption of CHCl3 from the 

DPAP/PMMA films, the original emission is reinstalled and a se-

cond cycle of solvent exposure resulted in the same change in 

emission as observed during the first cycle. A similar reversible 

behaviour was observed for CH3CN (data not shown). 
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Fig. 6 Progressive changes in the emission of 0.1 wt.% 

DPAP/PMMA films as a function of exposure to a second cycle of 

CHCl3 vapours (λexc = 325 nm). The spectra were collected for 18 

min. with a time interval of 1 min. 

 

Effects of VOC exposure on the optical emission of DPAP/PC 

films 

Considering that the Flory–Huggins interaction parameter χ is un-

available for some solvent/PC combinations, we used a semi-

empirical relationship to predict solvent/PC interactions, which 

takes into account the solubility parameter difference ∆δ, that is, 

the measure of the attractive strength between molecules of the 

material.48 Notably, the ∆δ (∆δ = δPC - δsolvent) is small for effective 

solvent/PC interactions (Table 1). 

In Fig. S7, the emission spectra of DPAP/PC films upon exposure 

to n-hexane as a function of time are presented. Similar to 

DPAP/PMMA, DPAP/PC films revealed no appreciable altera-

tions in terms of their emission maximum and intensity even after 

38 min. of solvent exposure. 

When CH3CN is used, the emission of the DPAP/PC films experi-

ences a significant quenching and red-shift (25 nm), similar to the 

DPAP/PMMA (Fig. 7). 
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Fig. 7 Progressive changes in the emission of 0.05 wt.% DPAP/PC 

films as a function of exposure to CH3CN vapours (λexc = 325 nm). 
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The spectra were collected for 38 min. with a time interval of 55 

seconds. 

 

An even more intriguing vapochromic response was noticed when 

highly PC–interacting solvents such as toluene, THF, and CHCl3 

were used (Fig. 8).  
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Fig. 8 Progressive changes in the emission of 0.05 wt.% DPAP/PC 

films as a function of exposure to (a) toluene, (b) THF, and (c) 

CHCl3 vapours (λexc = 325 nm The spectra were collected for 38 

min. with a time interval of 1 min. 

Toluene, THF, and CHCl3 are an inception to a rather unexpected 

emission behaviour. Following an initial drop in DPAP/PC emis-

sion intensity at short solvent vapours exposure times, a marked 

fluorescence enhancement combined with a red-shift was ob-

served. To this end, emission intensities recorded after 38 min. re-

vealed an increase going from toluene to THF and CHCl3. This 

trend is in accordance with the solubility parameter differences of 
these solvents.  

Notably, the aforementioned emission enhancement occurred al-

ready after 7-8 min. of CHCl3 exposure, whereas it appeared slow-

er for THF (9-10 min.) and toluene (13-14 min.) (Fig. 9). 
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Fig. 9 Relative fluorescence intensity variation of peak maximum 

(∆I/I0) of the 0.05 wt.% DPAP/PC films as a function of the expo-

sure time to toluene, THF and CHCl3 vapors (λexc = 325 nm). Pic-

tures of the same DPAP/PC film at 0, 6, 12 and 20 min. (from left 

to right) of exposure time to CHCl3 vapors. The pictures were 

taken under the illumination at 366 nm. 

Interestingly, the emission red-shift maximizes for DPAP/PC films 

exposed to CHCl3 vapours (38 nm) which, compared to toluene 

and THF, is the solvent with the higher polarity index and lower 

PC-solubility parameter difference ∆δ. Such changes in the 

DPAP/PC film emission could be visualized by naked-eye (Fig. 9). 

On the other hand, the smaller emission red-shift (11 nm) was ob-

served for films exposed to toluene, which has the lower polarity 

index and the higher ∆δ value.  

Inspection of the DPAP/PC films immediately after CHCl3 expo-

sure under visible light revealed an evident change of film mor-

phology (Fig. 10a). In the area exposed to CHCl3, the films gave 

rise to a clear whitening combined with an evident embrittlement. 

These morphological changes are accompanied by a strong modifi-

cation of the emitted light of the film from blue to intense green. 

Next, emission imaging studies were carried out investigating the 

morphology of DPAP/PC films before (Fig. 10b) and after (Fig. 

10c) CHCl3 exposure. In particular, the films were subjected to 

solvent vapours for 38 min. and analysed by means of confocal 

scanning laser fluorescence microscopy using a laser source at 405 

nm and an emission in the 430–490 nm range. 
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Fig. 10 (a) Digital picture of 0.05 wt.% DPAP/PC film immediate-

ly after exposure to CHCl3 vapours for 38 min. under visible light. 

