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Abstract

Three prototypical light emitting conjugated polymers, two ppighenylene vinylenes) (MEH-PPV and DP10-PPV) and a poly(dip-
henylacetylene), were examined for chemosensor applications to detect explosive compounds such as 2,4,6-trinitrotoluene (TNT) and 2,4-
and 2,6-dinitrotoluene (DNTSs). All polymer thin films showed high fluorescence quenching sensitivity towards TNT and DNTSs, indicating
that a wide range of emissive conjugated polymers are potentially useful chemosensor materials for detecting landmines. The relative
sensitivity of fluorescence quenching of the polymers by the analytes has been rationalized in terms of the vapor pressure of the analytes,
the solubility parameters of the polymers and the analytes, and the relative energy levels of the polymers.
© 2004 Elsevier B.V. All rights reserved.
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With unique semiconducting and photoelectrical proper- In order to explore other easily accessible conju-
ties, conjugated polymers have been explored for a wide gated polymers for TNT sensor application, we exam-
range of novel applications, such as organic light emitting ine herein three prototypical light emitting conjugate
diodeg[1], thin film transistorg2], solar cell43], as well as polymers, namely poly[2-methoxy-5-(2-ethylhexyloxy)-
chemosensorBt]. The electronic properties of conjugated phenylenevinylene] (MEH-PPVJ8], poly(2,3-diphenyl-5-
polymer films provide unique opportunities as chemosen- n-decyl{p-phenylenevinylene) (DP10-PPY9], and poly[1-
sory materials. The development of fluorescent sensors(p-n-butylphenyl)-2-phenylacetylene] (BuPALO] (shown
for organic molecules is of great practical importance in below).
chemical, biological, and pharmaceutical scien{e$].

Several polyg-phenylene acetylenes) (PPA) have been
demonstrated as highly sensitive chemosensor materials o
for 2,4,6-trinitrotoluene (TNT) and 2,4-dinitrotoluene (2,4-
DNT) [4], the principle constituents of about 120 million

unexploded landmines worldwide. It was shown that PPA H3CO n
containing pentiptycene groups were particularly effective
due to their rigid three-dimensional structure that give rise
MEH-PPV DP10-PPV BuPA

to cavities to accommodate TNT moleculd$. Using the
polymers, a sensor prototype has been developed at No
madics Inc.[7]. However, pentiptycene type polymers are

All these polymers can be easily prepared from commercial
starting materials in two to five steps in more than 100g

not readily accessible because the corresponding monomerScale- In addition, all three polymers showed good TNT

require multi-step syntheses. There is a need to develop les$€NSING capability, suggesting that many other conjugated
expensive materials for TNT sensing application. light emlttlng pc_>|ymers. are p(_)tentlal cand|d§tes for _T!\IT
sensor application. This implies that most light-emitting

polymer thin films should have adequate porosity or free
* Corresponding author. Present address: Nu-kote International Inc., volume to accommodate TNT-like small molecules.

1227 Ridgeway Avenue, Rochester, NY 14615-3713, USA. The molecular weight, optical properties, and redox po-
E-mail address: bing.hsieh@nukote.com (B.R. Hsieh). tentials of the fluorescent polymers are showrTable 1
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Table 1

Relevant physical properties of polymers and analytes

Polymers and GPC Mn (PDI) Abs/PL Amax (nm) Pr Eg (eV) Ea (eV) IP (eV) Vapor pressufe
analytes (mmHg at 25C)
MEH-PPV 400000 (2.50) 488/556 (in CHg}l 504/574 (film) 0.12 21 2.8 4.9 -

DP10-PPV 123000 (3.32) 357/485 (in CH{1368/488 (film) 0.69 2.3 2.4 4.7 -

BuPA 42810 (1.97) 426/490 (in CHg)| 424/517 (film) 0.49 2.7 2.6 5.3 -

TNT - - - - 3.74 9.84 8.0x 107
2,4-DNT - - - - 3.54 9.00 1.74 1074
2,6-DNT - - - - 3.40 8.34 5% 104
4-NT - - - - 3.23 - 1.64 1071
p-BQ - - - - 3.89 - 9.0« 1072

aSee Ref[11].

