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ABSTRACT: Rational design of a hydrocarbon sensor that enables visual differentiation of
saturated aliphatic hydrocarbons (SAHCs) is very difficult owing to the lack of useful
functional groups that can interact with the sensor system. Here, we report a microbead
embedded with polydiacetylene that undergoes faster swelling and faster blue-to-red color
change in response to the hydrocarbons of shorter alkyl chains. Accordingly, visual
differentiation among n-pentane, n-heptane, n-nonane, and n-undecane was readily achieved.
By taking advantage of the collective effect, construction of a sensor system with amplified
response was possible. Combination of microfluidic technology (for bead preparation),
PDMS (swellable polymeric matrix), and polydiacetylene (colorimetric material) was key to
enabling this unique hydrocarbon sensor.
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■ INTRODUCTION

One of the most challenging tasks in chemical and material
science has been the development of a sensor system that
undergoes a color change upon interaction with saturated
aliphatic hydrocarbons (SAHCs). The extremely nonpolar
nature and functional group (hydrogen/ionic bonding or
electron donor/acceptor moieties) deficiency of SAHCs has
been a huge barrier for the rational design of an efficient
colorimetric SAHC sensor. Several strategies based on
fluorescent dye displacement,1 polycyclic aromatic hydro-
carbons,2 photonic crystals,3 and viscosity sensitive fluorescent
polymers4 have been reported for the detection of hydro-
carbons. Nau and co-workers designed an elegant gas sensor
based on a fluorescent dye-cucurbituril complex system.1 The
fluorescent dye was replaced by a hydrocarbon and this
afforded a sensitive and selective detection of hydrocarbons in
aqueous media. Polycyclic aromatic hydrocarbons are also
capable of detection of nonpolar analytes. Haick and co-
workers demonstrated that thin films derived from polycyclic
aromatic hydrocarbons enabled sensitive detection of hydro-
carbons.2 A very smart approach for colorimetric differentiation
of hydrocarbons was reported by Aizenberg and co-workers.3

They prepared inverse-opal films that display different color
patterns upon exposure to hydrocarbons, allowing inexpensive
and highly selective colorimetric detection of organic liquids.
Kwak and co-workers employed a polyacetylene and this
conjugated polymer showed different fluorescence intensities
when the polymer films were in contact with a series of
hydrocarbons.4

Very recently, we reported a colorimetric hydrocarbon sensor
using a polydiacetylene (PDA)5−30 embedded polydimethylsi-
loxane (PDMS) film.31 By taking advantage of a mechano-
chromic conjugated polymer32−34 and the hydrocarbon-
induced swelling of PDMS matrix,31 we were able to
colorimetrically differentiate SAHCs. The PDA−PDMS
composite sensor film displayed a chain length-dependent
blue-to-red color transition when the film was exposed to the
hydrocarbon. Two critical limitations associated with the film
type SAHC sensor are 1) difficulty of precise control of the
thickness of the PDA-embedded sensor film and 2) difficulty of
obtaining collective effect from a single strip sensor. These two
limitations led us to develop another type of PDA-based
hydrocarbon sensor that can overcome the drawbacks of the
film-type sensor. The mechanochromic PDA supramolecules
were embedded in PDMS microbeads using a microfluidic
technology.35−38 Facile control of the diameter of the
microbead using two-dimensional (2-D) hydrodynamic focus-
ing method as well as the possibility of using the collective
volumetric effect from several hundred microbeads afforded a
colorimetric and volumetric sensing of hydrocarbons.

