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ABSTRACT: A new hybrid system comprising polydiacety-
lene (PDA), a chromatic conjugated polymer, embedded
within aerogel pores has been constructed. The PDA—aerogel
powder underwent dramatic color changes in the presence of
volatile organic compounds (VOCs), facilitated through
infiltration of the gas molecules into the highly porous aerogel
matrix and their interactions with the aerogel-embedded PDA
units. The PDA—aerogel composite exhibited rapid color/
fluorescence response and enhanced signals upon exposure to
low VOC concentrations. Encapsulation of PDA derivatives
displaying different headgroups within the aerogel produced

distinct VOC-dependent color transformations, forming a PDA—aerogel “artificial nose”.
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B INTRODUCTION

Volatile organic compounds (VOCs) might be harmful to
human health, and exposure to such vapors is considered
hazardous and associated with varied pulmonary diseases.'*
Detection of VOCs is thus essential for early warning,
monitoring of occupational hazards, and security applications.
Varied techniques are currently employed for VOC detection
and analysis, including gas chromatogra?hy—mass spectrome-
try,” surface acoustic wave sensors,” chemiresistor-based
sensing,” and others.”® Despite the versatility of detection
methods, however, current technologies are generally limited in
term of practical, easy-to-apply VOC sensing due to complexity
and elaborate synthesis of the gas adsorption and/or trans-
duction substances, high cost of the devices, and insufficient
sensitivity/selectivity.

Identification of host materials capable of adsorption of
VOC:s is a fundamental requisite of effective sensing platforms.
Aerogels, among the lowest density solid materials, have been
employed in vapor sensor designs.””~'> Aerogels have been
produced from diverse building blocks, comprising scaffolding
of silicon,'® carbon,'* metals,'"® metal oxides,'® organic
polymers,'” and others. Hydrophobic silica aerogels, in particular,
exhibit pronounced porous structures with very high internal
surface area available for adsorption of guest molecules.” Silica
aerogels have been employed as insulation substances in the
aerospace industry,'® sorption of miscible organic solvents in
water,” and sensing of air pollutants.” While silica aerogels are
excellent gas adsorbents, the main challenge in using them for
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VOC sensing concerns the identity of signal transduction
elements. A recent study has reported encapsulation of
fluorescent carbon dots within aerogel pores and use of the
hybrid matrix for aromatic VOC sensing."

Here we report on a new VOC detection system comprising
aerogel associated with polydiacetylene (PDA). PDA constitutes
a class of conjugated polymers exhibiting unique color and
fluorescence properties.lg_25 In particular, numerous reports
have demonstrated dramatic visible colorimetric transforma-
tions of PDA assemblies, induced by varied external stimuli and
analytes.'”***7%* While almost all published studies thus far
have employed PDA systems in solution environments, few
reports described applications of the polymer for gas
sensing.lg’33’34 Published PDA-based assemblies for VOC
detection, however, are synthetically complex and/or exhibit
limited sensing parameters, e.g, slow response time and low
sensitivity. 9

This paper presents a new hybrid PDA—aerogel, produced
through a simple single-step method. The PDA—aerogel was
employed for VOC detection and exhibits excellent sensitivity
and rapid colorimetric/fluorescence response. Importantly, the
chromatic transformations of the PDA—aerogel were VOC-
dependent, reflecting the distinct interactions of the VOC
molecules with the aerogel-embedded PDA. Furthermore,
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“color fingerprinting” of VOCs was demonstrated by
encapsulating in the aerogel matrix PDAs displaying different
molecular headgroups. Overall, the PDA—aerogel matrix could
be used as a platform for detection, visualization, and speciation
of VOCs.

B EXPERIMENTAL SECTION

Materials. Tetraethylorthosilicate (TEOS) was purchased from
Sigma-Aldrich, USA. The diacetylene monomer 10,12-tricosadiynoic
acid (TRCDA) was purchased from Alfa-Aesar, England. Tetrahy-
drofuran (THF) and diethyl ether were purchased from Bio-Lab Ltd.
Dichloromethane (DCM), ammonium hydroxide (NH,OH), chloro-
form (CHCl,), methanol, dimethylformamide (DMF), and acetone
were purchased from Frutarom Ltd. (Haifa, Israel). Benzene was
purchased from Merck. Lauroyl chloride was bought from TCI, Japan.
Chloroform, toluene, pentane, and n-hexane were purchased from
Daejung Chemicals, Korea. Ethanol was purchased from J. T. Baker.
Tetrahydrofuran was purchased from Acros Organics, USA. Ethyl
acetate and concentrated hydrochloric acid (HCI) were purchased
from Bio-Lab Ltd. (Jerusalem, Israel). 2-Propanol was bought from
SDFCL, India. All the reagents and solvents were used as received
without further purification.