Polymer thin films were deposited on a cover glass (25mm  fluorescence intensity of MEH-PPV, DP10-PPV, and BuPA
25mm) with a Synrex SSP-01A spin coater at a spin rate (~25A) upon exposure to TNT vapor. MEH-PPV shows
of 2500 rpm using polymer—chloroform solutions (10 mg of the highest quenching efficiency, close to 90% after 1000 s
polymer in 20 ml of chloroform for 25 A films), and placed of exposure, followed by DP10-PPV and then BuPA. It
under vacuum overnight before use. The thickness of se-appears that the quenching percent of MEH-PPV film is
lected films was determined by ellipsometry and correlated better than pentiptycene type PPA. For instance, MEH-PPV
with the optical densityj4a). A series of exposure vials, shows 38% quenching by TNT in 10s, which is higher
each contained a specific solid analyte and cotton gauze than the 30% quenching reported for the pentiptycene PPA
were prepared. The cotton gauze was used to prevent di{4a]. Smaller TNT quenching can be seen for DP10-PPV
rect polymer—analyte contact and to maintain a constant va-and BuPA (19 and 10% respectively in 10s). The stronger
por pressure. Exposure of a polymer film to the vapor of fluorescence quenching in MEH-PPV may be related to a
an analyte was performed by placing a polymer film into a stronger polar—polar interaction between the electron donat-
sealed vial (20 mL size) at room temperature. The fluores- ing MEH-PPV and the electron accepting TNT molecules.
cence spectra were recorded immediately after exposing theSuch polar—polar interaction should be absent in the
polymer film to the analyte for a specific period of time at

excitation wavelengths of 504, 368, and 424 nm for MEH-

PPV, DP10-PPV, and BuPA, respectively. The data reported 100
were based on an average of two readings. The equilibrium
vapor pressures of the analytes are assumed to be similar to

the documented values givenTable 1 [11] S
Rapid photoluminescence quenching was observed for 2
all three polymer thin films upon exposing to TNT vapor. g
Fig. 1shows decreasing fluorescence intensity of MEH-PPV s .
film (25A) upon exposure to TNT vapor over several dif- —— MEH-PPY
ferent time periodsFig. 2 (top) shows the time-dependent 20 -
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Fig. 2. Time-dependent TNT fluorescence quenching (top) and 2,6-DNT
Fig. 1. Fluorescence intensity of MEH-PPV in a 25 A film upon exposure fluorescence quenching (bottom) for MEH-PPV, DP10-PPV, and BuPA
to TNT at 0, 10, 60, 600, and 3600s (top to bottom). (25A).
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non-polar DP10-PPV and BuPA. This argument is in 60s of exposure. Overall, the polymer thin films show rela-
agreement with the calculated solubility parameters to be tively strong fluorescent quenching upon exposure to all the
discussed below. The other possible reason is related tonitro compounds; but they show relatively weak response
the stronger amplification effect in MEH-PPV due to its to 1,4-benzoquinone (BQ) even after prolonged exposure.
relatively planar backbone that enables a more facile prop- Although BQ has the highest vapor pressure and is most
agation of an excitor{4,7]. According to the results of readily to be reduced, it shows the weakest fluorescence
molecular modeling, MEH-PPV has an almost planar poly- quenching ability toward the light emitting polymers. For
mer backbone; DP10-PPV has a slightly twisted one; while example, fluorescence quenching percent with BQ at 1 and
BuPA is highly twisted. The rotational angles between two 10 min respectively is 8.2 and 10% for MEH-PPV, 9.3 and
repeat units were found to decease from°1i80 MEH-PPV 18% for DP10-PPV, and 5 and 14% for BuPA.

to 175 for DP10-PPV and to 51for BuPA [12]. MEH- Several factors contribute to the observed fluorescence
PPV may have longer conjugation and persistence lengthsquenching. We consider kinetic effects from analyte perme-
than the other two polymers. On these bases, one may asation first. Since molecular sizes of the present analytes are
sume that exciton migration along a polymer backbone is similar, the values of the diffusion coefficieBt should be
less effective in DP10-PPV and least so in BuUPA. similar. Hence, permeability? (=D, whereS is the sol-

Fig. 2 (bottom) shows fluorescence quenching percent of ubility) is determined mainly by analyte solubility in the
the polymers with 2,6-DNT. It can be seen that all three polymer, which is determined by the free energy of mixing
polymers have very high quenching efficiencies (more than AGy defined as
80% in 10 s) with 2,6-DNT, higher than the 75% quenching
found for pentiptycene type PPAa]. This high sensitivity
toward 2,6-DNT can be attributed to the significantly hlgher whereAHy, is the entha|py of mixing and Sy the entropy
vapor pressure of 2,6-DNT relative to TNT, more than200  of mixing. According to Hildebrand, the enthalpy of mixing
greater as shown ifiable 1 [11] can be calculated by

