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We introduce a new sensing polymer system for detection of volatile organic compounds (VOCs) based
on the optical response of polystyrene (PS) films doped with julolidine fluorescent molecular rotors
(FMRs). The julolidine FMRs exhibited viscosity-dependent changes in the fluorescence intensity, that
was enhanced when glycerol was added to ethanol solutions and when they were dispersed in PS films.
Thus, reduction in medium mobility slowed down internal motions and allowed for a major radiative
decay pathway. The FMR/PS films were exposed to several VOCs, and showed a significant decrease in
fluorescence emission when exposed to chloroform, whereas a negligible variation in their emission
occurred when methanol was utilized. This vapour sensing behaviour was much more evident when a
perfluorodecyl chain was linked to the julolidine core being the molecule segregated at the film surface.
This responsive behaviour was affected by solvent composition and its reproducible response was easily
determined by luminescence experiments.

Vapour sensing behaviour
Reversible behaviour

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Luminescent materials have been actively pursued recently,
owing to their various promising applications in diverse fields,
ranging from solar energy conversion [ 1], to optoelectronic devices
[2] and chromogenic materials [3—6]. Chromogenic systems are
capable to respond to various stimuli (e.g. light, heat, mechanical
stress and chemical stimuli) through a macroscopic optical output
[4,7,8]. The energy of the stimulus is properly transduced into op-
tical variations (i.e., absorption, emission, refractive index) as a
function of external interference.

Recently, luminescent materials which display reversible colour
changes upon exposure to vapours of volatile organic compounds
(VOCs), have also rapidly evolved due to their potential application
for chemical vapour detection [9—11]. The detection of VOCs can
often occur by the naked eye, thus suggesting such systems as
promising tools for environmental monitoring and safety systems
at workplaces.
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The optical response to vapours is often associated with changes
in the weak metal—metal interactions of coordination complexes as
a result of analyte vapour sorption [9]. As an alternative, sol-
vatochromic fluorescent organic species are used for the detection
of organic vapours, since their wavelength emission depends on the
polarity of VOCs [12,13]. In the last years, organic luminophors such
as tetraphenylethene derivatives [14—17], have been proposed as
compounds with effective vapour sensitivity. They display aggre-
gation induced luminescent properties [10,18] and the vapour up-
take caused changes in their intermolecular interactions thus
affecting molecular packing and emission [19].

For practical applications, those molecules are fabricated into
thin solid films or incorporated in polymer matrices. The success of
vapour sensing polymer films is largely due to the ability of volatile
compounds to spread rapidly inside the polymer matrix and
interact with the sensor molecule giving a fast and reliable
response [20,21]. The use of visible-light transparent polymer
matrices with good film-forming capacity allows also the prepa-
ration of large area devices at ambient conditions by low-cost
fabrication techniques.

Fluorescent molecular rotors (FMRs) are fluorescent molecules
composed by an electron donor unit in conjugation with an elec-
tron acceptor moiety and are reported to undergo non-radiative
relaxation from the fluorescent excited state [22—24]|. More
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specifically, in the ground state the FMR is almost planar and highly
conjugated as well as its locally excited (LE) state. Nevertheless,
solvent relaxation and rapid internal torsional motion occur, thus
resulting in a twisted intramolecular charge transfer (TICT) excited
state, which rapidly decays in a non-radiative way through internal
rotation [22,25—27]. Moreover, non-radiative deactivation of the
first excited state is controlled by rapid internal torsional motion,
which is substantially restricted in viscous media [28,29] When this
internal rotation is hindered, e.g. due to an increase in viscosity or
sterical constraints, the radiative decay of LE state is favoured, and
an increase in quantum yield is obtained [27].

The apparent sensitivity to fluid motion of FMRs like julolidine
derivatives is also found to be an indirect effect of a photo-
isomerization reaction [30].

FMRs have received popularity in the last 5—10 years thanks to
their easy applicability as non-mechanical viscosity sensors, tools
for protein characterization and local microviscosity imaging
[31—34]. Moreover, the high sensitivity towards viscosity changes
has reached a precision comparable to commercial mechanical
rheometers with shorter measurement time [35].