Confocal microscope images of DPAP/PC films with emission 

collection in the 430–490 nm range (b) before and (c) after expo-

sure to CHCl3 vapours for 38 min. In this latter case, after the 

CHCl3 vapour exposure, the DPAP/PC film was placed at room 

temperature and atmospheric pressure for 40 min. allowing the de-

sorption of the trapped solvent molecules from the polymeric ma-

trix. Note that the emission images are in pseudocolors. 

Prior to solvent exposure, the film surface appears smooth and ho-

mogeneous. After solvent exposure, the area of the film placed in 

contact with CHCl3 revealed a strong modification of its texture, 

the appearance of numerous surface cracks, and a significant in-

crease in the emission.  

The effect of the solvent desorption on the emission properties of 

the CHCl3-exposed DPAP/PC films was also investigated. In this 

case, the original DPAP/PC emission maximum was almost com-

pletely recovered upon solvent desorption (458 nm (Fig. 11a, red 

spectrum) versus 452 nm (Fig. 11a, green spectrum) for CHCl3–

exposed and pristine DPAP/PC films, respectively). In other 

words, when CHCl3 starts to desorb from the doped matrix, the 

film emission is accordingly shifted to lower wavelengths in line 

with the different effective polarity of PC and CHCl3. However, to 

our surprise, after CHCl3 desorption DPAP/PC films showed a 

fluorescence intensity that was much higher than that of the pris-

tine film before solvent exposure (Fig. 11a, red spectrum). 

The second cycle of CHCl3 exposure showed a similar trend to the 

first cycle, that is, a film fluorescence emission drop flanked by a 

red-shift of the emission maximum, but without the marked fluo-

rescence enhancement (Fig. 11b). Similar results were also regis-

tered when using toluene (data not shown) and THF (Fig. S8−S10), 

highly interacting VOCs for PC. 
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Fig. 11 Progressive changes in the emission of CHCl3−exposed 

0.05 wt.% DPAP/PC films (after equilibration in the presence of 

the same solvent vapors) as a function of (a) CHCl3 desorption of a 

CHCl3−exposed DPAP/PC film after equilibration in the presence 

of the same solvent vapors. The emission spectrum of the pristine 

DPAP/PC film is shown in green. (b) Second cycle exposure to 

CHCl3 vapors (λexc = 325 nm). In both experiments the spectra 

were collected for 38 min. with a time interval of 1 min. 

We hypothesize that the phenomenon associated with the emission 

increase of the DPAP/PC films noted during the first CHCl3 expo-

sure cycle could be related to changes in the internal flexibility of 

DPAP triggered by some irreversible solvent-induced modification 

of the PC matrix at the molecular level. More specifically, an in-

crease of the viscosity of the solvent-exposed PC matrix is ex-

pected to occur which could lead to an increase in the rotor fluo-

rescence intensity. Changes with respect to the appearances of 

DPAP/PC films upon solvent exposure, that is, from transparent to 

opaque, suggest crystallization of the polymeric matrix. Crystalli-

zation, in turn, is likely to hamper the internal motion of DPAP 

present in the PC phase.  

To validate our hypothesis, we probed the thermal properties of 

DPAP/PC films before and after CHCl3 exposure by comparing 

their first heating DSC scans (Fig. 12). 
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Fig. 12 First heating DSC scans of pristine (red trace) and CHCl3-

treated (black trace) 0.05 wt.% DPAP/PC films. The CHCl3-

treated films were prepared exposing the DPAP/PC films to CHCl3 

vapours for 40 min. and the resulting films let to stand at room 

temperature and atmospheric pressure for 40 min. in order to elim-

inate solvent molecules trapped in the polymeric matrix.  

During the first heating scan both pristine and CHCl3-exposed 

films displayed a glass transition temperature (Tg) at around 150 

°C. However, in contrast to the pristine DPAP/PC films which 

may be regarded essentially as amorphous materials, the solvent-

exposed system showed a strong endothermic peak at around 220 

°C which supports the existence of a crystalline phase. 