The fluorescence quenching of MEH-PPV, DP10-PPV, )
and BUPA films (25A) were investigated for additional AHm = P1P2(81 — 62)

analytes, namely 2,4-DNT, 4-nitrotoluene (4-NT) and ben- \here ; and @, are the volume fractions of components

zoquinone g-BQ). Fig. 3 shows fluorescence quenching 1 anq 2 ands; ands, the solubility parameters of the two

percent of the polymers with the five analytes after 10 and componentg13]. Since negativeAGy is required for sol-
ubility, AHm and (61 — 82)2 (or A8) should be as small as
possible. Values of the three-dimensional solubility param-

100 eter[13] for all analytes and polymers used, as estimated

0T BNMEH-PPV from the group-contribution method of Hoftyzer and Van

8o HDP10-PPV Krevelen are given ifable 2 From these data, th&ss for

o HBuPA all analyte/polymer pairs were calculated and are given in

.l Table 3 It can be seen that for any given analynej fol-

lows the order of MEH-PPV < DP10-PPV ~ BUPA, in

a qualitative agreement with the quenching results given in

Fig. 3. One the other hand, for any given polymas fol-

l_h lows the order of BQ< 4NT < 2,4-DNT < TNT. This

X o R =l is not in accord with the quenching results giverFig. 3,

TNT 24-DNT  26-DNT 4NT P-BQ suggesting that solubility parameters may not be the dom-

inant factors. Similar discrepancy has also been observed

100 = for the pentiptycene containing PPA and has been attributed
90 T o B MEH-PPV

80 + ODP10-PPV
70+ EIBUPA Table 2
60 | Solubility parameters for the polymers and analjtes

50 1 8¢ (ImLY2 5, (IMLY2 8 (ImL)Y2

407 MEH-PPV 16.1 06 47
301 DP10-PPV 17.8 05 0
20T BuPA 18.8 0.7 0
10 1 h TNT 19.5 11.3 5.8
. . ' * = 2,4-DNT and 2,6-DNT ~ 17.2 9.7 4.4
TNT 2,4-DNT 2,6-DNT 4-NT P-BQ 4-NT 18.6 9.1 3.6
p-BQ 15.1 0 6.6

AGm = AHy — TASm

Quenching(%)

Quenching (%)

Fig. 3. Fluorescence quenching percent at an exposure time of 60s (top)
and 10's (bottom) for MEH-PPV, DP10-PPV, and BuPA (25 A films) with 854, 8p, anddy, are the solubility parameters associated with dispersion
different analytes. forces, polar forces and hydrogen bonding, respectively.
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Table 3
Solubility parameters for the polymers and analjtes

Adg (IImL)? A8p (IImLY/2 Adh (IImLY/? A8 (I/mLYY/?
TNT/MEH-PPV 34 10.7 11 11.3
2,4-DNT/MEH-PPV 11 9.1 -0.3 9.2
4NT/MEH-PPV 25 8.5 -1.1 8.9
BQ/MEH-PPV -1.0 0.6 1.9 2.2
TNT/DP10-PPV 1.7 10.8 5.8 12.4
2,4-DNT/DP10-PPV —0.6 9.2 4.4 10.2
ANT/DP10-PPV 0.8 8.6 3.6 9.4
BQ/DP10-PPV 2.7 0.5 6.6 7.2
TNT/BuPA 0.7 10.6 5.8 12.1
2,4-DNT/BUPA -2.3 9.0 4.4 10.3
ANT/BuPA -0.2 8.4 3.6 9.1
BQ/BuPA -3.7 0.7 6.6 7.6

8Add, Adp, and Asp are solubility parameters differences between a polymer and an analyte associated with dispersion forces, polar forces and
hydrogen bonding, respectivelxs = [(Adg)? + (Adp)? + (Adn)2]Y2.

to low polymer-BQ interactiof4]. Since the mechanism  percent for several analytes for 25 and 200 A films of MEH-
of fluorescence attenuation is electron-transfer from the ex- ppv for 60's is shown. For instance, the quenching percent
cited polymer to the analytes, the overall free energy changefor TNT is reduced from 59 to 47% as film thickness in-
(AG") for an electron-transfer reaction must be considered creased from 25 to 200 A. In thicker films, the combination
[14]. In the case of oxidative quenching, this is approximated of slow diffusion of the analytes into the interior of thicker
by films and the limited distance of energy migration produces

o _ oy _ —o lower fluorescence quenching values.
AG® = E(P/PT") — AEo-o ~ EQ/Q™) The fluorescence quenching of the emissive polymers