While the application of julolidine FMRs as viscosity sensors is
widespread, their behaviour within polymer matrices is still under
debate. A few examples have been reported for the determination
of the molecular weight dependence of viscosity in polymer melts
[36] and for sensing free volume and plasticity in thermoplastic
polymers [37,38].

Herein, we report on the emission properties of different julo-
lidine FMRs dispersed (~0.05 wt.%) within a transparent and
amorphous PS matrix as a function of the exposure to different
VOCs and the results are discussed in terms of sensitivity and
reproducibility of the fluorescence response of the systems.
Different julolidine FMRs were utilized, i.e. DCV], 9-(2-carboxy-2-
cyanovinyl)julolidine  (CCV]) and  9-(2-(1H,1H,2H,2H-per-
fluorodecyloxycarbonyl)-2-cyanovinyl)julolidine (F8CV]), in order
to identify best suited molecular rotors for sensor performance. The
perfluorodecyl chain was selected to favour fluorophore segrega-
tion near the film—air interface as to be more responsive to VOC
exposure.

2. Experimental part
2.1. Materials and methods

Julolidine, N,N’-dicyclohexylcarbodiimide (DCC), phosphorous
oxychloride,  9-(2,2-dicyanovinyl)julolidine, = 9-(2-carboxy-2-
cyanovinyl)julolidine were purchased from Aldrich and used as
received. Cyanoacetic acid (Aldrich) was recrystallized from a
mixture of toluene/acetone 2:3 v/v. N,N-dimethylformamide and
dichloromethane (Aldrich) were refluxed over CaH, for 2 h and
distilled under nitrogen. Tetrahydrofuran (Aldrich) was refluxed
over Na/K alloy for 3 h and distilled under nitrogen. Triethylamine
(Aldrich) was refluxed over KOH for 3 h and distilled under nitro-
gen. 1H,1H,2H,2H-perfluorodecyl alcohol (Fluorochem) was used as
received. Atactic polystyrene (PS, Repsol, My = 86,000 g/mol) was
used as received. Spectroscopy grade solvents (Carlo Erba or
Aldrich) were utilized without further purification.

2.2. Synthesis of 9-formyljulolidine (1)

The synthesis of 9-formyljulolidine (1) was carried out modi-
fying a reported procedure [33]. In brief, phosphorous oxychloride
(0.29 mL, 3.17 mmol) was added dropwise to a solution of julolidine
(0.5 g, 2.88 mmol) and N,N-dimethylformamide (0.27 mlL,
3.45 mmol) in anhydrous dichloromethane (5 mL) and the mixture
was stirred for 8 h at 25 °C. The reaction was treated with an

aqueous solution of sodium hydroxide (2 M) and the mixture was
stirred at O °C for 4 h. The organic layer was extracted with diethyl
ether, dried over Na;SO4 and evaporated to dryness under reduced
pressure. The crude product was purified by column chromatog-
raphy on silica gel (230—400 mesh) using diethyl ether/n-hexane
(3/7 v/v) as eluent mixture (Rf = 0.37) (60% yield).

FT-IR (KBr, cm™!): 2950, 2895, 1662, 1600, 1320, 900, 720.

TH NMR (CDCl3) (ppm): 9.6 (s, 1H, CHO), 7.3 (s, 2H, aromatic), 3.3
(t, 4H NCHy), 2.7 (t, 4H NCH,CH,CH,), 1.9 (m, 4H NCH,CHp).

13C NMR (CDCl3) (ppm): 191.3 (CHO), 149.1 (=C—N aromatic),
128.5 to 122.0 (aromatic), 49.3 (NCHy), 28.1 to 20.4 (NCH,CH,CH)).

EI-MS m/z (%): 201 (100, M™).

The spectral properties of this compound are in agreement with
those previously reported [33].

2.3. Synthesis of 1H,1H,2H,2H-perfluorodecyl cyanoacetate (2)

A solution of 1.03 g (5 mmol) of DCC in 5 mL of anhydrous
dichloromethane was added dropwise to a solution of cyanoacetic
acid (0.43 g, 5 mmol) and 1H,1H,2H,2H-perfluorodecyl alcohol
(2.32 g, 5 mmol) in anhydrous dichloromethane (10 mL). The
mixture was kept under stirring for 24 h at 25 °C. Then, it was
diluted with dichloromethane (10 mL) and the precipitate formed
during the reaction was filtered off. The filtrate was dried under
vacuum and the residue was purified by column chromatography
on silica gel (230—400 mesh) using dichloromethane as eluent
(Rf= 0.91) (41% yield).