■ EXPERIMENTAL SECTION
Materials and Instruments. 10, 12-pentacosadiynoic acid

(PCDA) was purchased from GFS Chemicals, Ohio, USA. Triton X-
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100 and sodium dodecyl sulfate (SDS) were purchased from Sigma
and TCI, respectively. Polydimethylsiloxane (PDMS, Sylgard 184)
base and the curing agent were purchased from Dow Corning.
Kerosene and diesel oil were purchased from Hyundai Oil Bank,
Korea. Optical and fluorescent images were obtained with an Olympus
BX 51W/DP70. Confocal fluorescence microscopic images were
collected with an Olympus IX83/FV1200.
Fabrication of PDA-Embedded PDMS Spheres. A typical

procedure for the preparation of PDA-embedded PDMS spheres is as
follows. A chloroform solution (0.5 mL) containing 10,12-
pentacosadiynoic acid (PCDA) (8.4 mg) was injected into a PDMS
elastomer base solution (2.1 g). Removal of the solvent in vacuo was
followed by UV irradiation (254 nm., 1.0 mW cm−2, 90 s) while
stirring to induce polymerization of the diacetylene monomer. After
removal of the air bubble in the mixture in vacuo, the resultant blue-
colored polydiacetylene-PDMS mixture was introduced into a
microchannel (vide inf ra) as the core flow (0.18 mL/h). Aqueous
Triton X-100 solution (0.5%) was introduced as a sheath flow (30
mL/h). Generated microdroplets were collected in a vial and cured at
room temperature for 3 d.
Preparation of Microfluidic Chip. Microfluidic chips were

fabricated with polydimethylsiloxane (PDMS, Sylgard 184, Dow
corning) by using standard photolithography and molding techniques.
After cleaning with acetone, isopropyl alcohol (IPA), and deionized
water, a 4 in. Si wafer was evenly spin-coated at a thickness of 550 um
with a photoresist (PR) material (SU-8, Microchem) to fabricate a PR

mold. The coated wafer was soft-baked at 65 °C for 10 min and at 95
°C for 120 min, cooled, and then exposed to 365 nm UV light using a
UV exposer (MDA-400M, MIDAS) through a film-type photo mask
with a patterned microchannel. A postexposure-baking of the wafer
was performed at 65 °C for 5 min and at 95 °C for 30 min to enhance
the cross-linking of PR. The wafer was developed for 6 min in a
propylene glycol monomethyl ether acetate (PGMEA) solution. As a
final process for the PR mold, the wafer was thoroughly washed with
IPA and deionized water to remove unexposed PR and dried with a
nitrogen gun. To fabricate the PDMS replica, PDMS was thoroughly
mixed with a curing agent in a 10:1 volume ratio and was degassed in a
vacuum chamber for 30 min. After being poured onto the mold, the
PDMS prepolymer mixture was cured in an oven at 70 °C for 2 h.
Then, the microchannel-patterned PDMS replica was obtained after
detaching the replica from the mold. This PDMS replica bonded with
a glass substrate after exposing the replica to oxygen plasma (AH-1700,
AHTECH LTS).

Colorimetric and Volumetric Sensing of Hydrocarbon. A
blue-colored PDA-embedded PDMS sphere was placed in a tiny epoxy
chamber (2 mm diameter) that was fabricated on a slide glass.
Hydrocarbon was injected into the chamber through the connected
glass capillary. Optical and fluorescence microscopic monitoring were
carried out to investigate changes in size, color and fluorescence of the
sphere upon exposure to the hydrocarbon. Swelling ratio and red
intensity value were measured with Adobe Photoshop program. For
practical differentiation by the naked eye, 200 PDA-embedded PDMS

Figure 1. Schematic of a microfluidic chip used for the generation of PDA-embedded PDMS microdroplets. An optical microscopic image of the
microdroplets in Triton X-100 is also presented.

Figure 2. Optical (top) and fluorescence (bottom) microscopic images of a PDA-embedded PDMS microbead as prepared (a), after 254 nm UV
irradiation (1 mW cm−2, 90 s) (b), upon incubation in hydrocarbon (pentane, 30 s) (c), and after removal of pentane and drying under ambient
conditions (d). Schematic representation of self-assembled diacetylenes (left), a blue-phase PDA (middle), and a red-phase PDA (right) is displayed
in (e).
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microspheres (560 um in diameter) pretreated with Triton X-100 were
placed in a polyethylene tube (4 mm in diameter). After addition of a
hydrocarbon, color and height changes were monitored.