whereE(P/P°), AEg_o andE(Q/Q°) are the redox poten- ~ can be qualitatively accounted for by quenching of excitons
tial of polymer P— P*°, the lowest singlet 0-0 excitation ~ Of the polymers by the electron accepting molecules. This
energy of the polymer, and the redox potential of quencher mechanism is depicted schematicallyRig. 5 where the
Q — Q°, respectively. The fluorescence quenching (FQ) HOMO-LUMO levels of the conjugated polymers were
per unit time is affected by the vapor pressure (VP) of ana- deduced from electrochemical and optical measurements
lytes, the exergonicity-{ AG®) of electron transfer, and the [15,16] and the reduction and ionization potentials of the
binding strengthKy,): FQ « (VP)[exp(—AG°)?](Kp). The acceptor molecules are giveniable 1 [17,18] This type of
low fluorescence quenching for BQ, which is an excellent fluorescence quenching mechanism due to acceptor doping
electron acceptor with high vapor pressure, may be the resultis well documented and accepted for emissive conjugated
of low polymer—BQ interactions (smal), as suggested by ~ polymers [18-20} For example, fluorescence quenching
Swager and coworkefd]. was observed for PPV and MEH-PPV upon doping with a
Fluorescent quenching was also observed for thicker con-dicyanomethane compound angoCrespectively19,20}]
jugated polymer films (ca. 200 A), although sensitivity was I[N summary, fluorescence-based chemosensing method
significantly lower than that of the thinner films described Merits attention because of its sensitivity, selectivity and
above. This trend can be seenkhig. 4 where quenching

100 )
4 4 Vacuum
o 80 [E25A Ern=23¢eV En=27¢eV En=3.74 eV
& W200A m |v
3 3 B 2
5 60 < v LUMO
9
E
£ 40
c
2 DP10-PPV BuPA  MEH-PPV —w¥— Homo
20
=
0
TNT 2,4-DNT 2,6-DNT 4-NT P-BQ

) ) ) Fig. 5. Energy level diagram depicting the charge transfer mechanism
Fig. 4. Fluorescence quenching percent of MEH-PPV in 25 and 200A involving TNT quenching of emissive excitons in MEH-PPV, DP10-PPV
films at an exposure time of 60s. and BUPA.
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simplicity. The fact that MEH-PPV, DP10-PPV, and BuPA  [5] A.P. de Silva, N. Gunaratine, T. Gunnlaughsson, A.J.M. Huxley, C.P.
all showed high fluorescence quenching sensitivity to- _Mcoy. J.T. Rademacher, T.E. Rice, Chem. Rev. 97 (1997) 1515.
wards TNT, 2,4-DNT, and 2,6-DNT indicated that they are [6] FW Scheller, F. Schubert, J. Fedr_ownz (Eds.), Fronnerg in Biosen-

. . . . sorics. I. Fundamental Aspects, Birkhauser-Verlag, Berlin, 1997.
potential candidates chemosensor materials for detecting (7] 3. vinon, Anal. Chem. A: Pages 75 (5) (2003) 98A.
landmines The sensitivity of fluorescence quenching by [8] B.R. Hsieh, Y. Yu, A.C. VanLaeken, H. Lee, Macromolecules 30
analytes depends on factors, such as the solubility param-  (1997) 8094.
eters, the interchain charge transfer quenching the exciton [l ?:.t?én:lgse:é Yi;g'(\l(ég-g;’-l';"lrsythe' G.M. Schaaf, W.A. Feld, J. Am.
and the bllndlng. strength (polymer—analyte |nter§9tlons). 10] (@) C.H. Ting, C.S. Hsu, Jpn. J. Appl. Phys. 40 (2001) 5342:
These relationships can be used to create more efficient an (b) T. Masuda, T. Hamano, K. Tada, M. Teraguchi, T. Masuda, K.
sensitive conjugated polymers for TNT chemosensors. We  Yoshino, Jpn. J. Appl. Phys. 36 (1997) 3470.
can give a suggestion that as long as there exists an adefl1] P.H. Howard, W.M. Meylan (Eds.), Handbook of Physical Properties
quate energy level matching, emissive conjugated polymers __ ©f Organic Chemicals, CRC Press, Boca Raton, 1997.
other than those reported here may also be suitable for TNTLF2] H:L- Chou, A.C. Su, Unpublished results. .

[13] D.W. van Krevelen, Properties of Polymers, 3rd ed., Elsevier, New

chemosensors. York, 1997.

[14] M. Yanagidate, K. Takayama, M. Takeuchi, J. Nishimura, H. Shizuka,
J. Phys. Chem. 86 (1993) 401.
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