FT-IR (KBr, cm™1): 2980, 2960, 2188, 1756, 1355—1055, 660.

'H NMR (CDCl3) (ppm): 4.6 (t, 2H, CH,CH,CFy), 3.5 (s, 2H,
CNCH,CO00), 2.6 (m, 2H CH,CF,).

13C NMR (CDCl3) (ppm): 164.2 (CO0), 114.6 (CN), 123 to 107 (CF),
56.3 (OCHy), 31.8 (OCH> CH>), 26.0 (CH,CN).

Anal. Calcd for C13HgF17NO>: C, 29.40; H, 1.14. Found: C, 30.0; H,
1.0.

2.4. Synthesis of 9-(2-(1H,1H,2H,2H-perfluorodecyloxycarbonyl)-2-
cyanovinyl)julolidine (F8CV])

Triethylamine (0.3 mL, 2.14 mmol) was added to a solution of 2
(0.83 g, 1.56 mmol) and 1 (0.21 g, 1.06 mmol) in tetrahydrofuran
(8 mL) and the mixture was stirred at 50 °C for 10 h. The solvent
was then evaporated and the residue was purified in a first step by
column chromatography on silica gel using dichloromethane/n-
hexane (4/6 v/v) as mobile phase. The obtained product was further
purified by elution on preparative TLC plates using ethyl acetate/n-
hexane (4/6 v/v) as eluent mixture (Rf = 0.59) (20% yield).

FT-IR (KBr, cm*l): 2925, 2855, 2215, 1720, 1615-1525, 1450,
1322-1130, 660.

TH NMR (CDCl3) (ppm): 7.9 (s, 1H, CNCCH), 7.5 (s, 2H, aromatic),
4.5 (t, 2H, COOCHy), 3.3 (t, 4H, NCHy), 2.7 (t, 4H, NCH,CH,CH,), 2.6
(m, 4H, CH,CF>), 1.9 (m, 4H, NCH,CH,).

13C NMR (CDCl3) (ppm): 164.4 (COO0), 154.8 (PhCH = ), 147.8
(=C—N aromatic), 128.2 to 121.0 (aromatic), 117.6 (CN), 123-107
(CF), 57.3 (OCHy), 50.2 (NCHy), 27.2—21.0 (NCH,CH>CH>).

F NMR (CDCl3/CFsCOOH) (ppm): -6 (CF3), —38 (2F
CH,CF,), —49 to —47 (10F, CF,), —52 (2F, CF,CF3).

EI-MS my/z (%): 95 (48), 186 (15), 251 (15), 267 (16), 463 (8).

2.5. Preparation of polymeric films

Films of julolidine derivative/PS mixtures were prepared by
dissolving 1 g of PS and the desired amount of dye (0.005—0.1 wt.%)
in 150 mL of CHCI5. After solvent evaporation, the polymer mixture
was melt-pressed between two Teflon foils in a Carver 3851-0 press
at 150 °C and 4 tons of pressure for 5 min. After removal from the
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press, the films (180—220 pum thick) were allowed to reach slowly
room temperature.

2.6. Characterization

'H NMR and °F NMR spectra were recorded with a Varian
Gemini VRX300 spectrometer on CDCl3 or CDCl3/CF3COOH solu-
tions, respectively, whereas '3C NMR spectra were accomplished
with a Varian Gemini 600 spectrometer on CDCl3 solutions. EI-MS
spectra were measured at 70 eV by GLC/MS. Infrared spectra
were recorded by a Fourier transform infrared spectrometer
(Spectrum One, PerkinElmer) on KBr windows. UV—Vis spectra of
THF solutions were recorded at room temperature in isotropic
conditions with a Perkin Elmer Lambda 650.