Aerogel Synthesis. Wet silica gel was prepared according to
previous report.”* Briefly, S mL of TEQS, 15 mL of anhydrous ethanol
(EtOH), 5 mL of distilled water, and 5 uL of concentrated
hydrochloric acid were mixed in a 100 mL flask and stirred in a 60
°C water bath for 90 min. Subsequently, 25 mL of ethanol, 13 mL of
distilled water, and 15 uL of NH,OH were added to the solution and
stirred for 30 min under the same temperature. The prepared wet silica
gel was coated with parafilm before it was further dried and transferred
into 200 mL of anhydrous ethanol and placed in GCF1400 atm
furnace under ultrapure N, gas atmosphere. Afterward, the outlet was
closed while the ultrapure N, was continuously passed into the
autoclave and reached 1 MPa. The temperature was first raised quickly
from room temperature to 200 °C, increased slowly to 246 °C,
followed by 260 °C for 3 h at 2 MPa N, gas pressure. Finally, the white
colored silica aerogel were obtained after opening the autoclave.

Diacetylene Monomers Synthesis. 10,12-Tricosadiyn Amine
(TR-NH,). Synthesis of 10,12-tricosadiyn amine was carried out
through a two-step pathway.”® Briefly, 570 mg of TRCDA was
dissolved in 20 mL of DCM. Then 2 mL of oxalyl chloride was added
into TRCDA solution under an argon atmosphere. Several drops of
DMF were then added as catalyst followed by stirring overnight at
room temperature. Then solvent was evaporated, and the residue was
dissolved in dry THF (20 mL). The solution was then slowly added to
30 mL of NH,OH (25%) in an ice bath and stirred overnight. The
solvent was evaporated, and the residue was purified and added to 30
mL of diethyl ether. LiAIH, (550 mg) was added to it while keeping
the solution in an ice bath under overnight stirring and then poured
into a saturated solution of NH,CL The aqueous layer was then
extracted with ethyl acetate. The combined organic layer was washed
with saturated NaCl solution and then dried with MgSO,, filtered, and
evaporated. The residue was purified with column chromatography
over silica gel. Synthesis scheme has been shown in Supporting
Information, Figure S1.

Methyl Tricosa-10,12-diynoylphenylalaninate (TR-MPhe). Methyl
tricosa-10,12-diynoylphenylalaninate (TR-MPhe) was synthesized
according to published protocols.”® Phenylalanine (3 mmol) and
trimethylsilyl chloride (6 mmol) are stirred in MeOH (10 mL) at rt for
24 h. The solvent was evaporated under reduced pressure, and the
crude (MPhe*HCI) was used with TR-NHS without further
purifications. TRCDA (0.29 mmol) was solubilized in DCM (3
mL). N-Hydroxysuccinimide (0.35 mmol) and 1-ethyl-3-3-
(dimethylamino)propyl)carbodiimide (0.5S mmol) were solubilized
in DCM (5 mL) and mixed to the solution of TRCDA under stirring
at room temperature. After 20 h, the solvent was evaporated under
reduced pressure followed by extraction from water with diethyl ether.
The organic layers were recovered, dried with anhydrous Na,SO,,
filtered, and evaporated to get TR-NHS and dissolved in DCM.

MPhe*HCl (0.49 mmol) was added to the mixture followed by
dropwise addition of triethylamine (0.29 mmol) with stirring for 24 h.
Then the product was purified by column chromatography. Synthesis
scheme is shown in Supporting Information, Figure S2.