■ RESULTS AND DISCUSSION

Figure 1 shows a schematic of a microfluidic chip employed for
the fabrication of PDA-embedded PDMS microdroplets. A
chloroform solution containing 10,12-pentacosadiynoic acid
(PCDA) was mixed with a PDMS elastomer base solution. The
volatile organic solvent was removed in vacuo and the residue
was irradiated with 254 nm UV light (1.0 mW cm−2) to induce
photopolymerization of the diacetylene monomer. The off-
white mixture immediately became blue owing to the formation
of conjugated PDA supramolecules. After removing the air
bubbles of the mixture in vacuo, the resultant blue-colored
polydiacetylene-PDMS mixture was introduced into a micro-
channel as the core flow. Aqueous Triton X-100 solution
(0.5%) was introduced as a sheath flow (30 mL/h). The blue
PDA−PDMS mixture was emulsified by using a 2-D hydro-
dynamic focusing effect at a junction of the microchannel, and
the microdroplets were collected in a vial. Then, solidified
PDA-embedded PDMS microbeads could be obtained by
curing the droplets at room temperature for 3 d. The pale-blue
colored microbeads were further irradiated with 254 nm UV
light and this process resulted in the generation of deep blue-
colored PDA-embedded microbeads.
It should be noted that no polymerization occurred when the

microbeads prepared from a monomeric diacetylene-PDMS
base mixture was subjected to UV irradiation. This indicates
that diacetylene monomers are not properly arranged after
microbead formation. UV irradiation of diacetylene-PDMS
mixture before introduction into the microfluidic channel
affords formation of PDA supramolecules, and the preformed
PDA molecules seem to help arrangement of diacetylene
monomers for proper polymerization. The optical microscopic
image shown in Figure 2a displays a pale-blue colored PDA-
embedded PDMS microbead. It is clear that further irradiation
of the bead with 254 nm UV light results in the buildup of
intense blue color in the microbead (Figure 2b). Interestingly,
incubation of the PDA-embedded PDMS microbead in pentane
solution brought about swelling of the microbead with a
simultaneous blue-to-red color change (Figure 2c). As
expected, the nonfluorescent microbead became fluorescent
upon exposure to the hydrocarbon, since PDA in red-phase is
fluorescent (Figure 2c, bottom). Shrinkage of the microbead to
the original size was observed when it was removed from
pentane (Figure 2d). Figure 2e shows a schematic representa-
tion of diacetylene supramolecules that undergo UV-induced
polymerization as well as a twisted red-phase PDA structure
upon exposure to hydrocarbon.
The hydrocarbon-induced colorimetric transition of the

PDA-embedded PDMS microbead follows the mechanistic
feature observed with the PDA-embedded PDMS film. Thus,
the mechanical strain energy absorbed by the PDMS matrix
during the swelling process in the hydrocarbon solution is
transferred to the embedded PDA supramolecules. This causes
increase in the interchain distance of the PDA supramolecules
and allows a certain degree of C−C single bond rotation, which
leads to distortion of the arrayed p-orbitals. As a consequence, a
blue-to-red color transition occurs.
The advantage of using PDA as a sensor matrix is that the

property of the stimulus-response is not limited to the
colorimetric response. The presence of PDA in the PDMS

matrix afforded a superior swelling property to the small
molecule-embedded PDMS bead. Figure 3 shows plots of the
swelling ratio of PDMS beads as a function of time, and the
PDA-embedded microbead (Figure 3a) swells faster than either
the fluorescein-embedded microbead (Figure 3b) or the pure
PDMS bead (Figure 3c). This is presumably due to the fact that
the polymeric PDA makes the cross-linked PDMS structure
loose and facilitates faster penetration of hydrocarbon.
Meanwhile, inspection of the confocal fluorescence microscopic
images presented in Figure 3 indicates that colorimetric
transition of the PDA-embedded bead occurs from the surface
of the bead and eventually migrates to the middle part of the
bead. This phenomenon is in accord with the mechanistic
feature described above. Thus, larger mechanical stress is
provided to the PDA supramolecules located near the surface
than the PDAs inside the bead during the hydrocarbon
promoted swelling of the matrix PDMS, resulting in the faster
colorimetric change. As expected, confocal microscopic images
of the fluorescein-embedded PDMS display no difference in the
fluorescence distribution during swelling. It should be noted
that the confocal fluorescence microscopic images presented in
Figure 3 are recorded with dried beads after incubation in
heptane solution, since it is very difficult to obtain the
fluorescence images with the bead in hydrocarbon solution.
Figure 4 shows time-dependent swelling of PDA-embedded