Fluorescence spectra of solutions were recorded (Aexc, = 450 nm)
at room temperature with a Horiba Jobin-Yvon Fluorolog®-3 spec-
trofluorometer. The fluorescence quantum yield (®y) in ethanol was
determined at room temperature relative to fluorescein (¢3 = 0.79
in 0.1 N NaOH) using Equation (1):

Grad n2
Dy = Dt (GradsxT) <TX> (1)

ngr

where the subscripts ST and X are standard and dye respectively,
Grad the gradient from the plot of integrated fluorescence intensity
vs absorbance for different solutions of standard and dyes. In order
to minimize re-absorption effects, absorbances never exceeded 0.1
in correspondence and above the excitation wavelength. n is the
refractive index of the solvent, i.e. 1.3611 for ethanol, 1.4746 for
glycerol and 1.333 for water.

The viscosity of EtOH/glycerol mixtures was predicted with
good approximation by a simple additive rule: [39]

2
logn = ¢; log n; (2)

i=1

where 7 is the viscosity of solvent mixture, ¢; and 7; are the volume
fraction and viscosity of the component i, respectively.

Fluorescence spectra of polymer films were recorded
(Aexc. = 450 nm) in the dark by using the F-3000 Fiber Optic Mount
apparatus coupled with optical fibre bundles. Light is focused from
the excitation spectrometer into the optical fibre bundles, and then
directed to the sample. Fluorescence emission from the sample is
directed back through the bundle and into the front-face collection
port in the sample compartment.

The fluorescence variation of the films was tested by exposing
the film at room temperature to VOCs, such as hexane, heptane,
toluene, chloroform, tetrahydrofuran, acetone, dioxane and meth-
anol. The film was attached to an aluminium foil, which covers a
closed container as shown in Fig. 1.

Fluorometer «——

Optical fiber «—— Polymer film

L

Vapours | —> Al foil

Fig. 1. Schematic apparatus used to study the vapour sensing behavior.

—> Solvent

Solvent uptake by polymer films was determined by placing the
aluminium foil/polymer film system in a Gibertini E 50 S/2
analytical balance with five significant figures.

Thermogravimetric scans were carried out by a Mettler Toledo
Starc System (TGA/SDTA851¢). Samples were heated from 25 to
800 °C at 10 °C/min under a nitrogen flow.

Film thickness was measured with a Starrett® V230MXFL
outside micrometer having an accuracy of +0.002 mm.

Angle-resolved X-ray photoelectron spectroscopy (XPS) spectra
were recorded by using a Perkin—Elmer PHI 560 spectrometer with
a standard Al-Keo. source (1486.6 eV) operating at 350 W. The
working pressure was less than 1078 Pa. The spectrometer was
calibrated by assuming the binding energy (BE) of the Au 4fy; line
to be 84.0 eV with respect to the Fermi level. Extended (survey)
spectra were collected in the range of 0—1350 eV (187.85 eV pass
energy, 0.4 eV step, 0.05 s/step). The spectra were recorded at the
two photoemission angles # (between the path taken by the pho-
toelectrons to the detector and the surface normal) of 70° and 20°.
The standard deviation (SD) in the BE values of the XPS line was
0.10 eV. The atomic percentage, after a Shirley type background
subtraction [40], was evaluated using the PHI sensitivity factors. To
take into account charging problems, the C(1s) peak was consid-
ered at 285.0 eV and the peak BE differences were evaluated. The
effective information depth varies according to d = dgcosfl, where
dp is the maximum information depth (dg ~ 10 nm for the C(1s) line
with an Al-Ka source).

3. Results and discussion

DCVJ and CCVJ are commercially available, whereas novel FSCV]
was synthesized from julolidine (Fig. 2).

In detail, commercially available julolidine was formylated with
phosphorus oxychloride and dimethylformamide to afford 9-
formyljulolidine. The fluorinated cyanoacetic ester was obtained
via dicyclohexyl carbodiimide-induced esterification of cyanoacetic
acid with 1H,1H,2H,2H-perfluorodecyl alcohol. Condensation of the
ester with 9-formyljulolidine in the presence of triethylamine
produced the desired F8CV]J.

3.1. Spectroscopic characterization of DCV], CCV] and F8CV]
solutions

Absorption and emission maxima of DCV], CCV] and F8CV] in
ethanol solutions were all in the blue-green range, with emission
maxima between 470 and 500 nm. Quantum yields were negligible
(Table 1), due to the formation of a TICT excited state, which rapidly
decayed in a non-radiative way through internal rotation [23,25].