Synthesis of PDA—Aerogel. PDA—aerogel was fabricated by
different techniques using different TRCDA derivatives. First, 570 mg
of TRCDA was dissolved in 20 mL of DCM. Then the solution was
filtered through a membrane filter (Millex, Nylon, 0.4S ym). Then 20
uL of the filtered TRCDA solution was drop-casted on 10 mg of
aerogel powder. Then the TRCDA—aerogel was irradiated with
ultraviolet light (254 nm) for 0.5 min to produce the polymerized,
blue phase of polydiacetylene. TRCDA and TR-NH, or TR-MPhe
mixtures were mixed at S:1ratio in the case of diacetylene derivative
mixtures.

VOC Sensing. Predetermined quantities of organic liquids were
placed in a 500 mL closed glass container to obtain desired vapor
pressures using a MiniRAE Lite (PID). In parallel, S0 mg of PDA—
aerogel was placed in the sealed container and incubated prior to
colorimetric and fluorescence analysis (Supporting Information, Figure
S3).

Instrumentation and Characterization. Scanning electron
microscopy (SEM) experiments were conducted using a JEOL
(Tokyo, Japan) model JSM-7400F scanning electron microscope.
Images were taken after sputtering a thin film of gold over the
substrates for better contrast and minimum charging. Fluorescence
emission spectra of the PDAs—aerogel were recorded on a Varioskan
plate reader using 482 nm excitation wavelength. Confocal microscopy
images of PDAs—aerogel were acquired on an UltraVIEW system
(PerkinElmer Life Sciences, Waltham, MA) equipped with an
Axiovert-200 M microscope (Zeiss, Oberkochen, Germany) and a
Plan-Neofluar 63X/1.4 oil objective. The excitation wavelength at 488
nm was produced by an argon/krypton laser. Emitted light was passed
through a barrier filter (580—700 nm). Surface area, pore volume, and
pore diameters of the PDA—aerogel were measured by a BET
instrument (Quantachrome High Speed gas sorption analyzer NOVA-
1200e). Degassing of the PDA—aerogel was carried out for 21 h in
order to evaporate all traces of solvents and moisture followed by N,
adsorption—desorption in liquid nitrogen.

Raman spectra were recorded with a Horiba—Jobin—Yvon LabRam
HR 800 micro-Raman system, equipped with a Synapse CCD
detector. The excitation source was an He—Ne laser (633 nm), with
a power of 5 mW. To protect the samples the laser power was reduced
by 1000 using ND filters. The laser was focused with x100X long-focal-
length objective to a spot of about 1 ym. Measurements were taken
with the 600 ¢ mm™" grating and a confocal hole of 100 ym with a
typical exposure time of 1 min.

Chromatic (Red—Green—Blue, RGB) Analysis. Multiwell plates
containing multicolored dust PDA—aerogel were scanned in trans-
mitted mode on an Epson 4990 photo scanner to produce 2400 dpi,
24-bit color depth red—green—blue (RGB) images. Digital colori-
metric analysis (DCA) was performed by extracting RGB channels
values for each pixel within the sample spots in the scanned images,
and the color change values were estimated using Matlab R2010
scientific software (The Mathworks, Inc, MA, USA). Briefly, DCA
handles the standard “red—green—blue” (sRGB) model, essentially
translating every color signal into three distinct values corresponding
to the intensities of red (R), green (G), and blue (B) color channels.
Accordingly, the relative intensity of a particular RGB component in a
scanned image can be described as the chromaticity level. For example,
the red chromaticity level (r) in each pixel was figured as

r=R/(R+ B+ G)

where R (red), G (green), and B (blue) are the three primary color
components. For a defined surface area within a PDA-based sensor
well, we classified a quantitative parameter denoted chromatic
response that represents the total blue—red transformations of the
pixels encompassed in the area,

%RGB = (rsample - 70)/(rmax - ro) X 100%
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Figure 1. Synthesis of the polydiacetylene (PDA)—aerogel and its colorimetric properties. Schematic illustration of PDA—aerogel fabrication. The
circled digital photographs depict the visible colors generated following exposure to different VOCs (concentrations 1000 ppm).
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Figure 2. Characterization of the PDA—aerogel. (A) Scanning electron microscopy (SEM) image of the PDA/aerogel surface. The scale bar
corresponds to 100 nm. (B) BET analysis: (i) N, adsorption—desorption isotherms of PDA/aerogel; (ii) pore size distribution curve indicating

average pore diameter of 4.93 nm.
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Figure 3. Fluorescence analysis of PDA—aerogel upon exposure to different volatile organic compounds (VOCs). (A) Fluorescence emission spectra
(excitation 482 nm) of PDA—aerogel following 60 min exposure to different VOCs (1000 ppm concentrations). (B) Confocal fluorescence
microscopy images (excitation 488 nm) of PDA—aerogel after 60 min exposure to different VOCs. Scale bar corresponds to 10 ym.