The crystallization of PC is of considerable interest and has been 

investigated in the literature.51 PC features poor crystallization be-

cause of its rigid macromolecular chains. Attempts have been 

made to induce crystallization of PC by exposure to organic sol-

vents in the vapour or liquid state.56-58 Under these conditions, the 

crystallization rate was strongly enhanced due to the role of the 
absorbed solvent as plasticizers. As such, their presence increases 

the mobility of polymer segments and, thus, enables crystallization 

to occur even at room temperature. The crystallinity (fc) of PC, as a 

function of CHCl3 or THF exposure was calculated using Eq. 1 

(see experimental part) and is reported in Table 2. 

 

Table 2 0.05 wt.% DPAP/PC crystallinity (fc) as a function of 

CHCl3 and THF vapor exposure time. 

Sample solvent time (min) fc (%) 

DPAP/PC - - 0 

DPAP/PC CH3CN 30 ~0 

DPAP/PC THF 30 7.15 

DPAP/PC CHCl3 10 2.00 

DPAP/PC CHCl3 30 9.38 
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After 10 min. of exposure to CHCl3, DPAP/PC films exhibited 

only 2% of crystallinity, which increased and plateaued at 9% with 

increasing the vapour exposure time up to 30 min. This suggests 

that small changes in the PC crystallinity do not affect significantly 

the viscosity of the doped Pc matrix as documented by the decrease 

in the rotor emission intensity in the film, which is mainly related 

to the polarity of the environment. On the other hand, at longer va-

pour exposure a higher degree of crystallinity is reached, which in 

turn induces an increased viscosity in the matrix and an enhance-

ment in DPAP emission intensity.  Additionally, the impact of 

THF on both the emission and crystallinity of the rotor-doped films 

was smaller than with CHCl3, which is in agreement with its higher 

solubility parameter difference ∆δ (Table 1). Prolonged exposure 

to VOCs for longer than 38 min. did not cause detectable varia-

tions of both the emission response and phase behaviour of the PC 

matrix. 

Compared to PMMA, the selectivity of DPAP/PC films is more 

determined by the chemical affinity of PC for the solvent vapours 

since acetonitrile, the most polar solvent, is not able to induce pol-

ymer crystallization. 

Interestingly, DPAP emission studies in mixtures of o-xylene and 

silicone oil 500, whose polarity is comparable with that of PC, cor-

roborate the findings made with DPAP/PC films. With increasing 

solvent viscosity, that is, increasing the content of silicone oil in 

the mixtures, a similar emission enhancement evolved (Fig. S11). 

Changing the viscosity resulted, however, in no appreciable chang-

es of the 12.5 ns emission lifetimes (Fig. S12). Both trends are in 

good agreement with the results gathered for the DPAP/PC films. 

Note that DPAP/PC films before and after THF exposure reveal 

the same lifetimes of around 12.1 ns (Fig. S10).59 This substanti-

ates the hypothesis of a hindered mobility of DPAP when going 

from amorphous to crystalline PC. 

 

Conclusions 

We have demonstrated that a FMR, namely DPAP, characterized 

by high sensitivity toward solvent polarity and viscosity, once em-

bedded into plastic materials, confers new vapochromic character-

istics to the resulting films. 

DPAP exhibits viscosity- and polarity-dependent emission proper-
ties when dispersed at low loadings (<0.1 wt.%) in PMMA plastic 

films and exposed to saturated atmospheres of polar and well-

interacting VOCs. These films showed a significant decrease and 

red-shift of their emission due to solvent-induced changes in the 

local polarity and viscosity of the medium. On the contrary, the 

film emission remained unaffected when low polar and barely in-

teracting VOCs were tested. The overall vapochromic response of 

these DPAP/polymer films was even more marked when PC was 

used. In this case, an initial solvent-induced red-shift and decrease 

in emission, as observed for the PMMA-based systems, was ac-

companied by a further red-shift and increase in the film fluores-

cence intensity at longer solvent-exposure time. This effect is at-

tributed to a polymer crystallization process in the plastic films 

upon solvent uptake, which provokes a general increase in the vis-

cosity of the matrix. This process reduces the flexibility of the em-

bedded DPAP, hampering its internal motions and, in turn, en-

hancing its radiative decay process. 

In light of this peculiar response, DPAP-enriched plastic films re-

spond to vapours of different organic solvents, providing a repro-

ducible emission signal even after several successive cycles of va-

pour exposure. Solvent permeation into the film is crucial in estab-

lishing the response time of the film. 

These findings consistently support the effective preparation and 

use of a new class of vapochromic plastic materials. Further work 

will be focused on the validation of the proposed approach towards 

a more extended set of solvents and physical conditions. Also, this 

aims at the determination of the sensitivity and the detection limit 

of the dye/polymer films. 
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