The higher quantum yield of FSCV] with respect those of DCV]
and CCV] was attributed to a more restricted intramolecular
twisting motion which favours the emission of light from the LE
state of the dye [23,25].

All compounds exhibited a noteworthy viscosity-dependent
fluorescence emission when glycerol was added to ethanol solu-
tions (Fig. 3 and Table 2).

All FMRs experienced a strong increase in quantum yield (about
10—20 times higher) when dissolved in viscous environments like
glycerol solutions (viscosity n = 945 mPa s at 20 °C for glycerol, as
compared to 1.2 mPa s for EtOH). According to the literature [27], in
viscous media the molecular internal rotation is hindered, thus
favouring a radiative decay of the LE state and an increase in
quantum yield. Conversely, the emission wavelength appeared less
sensitive to polarity variations (dielectric constant ¢ = 45.2 for
glycerol, as compared to 25 for EtOH) and only a red-shift by about
10 nm occurred for all compounds. DCV], CCV] and F8CV] FMRs can
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Fig. 2. 9-Dicyanovinyljulolidine (DCVJ, left), 9-(2-carboxy-2-cyanovinyl)julolidine (CCV], middle) and 9-(2-(1H,1H,2H,2H -perfluorodecyloxycarbonyl)-2-cyanovinyl)julolidine

(F8CV], right).

be therefore utilized as viscosity probes even in environments
where polarity changes are expected.

All the FMRs followed a Forster-Hoffmann behaviour according
to Equation (3) (Fig. S1, Supplementary information), which relates
the (double logarithmic) correlation of quantum yield with
viscosity:

log®; = C+ x-logn (3)

where C and x are constants. n was calculated by using Equation (2)
(see Experimental part).

In all cases, the x parameter, i.e. the viscosity sensitivity of the
FMR, was found to be between 0.36 and 0.57, in agreement with the
values reported in literature [41]. Interestingly, F8CV], which
showed the highest fluorescence emission in EtOH, appeared as the
FMR with the lowest viscosity sensitivity. This suggests that in
solution less emission intensity at low viscosity regime would help
the FMR be more sensitive to viscosity variation than a brighter dye.

3.2. Spectroscopic characterization of FMR/polystyrene films

DCV], CCVJ and F8CV] FMRs were dispersed in polystyrene (PS)
at different concentration in the range between 0.005 and 0.1 wt.%.
All the films appeared well homogeneous, optically transparent
with absorption features similar to those collected in solution. The
concentration of 0.05 wt.% was then selected for all FMRs in order
to provide PS films with appropriate luminescent responses
without encountering possible quenching phenomena due to
concentration.

PS is an amorphous polymer with a glass transition temperature
of about 90—100 °C and negligible absorption and emission fea-
tures in the wavelength range investigated (Fig. S2). Thus, the dyes
were dispersed in a glassy matrix in which the intramolecular ro-
tations of their julolidine fluorophores were in fact completely
arrested. This would favour the emission of light from their LE
states. Recently, lasilli et al. found that when tetraphenylethylene
(TPE) FMR was dispersed in a glassy PS matrix, the arrested intra-
molecular rotations of its aryls resulted in a strong emission of light,
whereas fluorescence significantly weakened when viscous but not
glassy polymer matrices were used [42].

Consistent with those findings, the fluorescence spectra of DCV]/
PS, CCV]J/PS and F9CV]/PS films (Fig. 4) showed about 10 nm blue-
shifted emission intensities similar to those collected from EtOH/
glycerol 10:90 v/v solutions.

This blue shift is ascribed to the lower dielectric constant of the
polymer matrix (¢ = 2.6) as compared to that of solvent mixtures.

Table 1

Optical features of 107> M DCV], CCV] and F8CV] ethanol solutions.
Compound Absorption max (nm) Emission max (nm) [T
DCV] 458 496 1.2-103
ccvj 444 474 1.5-103
F8CV] 448 488 38-10°°

? Fluorescence quantum yield (¥;) determined at room temperature relative to
fluorescein (¢; =0.79 in 0.1 N NaOH). Aexc. = 450 nm.