where 7. is the average red chromaticity level of all pixels in the
scanned surface, r, is the average red level calculated in a blank surface
(blue sensor well), and r,y,, is the average red chromaticity level of the
maximal blue—red transition, an area of the sensor well in which the
most pronounced blue—red transition was induced (positive control).
In essence, the calculated %RGB is the normalized change in the red
chromaticity level within the sensor well surface on which the tested
sample was deposited.

B RESULTS AND DISCUSSION

The simple preparation scheme of the polydiacetylene (PDA)—
aerogel hybrid and representative VOC-induced color trans-
formations are shown in Figure 1. The porous aerogel
framework was first generated through high temperature silica
annealing in the presence of pressurized nitrogen gas.36
Following aerogel formation, the PDA precursor (10,12-
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Figure 4. VOC-induced fluorescence emissions of PDA—aerogel. Fluorescence titration curves (A) and fluorescence kinetics (B) (excitation 482 nm,
emission 635 nm) recorded in PDA—aerogel (i) and silica gel (ii) upon exposure to VOCs at concentrations of 1000 ppm.

tricosadinoic acid, TRCDA) was drop-casted on the aerogel
powder. The TRCDA monomers were efficiently adsorbed and
immobilized upon the hydrophobic domains within the aerogel
pores.9 Irradiation of the TRCDA/aerogel construct with
ultraviolet (UV) light induced polymerization of the aerogel-
embedded TRCDA monomers, generating the blue-phase
conjugated polydiacetylene (PDA). Importantly, the blue
PDA appeared uniformly distributed within the aerogel powder,
likely due to the high porosity of the aerogel. Figure 1 also
illustrates the dramatic color transformations of the blue PDA/
aerogel induced by exposure to different VOCs; notably, the
photographs shown in Figure 1 (right) demonstrate that
distinct VOC-dependent colors were generated.

Characterization of the structural and physical properties of
the hybrid PDA/aerogel was carried out (Figure 2). The
representative scanning electron microscopy (SEM) image of
the PDA/aerogel in Figure 2A is similar to the bare aerogel,
displaying the typical hierarchical organization exhibiting high-
surface area.’ The Brunauer—Emmett—Teller (BET) analysis in
Figure 2B indicates a relatively high specific surface area (265
m?/g) suitable for adsorption of gas molecules. Specifically, the
isotherms in Figure 2B,i exhibit type IV adsorption with a
distinct hysteresis loop.”” Figure 2Biii further reveals high pore
volume (0.34 cc/g) and sizable pore diameter (4.93 nm) of the
PDA/aerogel. Overall, the BET analysis in Figure 2 underscores
the high porosity of the PDA—aerogel and its applicability for
efficient vapor adsorption.

Figures 3—6 illustrate application of the PDA/aerogel
construct for sensing volatile organic compounds (VOCs).
Figure 3 depicts spectroscopic and microscopic fluorescence
analysis of the PDA—aerogel upon incubation with different
VOCs, all applied at the same concentration (1000 ppm).

Figure 3A reveals significantly different fluorescence emissions
(excitation 482 nm) of the PDA—aerogel generated by the
VOCs. Notably, the relative fluorescence emission intensities
shown in Figure 3A echo the colorimetric transitions (Figure
1); previous studies similarly reported a direct correlation
between the extent of blue—red transformations of PDA
systems and the degree of fluorescence emission.”’ Accordingly,
benzene and acetone vapors, which produced red and orange
PDA—aerogels (Figure 1), gave rise to the most pronounced
fluorescence emission (Figure 3A). Toluene and 2-propanol,
which induced blue—purple transitions upon incubation with
the PDA—aerogel (Figure 1) generated lower PDA fluores-
cence compared to benzene and acetone (Figure 3A), and
pentane essentially gave rise to flat fluorescence emission
(Figure 3A), reflecting the apparent quenching of PDA blue
color by this vapor (Figure 1).