microbeads in different hydrocarbons. It is clear that the bead

Figure 3. Swelling ratio as a function of time for a PDMS microbead
(560 um in diameter) containing PDA (a), fluorescein (b), and no
embedded material (c). Confocal fluorescence microscopic cross
section images of dried PDMS beads after incubation for 0, 10, 30, and
60 s in heptane are also displayed.

Figure 4. Time-dependent swelling of PDA-embedded PDMS
microbeads (560 um in diameter) in pentane (a), heptane (b),
nonane (c), and undecane (d). The swelling ratios were measured
from captured images of microbeads by monitoring the swelling
process with an optical microscope during incubation.
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incubated in pentane swells faster than that in other
hydrocarbons. In addition, the swelling ratio decreases
consistently as the number of hydrocarbons in the alkane
increases. Thus, the different swelling response of the PDA-
embedded PDMS bead allows facile differentiation of the
hydrocarbons.
One of the advantages of using the microbead type sensor

over the PDA-embedded sensor film is that a collective effect
from multiple microbeads is possible. Thus, although the
difference in the swelling ratio for a single microbead is
relatively small and difficult to observe without the help of a
microscope, amplification of the difference is possible by the
collective effect of using multiple microbeads. In order to
demonstrate the feasibility of this signal amplification effect,
approximately 200 PDA-embedded microbeads were placed in
a test tube. The swelling behavior of the microbeads in the tube
was monitored after addition of different hydrocarbons. Figure
5 displays photographs of tubes containing the PDA-embedded
PDMS microbeads. Upon being placed in pentane, the height
of the microbeads immediately started to increase with a
simultaneous color change from blue-to-purple-to-red (Figure
5a). The pentane-induced volumetric and colorimetric changes
are very fast and are readily recognizable by the naked eye. The
microbeads were found to grow faster upon incubation in
hydrocarbons having shorter chains. In addition, incubation of
the microbeads in pentane (Figure 5a), heptane (Figure 5b),
nonane (Figure 5c) and undecane (Figure 5d) resulted in
different levels of color change. Thus, a faster colorimetric
change was observed with the tube containing hydrocarbons of
shorter alkyl chains. This is somewhat expected, since the
colorimetric response of the bead is proportional to the volume
change of the bead. The results presented in Figure 5 indicate
that both volumetric and colorimetric responses can be utilized
to differentiate among hydrocarbons.

■ CONCLUSIONS

We have developed a PDA sensor system for hydrocarbon
differentiation. The conjugated polymer-embedded PDMS
microbead enables visual differentiation of several linear
alkanes. The degree of swelling of the PDA−PDMS composite

bead in hydrocarbons was found to be inversely proportional to
the chain length of the hydrocarbon. In addition, the swelling of
the bead in the hydrocarbon was accompanied by a blue-to-red
color change of the microbead because of the mechanical stress
delivered to the PDA supramolecules. Combination of the
different swelling ratio and the different colorimetric response
allowed facile differentiation of linear hydrocarbons by the
naked eye. Finally, the microbead-based approach enables
signal amplification by the collective effect arising from the
usage of multiple microbeads.

■ AUTHOR INFORMATION
Corresponding Authors
*E-mail: simonsong@hanyang.ac.kr (S. Song).
*E-mail: jmk@hanyang.ac.kr (J.-M. Kim).
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by Nano-Convergence Foundation
(www.nanotech2020.org) funded by the Ministry of Science,
ICT and Future Planning (MSIP, Korea) and the Ministry of
Trade, Industry and Energy (MOTIE, Korea) [Project Name:
Nanoinspired adulterated petroleum detecting sensor system].
This work was also supported by the National Research
Foundation of Korea (NRF) grant funded by the Korea
government (MSIP) (No. 2014R1A2A1A01005862,
2013R1A2A2A01014234 and 2012R1A6A1029029).