The slight difference in emission spectral shape can be possibly
attributed to the different dye—polymer interactions caused by the
diverse nature of the FMR functional groups [43].

The nature of the functional julolidine moieties also affected the
intensity of the emitted light of FMR/PS films. The higher emission
intensity of CCV]/PS with respect to DCV]/PS reflected the behav-
iour in solution, i.e. ®ccy; = 6.0-1072 and Ppcyy = 4.2-1072 (see
Table 2), whereas the strong luminescence of FSCV]/PS film must be
due to some peculiar feature of the perfluorodecyl chain. It has
been recognized that perfluorinated alkyl chains can be used to
impose phase-segregating power onto a given molecule and
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Fig. 3. Fluorescence spectra of (a) DCV], (b) CCV] and (c) F8CV] dilute solutions
(5-10~% M) in EtOH/glycerol mixtures with different glycerol volume contents.
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Table 2

Optical features of 5-10~® M DCVJ, CCVJ and F8CV] EtOH/glycerol 10:90 v/v solutions.
Compound Absorption max (nm) Emission max (nm) OF
DCV] 469 506 42.1072
ccvj 452 484 6.0-1072
F8CV] 457 497 3.3.1072

¢ Fluorescence quantum yield (®;) was determined at room temperature relative
to fluorescein. Aexc = 450 nm.

fluorinated materials can be used as surface-active components of
polymer mixtures [44,45]. Analogously, the perfluorodecyl chain
could force F8CV] molecules to segregate from PS, thus favouring
their effective migration to the surface of the polymer films [46,47].

In order to investigate the effects of perfluorodecyl chain on the
surface migration and enrichment of dispersed F8CV], F8CV]/PS
films were analyzed by angle-resolved X-ray photoelectron spec-
troscopy (AR-XPS). Spectra were recorded at different photoemis-
sion angles, # = 70° and 20°, corresponding to increasing probing
depths in the range 3—10 nm of the outermost surface. The
experimental intensities of C(1s) and F(1s) signals (at binding en-
ergies of ~290 eV and ~690 eV, respectively) were used to evaluate
C and F atomic abundances. The C/F ratio at both # = 70° (~30) and
# = 20° (~15) was much lower than the theoretical one (~2500),
calculated on the basis of the known stoichiometric composition of
the F8CV]/PS film. Thus, F8CV] was preferentially concentrated in a
~10 nm outer layer of the film surface, owing to the selective
segregation of the low surface energy fluorinated fluorophore at
the polymer—air interface.

An AR-XPS analysis was also carried out on DCV]J/PS film. The
film surface was found to contain only carbon, whereas neither
oxygen nor nitrogen could be recorded, being below the detection
limit of XPS sensitivity. DCV] did not migrate to the near-surface
region of the polymer film but was buried in the bulk of the PS
matrix.

3.3. Effect of vapour exposure on the fluorescence emission of FMR/
PS films

One of the peculiarities of FMRSs is their fluorescence variation in
response to changes in viscosity or sterical constraints. Those ef-
fects can also be provided by variations in the free volume of the
matrix in which they are dispersed. In fact, the interactions be-
tween a polymer and vapours of a suitable solvent are able to
induce a relaxation of macromolecular chains which is followed by
a greater mobility with an increase in the free volume and a
consequent decrease in the local microviscosity [48]. It is therefore
expected that the fluorescence emission of an FMR embedded in a
polymer matrix could be affected by vapour exposure. We explored

Emission (a.u.)

0 frrrrrrr e I R R T
460 480 500 520 540 560 580 600

wavelength (nm)

Fig. 4. Emission spectra of 0.05 wt.% DCV]/PS, CCV]/PS and FICVJ/PS films and (inset)
images of the films taken under the illumination at 450 nm.

the effect of several VOCs on the fluorescence properties of FMR/PS
films, by selecting different kinds of organic solvents.

An illustration of the fluorescence emission dependence on
exposure time to chloroform vapours is shown in Fig. 5. Notably, the
0.05 wt.% DCVJ/PS films underwent a significant variation in
emission intensity when exposed to a saturated atmosphere of
chloroform (Fig. 5).