The confocal microscopy images of the PDA—aerogel
particulates presented in Figure 3B complement the
fluorescence spectroscopy measurements and highlight the
distinct VOC-induced fluorescence transformations. Specifi-
cally, Figure 3B reveals different intensities of PDA—aerogel
particles, depending upon the VOCs applied. Similar to the
fluorescence results in Figure 3A, Figure 3B demonstrates that
benzene and acetone induced the most fluorescently intense
PDA—aerogel particulates, less fluorescent particles are
apparent after exposure to toluene and 2-propanol, and no
fluorescent particle were recorded upon exposure of the PDA—
aerogel to pentane vapor.

Figure 4 highlights the sensitivity and fast chromatic response
of the PDA—aerogel upon VOC exposure, and the contribution
of the aerogel matrix to the unique chromatic properties of the
hybrid material. Figure 4A presents fluorescence titration curves
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Figure 5. Raman spectra of PDA—aerogel. (A) Full spectral range; (B,C) magnified regions. (i) control; (ii) pentane; (iii) 2-propanol; (iv) toluene;
(v) acetone; (vi) benzene. (B,C) Magnified images corresponding to the carbon—carbon double bond and carbon—carbon triple bond regions,

respectively.

(excitation at 482 nm, emission at 635 nm) recorded upon
exposure of the PDA—aerogel to different VOC concentrations.
As apparent in Figure 4A, the detection thresholds for VOCs
tested were between 100 and 200 ppm; this sensitivity is
signiﬁca{lgtly better than previously reported PDA-based vapor
Sensors.

Comparison of the fluorescence kinetic data of PDA—aerogel
(Figure 4Bi) and PDA embedded within conventional silica gel
matrix (Figure 4Bii) reveals faster and more pronounced
fluorescence response upon VOC exposure of PDA—aerogel.
This result points to the significance of the aerogel framework
to the sensing performance; the pronounced porosity of the
aerogel likely promoted adsorption of the guest vapor
molecules, giving rise to the rapid chromatic response upon
interactions with the pore-associated PDA. It should be also
noted that chromatic image analysis®® (Supporting Information,
Figure S4) yielded a similar kinetic profile as the fluorescence
experiments depicted in Figure 4, underscoring the versatility of
chromatic transformation detection methods (e.g., fluorescence
emission or color change).

To account for the distinct VOC-induced chromatic
transformations of the PDA—aerogel, we carried out Raman
scattering analysis (Figure 5). Raman spectroscopy has been
applied in numerous studies for characterization of the
structural/photophysical transformations of PDA assem-
blies.**™** In particular, Raman scattering experiments shed
light on the molecular features of chromatically transformed
PDA, through analysis of the shifts and intensities of the
spectral peaks at around 1500 cm™ (carbon—carbon double
bond region) and 2100 cm™ (carbon—carbon triple bond).*”*’
Indeed, the relationships between the intensities of the Raman
peaks corresponding to the blue PDA at 1450 and 2080 cm™,
and red-phase PDA at 1515 and 2120 cm™, respectively,
illuminate the VOC-induced chromatic transitions and relate
these transitions to structural features of the PDA units.
Specifically, the vapors of both benzene (Figure S,vi) and acetone

(Figure S,v) gave rise to Raman signals ascribed to red-phase
PDA,* consistent with the pronounced color and fluorescence
transformations induced by these VOCs (Figures 1 and 3,
respectively). Figure S,iv reveals that foluene similarly generated
Raman spectral shifts associated with red-phase PDA.
Interestingly, the Raman signature of 2-propanol vapor (Figure
5,iii), featuring Raman peaks at 1460 and 2105 cm™', indicates
formation of a purple, intermediate PDA phase.*>*