■ REFERENCES
(1) Florea, M.; Nau, W. M. Strong Binding of Hydrocarbons to
Cucurbituril Probed by Fluorescent Dye Displacement: A Supra-
molecular Gas-Sensing Ensemble. Angew. Chem., Int. Ed. 2011, 50,
9338−9342.
(2) Bachar, N.; Mintz, L.; Zilberman, Y.; Ionescu, R.; Feng, X.;
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(15) Neábo, J. R.; Rondeau-Gagne,́ S.; Vigier-Carrier̀e, C.; Morin, J.-
F. Soluble Conjugated One-Dimensional Nanowires Prepared by
Topochemical Polymerization of a Butadiynes-Containing Star-Shaped
Molecule in the Xerogel State. Langmuir 2013, 29, 3446−3452.
(16) Peng, H.; Sun, X.; Cai, F.; Chen, X.; Zhu, Y.; Liao, G.; Chen, D.;
Li, Q.; Lu, Y.; Zhu, Y.; Jia, Q. Electrochromatic Carbon Nanotube/
Polydiacetylene Nanocomposite Fibres. Nat. Nanotechnol. 2009, 4,
738−741.
(17) Liang, J.; Huang, L.; Li, N.; Huang, Y.; Wu, Y.; Fang, S.; Oh, J.;
Kozlov, M.; Ma, Y.; Li, F.; Baughman, R.; Chen, Y. Electromechanical
Actuator with Controllable Motion, Fast Response Rate, and High-
Frequency Resonance Based on Graphene and Polydiacetylene. ACS
Nano 2012, 6, 4508−4519.
(18) Zhang, W.; Xu, H.; Chen, Y.; Cheng, S.; Fan, L.-J.
Polydiacetylene-Polymethylmethacrylate/Graphene Composites as
One-Shot, Visually Observable, and Semiquantative Electrical Current
Sensing Materials. ACS Appl. Mater. Interfaces 2013, 5, 4603−4606.
(19) Lee, J.; Pyo, M.; Lee, S.-H.; Kim, J.; Ra, M.; Kim, W.-Y.; Park, B.
J.; Lee, C. W.; Kim, J.-M. Hydrochromic Conjugated Polymers for
Human Sweat Pore Mapping. Nat. Commun. 2014, 5, 3736.
(20) Lee, S.; Lee, J.; Lee, M.; Cho, Y. K.; Baek, J.; Kim, J.; Park, S.;
Kim, M. H.; Chang, R.; Yoon, J. Construction and Molecular
Understanding of an Unprecedented, Reversibly Thermochromic Bis-
Polydiacetylene. Adv. Funct. Mater. 2014, 24, 3699−3705.
(21) Chen, X.; Li, L.; Sun, X.; Liu, Y.; Luo, B.; Wang, C.; Bao, Y.; Xu,
H.; Peng, H. Magnetochromatic Polydiacetylene by Incorporation of
Fe3O4 Nanoparticles. Angew. Chem., Int. Ed. 2011, 50, 5486−5489.
(22) Chen, X.; Zhou, G.; Peng, X.; Yoon, J. Biosensors and
Chemosensors Based on the Optical Responses of Polydiacetylenes.
Chem. Soc. Rev. 2012, 41, 4610−4630.