The emission intensity dropped by about 50% just after 420 s of
exposure. This solvent dependence was ascribed to the FMR
sensitivity of the DCV] molecule and resides in the reorganization
energy of the excited transition state (from LE to TICT states) with
increasing solvent uptake. PS matrix is in the glassy state with an
associated large fraction of free volume in the form of channels and
holes of molecular dimensions. When chloroform vapours fill these
empty spaces, diffusion and swelling of the polymer start from the
outer surface layers inwards. As a consequence, the swollen layers
contain the polymer material in a viscous state, thus making the
intramolecular rotations of julolidine moieties to occur more freely
[27]. This phenomenon resulted in a decreased emission intensity
of DCVJ. The concomitant shift to longer wavelengths, i.e. from 480
to about 500 nm, was possibly due to the higher dielectric constant
of chloroform with respect to PS (echioroform = 4.81 and eps = 2.6).

CCV]/PS and F8CV]/PS films exhibited a quite different behaviour
upon exposure to chloroform vapours (Fig. 6). The fluorescence
variation appeared more pronounced and reached a plateau after
about 350—400 s for both films, in contrast to DCV]J/PS films, which
displayed a lesser reduction in fluorescence emission without
levelling off to a constant value. The fastest response observed for
F8CV]J/PS films, whose emission amplitude decreased by 50% just
after 100 s of exposure, suggests that a larger variation in lumi-
nescence would result for FMRs that are more sterically constrained
and carry functional groups that adversely affect their phase
dispersion within PS. The carboxylic unit in CCV] and, more
evidently, the perfluorodecyl chain in FSCV] enable the julolidine
FMR to interact more readily with chloroform. Such interaction was
facilitated for the latter FMR that was distributed closely to the film
surface.

The curves actually reflected the weight of chloroform pro-
gressively adsorbed with time by PS films (Fig. S3). After 420 s, the
system reached an equilibrium since the film across its whole
thickness was involved in solvent permeation. All FMR molecules
were embedded in a polymer environment with homogeneous
microviscosity and their emission did not change any longer for
prolonged exposure times.

The fluorescence variation of FMR/PS films appeared similar
when toluene was utilized as a probing VOC (Fig. 7). However, the
amplitude decrease of the emission reduced in extent and was
significantly slower, by about 6 times, than that shown with
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Fig. 5. Progressive changes in the fluorescence emission of 0.05 wt.% DCVJ/PS film as a
function of the exposure to chloroform vapours.
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Fig. 6. Variation of the fluorescence maximum intensity with exposure time for all
0.05 wt.% FMR/PS films with inset images of the 0.05 wt.% F8CV]/PS film before (t = 0s)
and after (t = 420 s) chloroform exposure.

chloroform. This behaviour can be attributed to the lower vapour
pressure of toluene (i.e., 2.9 kPa for toluene against 21.3 kPa for
chloroform, at 25 °C) [49], which can delay solvent adsorption by
the film during the initial stages of exposure. However, the fluo-
rescence emission did not experience any variation in amplitude
when methanol was used as a VOC (Fig. 7).

This behaviour can arise from a combination of effects: the
lower vapour pressure of methanol (i.e., 12.7 kPa for methanol
against 21.3 kPa for chloroform, at 25 °C) [49], which can delay
solvent adsorption by the film, and the limited affinity between
methanol and PS. This feeble interaction hampers methanol uptake
by the polymer, thus making the fluorescence variation of the films
negligible. This is in agreement with the more unfavourable Flor-
y—Huggins interaction parameter (x) of 2.44 for methanol [50]
compared to 0.52—0.17 for chloroform [51] and 0.42—0.31 for
toluene [51] at 25 °C. Moreover, PS films appeared responsive also
to tetrahydrofuran (y = 0.16—0.70), acetone (y = 0.81—0.94) and
dioxane (x = 0.35, Fig. S4), whereas the emission was barely
affected by hexane, cyclohexane and heptane (y = 1.49—1.14) va-
pours. These results suggest that the selectivity of FMR/PS films is
determined by the chemical affinity of PS for the solvent vapours.
More specifically, solvents with x values lower than 1-2 well
interact with the PS matrix, thus providing the vapour sensing
behaviour.