The variations of chromatic response (Figures 3 and 4) and
Raman scattering data (Figure $) likely correspond to different
interactions of the VOCs with the PDA headgroup. Specifically,
the amphiphilic nature of PDA, e.g, the polar headgroup and
hydrophobic side chains, dictates that polarity and hydro-
phobicity of the target analyte constitute the primary factors
affecting the degree of chromatic transformations.'”*>*>*” The
interplay between these two parameters, however, might be
complex. Acetone, for example, which is highly polar, induced a
similar chromatic transition (Figures 3 and 4) and Raman shift
(Figure S) as benzene, which is apolar. Interestingly, 2-
propanol, which is also polar,”® gave rise to only a mild
chromatic transformation (Figures 3 and 4). This observation
might be ascribed to the strong affinity between alcohols and
the carboxylic moieties of PDA.*’ Such interactions have been
shown to stabilize the intermediate purple state of PDA.*'

To explore application of the new PDA—aerogel platform for
distinguishing among different vapors, we recorded the color
transitions induced by VOCs in aerogels embedding PDA that
was produced from monomers displaying different headgroups
(Figure 6). Numerous studies have shown that modulation of
the PDA headgroups exerted significant effects upon the
chromatic properties of PDA systems and the color trans-
formations.””**>" Figure 6A depicts the chemical structures of
the three diacetylene monomers employed. The commercially
available diacetylene monomer (compound 1) displays
carboxylic moieties, the amine-functionalized 2 exhibits a
more polar headgroup, while 3 was functionalized with bulky,
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Figure 6. “Color fingerprinting” of VOCs using aerogel-embedded PDA derivatives. (A) Structures of the monomers employed; (B) scanned
photogragphs of the PDA-aerogels after 60 min exposure to the VOCs (concentrations 1000 ppm); (C) chromatic (Red, Blue, Green: RGB)
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hydrophobic phenyl residues. The scanned photographs in
Figure 6B and corresponding chromatic red—green—blue
(RGB) signals®® in Figure 6C demonstrate significant variability
in color transformations induced by the VOCs, which clearly
depended upon the different embedded PDA.

Interestingly, Figure 6B indicates that the aerogel hybrid
embedding the MPhe—PDA derivative (e.g, monomer 3)
produced much more pronounced blue—red transformations
compared to the two other PDA derivatives. This result is
ascribed to the hydrophobicity of the phenyl moieties
exhibiting greater interactions with the aerogel-adsorbed VOC
molecules. The different blue—red transformations induced in
3—aerogel by specific VOCs point to the significance of
headgroup—analyte interactions in determining the extent of
color change. For example, the more pronounced red color
induced by benzene compared to n-pentane (Figure 6B) is

likely ascribed to the high affinity between the benzene and
phenyl rings; the corresponding interaction between the
pentane hydrocarbon chain and the headgroup of 3 is expected
to be less pronounced.

1—aerogel and 2—aerogel hybrids exhibited somewhat similar
VOC-induced colors which were less significant than 3—aerogel
(Figure 6B, top rows), likely reflecting the polarities of their
headgroups. Color differences were apparent between 1—
aerogel and 2—aerogel, however, for most VOCs examined,
confirming the roles of the PDA headgroup moieties as
fundamental determinants of the colorimetric transformations.
Distinctive color transformations were also recorded upon
examination of two closely-related VOCs such as ethanol and 2-
propanol (Figure S5). Overall, the PDA—aerogel color matrix
in Figure 6B and the corresponding RGB pattern in Figure 6C
provide compelling evidence for the feasibility of VOC
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“fingerprinting” through array-based pattern recognition
methods, in which each array element comprised of a different
PDA derivative. PDA array-based sensing strategies have been
reported.'”** Powerful pattern-recognition methods for VOC
detection have been also developed.”’

B CONCLUSIONS

We constructed a VOC sensor comprising PDA within the
porous framework of a silica aerogel. The structural and
physical properties of both the aerogel matrix and embedded
PDA were retained following the fabrication procedure. The
PDA—aerogel hybrid was used as a sensor for different VOCs,
exploiting the porosity and high surface area for adsorption of
the volatile compounds and their effects upon both the PDA
color and fluorescence. Importantly, the observed chromatic
modulation was dependent upon the electronic, structural
features, and particularly the polarity of the VOCs. Accordingly,
the PDA—aerogel vapor sensor could distinguish among
different VOCs. The PDA-—aerogel sensor exhibits notable
practical advantages. Preparation of the hybrid material is
straightforward, using inexpensive and readily available
reagents. The actual sensing experiments are easy to perform
and carried out through visible color transformations that could
be also quantified using spectrophotometry.
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