(23) Lee, J.; Jeong, E. J.; Kim, J. Selective and Sensitive Detection of
Melamine by Intra/Inter Liposomal Interaction of Polydiacetylene
Liposomes. Chem. Commun. 2011, 47, 358−360.
(24) Yang, G.; Hu, X.; Xia, H.; Zou, G.; Zhang, Q. Highly Selective
and Reproducible Detection of Picric Acid in Aqueous Media, Based
on a Polydiacetylene Microtube Optical Waveguide. J. Mater. Chem. A
2014, 2, 15560−15565.
(25) Cho, Y.-S.; Kim, K. M.; Lee, D.; Kim, W. J.; Ahn, K. H. Turn-On
Fluorescence Detection of Apoptotic Cells Using a Zinc(II)-
Dipicolylamine-Functionalized Poly(diacetylene) Liposome. Chem.
Asian J. 2013, 8, 755−759.
(26) Xu, Q.; Lee, S.; Cho, Y.; Kim, M. H.; Bouffard, J.; Yoon, J.
Polydiacetylene-Based Colorimetric and Fluorescent Chemosensor for
the Detection of Carbon Dioxide. J. Am. Chem. Soc. 2013, 135,
17751−17754.
(27) Barisien, T.; Fave, J.-L.; Hameau, S.; Legrand, L.; Schott, M.;
Malinge, J.; Clavier, G.; Audebert, P.; Allain, C. Reversible Quenching
of a Chromophore Luminescence by Color Transition of a
Polydiacetylene. ACS Appl. Mater. Interfaces 2013, 5, 10836−10841.
(28) Wang, X.; Sun, X.; Hu, P. A.; Zhang, J.; Wang, L.; Feng, W.; Lei,
S.; Yang, B.; Cao, W. Colorimetric Sensor Based on Self-Assembled
Polydiacetylene/Graphene-Stacked Composite Film for Vapor-Phase
Volatile Organic Compounds. Adv. Funct. Mater. 2013, 23, 6044−
6050.
(29) Yoon, B.; Ham, D.-Y.; Yarimaga, O.; An, H.; Lee, C. W.; Kim, J.-
M. Inkjet Printing of Conjugated Polymer Precursors on Paper
Substrates for Colorimetric Sensing and Flexible Electrothermochro-
mic Display. Adv. Mater. 2011, 23, 5492−5497.
(30) Lee, D.-C.; Sahoo, S. K.; Cholli, A. L.; Sandman, D. J. Structural
Aspects of the Thermochromic Transition in Urethane-Substituted
Polydiacetylenes. Macromolecules 2002, 35, 4347−4355.
(31) Park, D.-H.; Hong, J.; Park, I. S.; Lee, C. W.; Kim, J.-M. A
Colorimetric Hydrocarbon Sensor Employing a Swelling-Induced
Mechanochromic Polydiacetylene. Adv. Funct. Mater. 2014, 24, 5186−
5193.
(32) Nallicheri, R. A.; Rubner, M. F. Investigations of the
Mechanochromic Behavior of Poly(urethane-diacetylene) Segmented
Copolymers. Macromolecules 1991, 24, 517−525.
(33) Carpick, R. W.; Sasaki, D. Y.; Burns, A. R. First Observation of
Mechanochromism at the Nanometer Scale. Langmuir 2000, 16,
1270−1278.
(34) Feng, H.; Lu, J.; Li, J.; Tsow, F.; Forzani, E.; Tao, N. Hybrid
Mechanoresponsive Polymer Wires Under Force Activation. Adv.
Mater. 2013, 25, 1729−1733.
(35) Dendukuri, D.; Doyle, P. S. The Synthesis and Assembly of
Polymeric Microparticles Using Microfluidics. Adv. Mater. 2009, 21,
4071−4086.
(36) Park, J. I.; Saffari, A.; Kumar, S.; Günther, A.; Kumacheva, E.
Microfluidic Synthesis of Polymer and Inorganic Particulate Materials.
Annu. Rev. Mater. Res. 2010, 40, 415−443.
(37) Teh, S.-Y.; Lin, R.; Hung, L.-H.; Lee, A. P. Droplet
Microfluidics. Lab Chip 2008, 8, 198−220.
(38) Jiang, K.; Thomas, P. C.; Forry, S. P.; DeVoe, D. L.; Raghavan,
S. R. Microfluidic Synthesis of Monodisperse PDMS Microbeads as
Discrete Oxygen Sensors. Soft Matter 2012, 8, 923−926.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b02341
ACS Appl. Mater. Interfaces 2015, 7, 8339−8343

8343

http://dx.doi.org/10.1021/acsami.5b02341