The PS films based on CCV] and F8CV], i.e. those FMRs charac-
terized by the largest vapour response, were then exposed to
chloroform/methanol mixtures in order to determine whether the
system could be sensitive and selective to mixed vapours of varied
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Fig. 7. Variation of the fluorescence maximum with exposure time to toluene and
methanol (superimposed curves with no variation) vapours for 0.05 wt.% FMR/PS films.

composition (Fig. 8). Methanol was actually utilized as a sort of
diluent for chloroform.

Comparing the fluorescence variations recorded by exposing the
CCV]J/PS (Fig. 8a) and F8CV]/PS (Fig. 8b) films to solvent mixtures of
different vol.% of chloroform, the fluorescence variation became
progressively smaller in extent, according to the decreasing amount
of chloroform in the vapour composition. Moreover, the curves
recorded with solutions rich in methanol showed a continuous
descending response without levelling off, thereby suggesting
incompleteness of the phenomenon within the collection time of
450 s.

Notably, the F8CV]/PS films appeared more sensitive to solvent
vapours than CCV]J/PS films, with the fluorescence emission being
responsive even to 25 vol.% chloroform in the solution. This result
was in agreement with the F8CV] characteristics, being the per-
fluorodecyl chain properly designed to provide the julolidine FMR
with a highest sensitivity to VOCs, thanks to its favourable distri-
bution close to the PS film surface. The PS/F8CV] films sensitivity
limit of 25 vol.% chloroform in the solution corresponds to about
45—50 vol.% in the vapour phase. [52]

The experimental setup consists in vapour exposure at ambient
temperature and pressure, and it did not affect sample size or
morphology within the time interval investigated (<20 min). Sol-
vent then gradually desorbed at room temperature and pressure
from the film when removed from the apparatus, allowing com-
plete recovery of the FMR emission after 24 h. This behaviour
suggested to monitor changes in FMR/PS fluorescence during suc-
cessive solvent exposures. Fig. 9 illustrates the response of FSCV]/PS
films to a sequence of solvent adsorption and subsequent slow
desorption at room temperature and pressure for 24 h.

Notably, the fluorescence variation of the samples was well
retained also after repeated cycles of solvent adsorption/desorp-
tion, thereby indicating a very good reproducibility in the optical
response. All results were confirmed when desorption steps were
carried out at 50 °C for 1 h (data not shown). Similar trends were
also collected by using toluene as VOC, even if slightly lower
reproducibility of the fluorescence variation was observed during
initial solvent uptake. Whilst toluene may have a larger influence
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Fig. 8. Variation of the fluorescence maximum with exposure time to vapours of
chloroform/methanol mixtures (v/v) for 0.05 wt.% (a) CCVJ/PS and (b) F8CV]/PS films.
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Fig. 9. Variation of the fluorescence maximum of F8CV]/PS films for successive cycles
of solvent exposure/desorption to (a) chloroform and (b) toluene vapours.

on the PS film morphology during the first cycle of solvent
adsorption/desorption, F8CV] appeared to experience no substan-
tial modification of its distribution within PS film across the whole
experiments.

4. Conclusions

We have shown that julolidine FMRs can be utilized as effective
dyes for the preparation of plastic films with vapour sensing
characteristics.

FMRs exhibited viscosity-dependent emission properties when
dissolved in solvents with different viscosity or dispersed at low
loadings (<0.1 wt.%) in PS plastic films. The exposure of FMR/PS
films to a saturated atmosphere of well-interacting VOCs caused a
significant drop of FMR fluorescence due to their favoured relaxa-
tion from the non-emissive TICT excited state. This optical behav-
iour was allowed by the increased mobility of the PS
macromolecular chains with solvent uptake, and was largely
enhanced for the F8CV] FMR that was preferentially distributed at
the outer film surface. By contrast, the film emission appeared
unaffected when methanol and hexane were used as solvents
barely interacting with PS. This characteristic response made
plastic films able to discern vapours of different composition,
providing also a sensitive and reproducible fluorescence response
in successive cycles of solvent exposure. FMR/PS films might be
exploited for the realization of reliable vapour sensing plastic ma-
terials as new tools to detect vapours of different classes of VOCs.
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