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Excited states can travel large distances in multiple dimensions 450 500 550 600 650
within conjugated polymer thin film5.The facile transport of Wavelength (nm)
exitons within these materials has made them attractive candidatesjgyre 1. Normalized absorbance and emission spectra for polymers
for creating a variety of electrooptical devicesnd vectorial  and2: A is the absorbance of a thin film of polyméron glass and B
transport has been exploited in light-harvesting systeRecently, is the emission (excited at 420 nm). (C) Absorbance spectrum of a film
we have reported highly sensitive chemosensors which utilize the of polymer2 and (D) emission (excited at 500 nm).
large random walk of exitons within conjugated polymer thin films
to amplify signals resulting from a binding everin our studies  section, energy migration efficiency, and emission efficiency of
involving fluorescent conjugated polymers, we have designed ihe fluoresceinamine (FA) dye appended off of polyrgein
systems where association of an electron-poor analyte results ing,g case, the dye acts as a shunt, withdrawing energy from the

a dramatic decrease (a “turn-off”) in the polymer’s initial ; : . .
- X . ; A conjugated polymer. At high pH, FA is highly absorptive and
t‘ﬁP‘ ,6
Zﬁqoégéff; ?r? oll:]rtinzjllie.res s?sns”lgltz ;gisgLgiﬂa\tvha:{:?]p{glgiltlloor;es- highly fluorescent, while at low pH, the dye’s extinction coef-
Y ’ ficient decreases and the fluorescence is lost. In our case,

cence intensity is turned-on from an initially low level would be L L .

much more sensitiveHerein, we present a chemosensor design electrostatic b|nd|_n_g of anionic polymeronto the cationic surface

where we substantially amplify the output of a pH-sensitive formed by deposnmg_dlrectly onto a glass s_ubstrate proyld_es a

fluorophore using energy harvested from a conjugated polmer. facile method for placing the appended FA in close proximity to
the conjugated polyméP.The sulfonate co-monomer comprising

polymer2 was selected to ensure that the polymer would remain

ionic over a wide pH range. Polymérwas synthesized via an

HO 0 o) aqueous-DMF Sonagashira-Hagihara cross-coupling and polymer

O ‘ 2 via radical polymerizatiof!

. . SO4Na COOH Polymer1 and the FA dye appended to the polyacrylatg (
\A O were selected so that the polymer emission overlaps the absor-
9] HN_O O, NH bance band of the dye (Figure 1). This overlap encourages
> o Fluorescence Resonance Energy Transfer (FRET) between the
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&y polymer and the dy& The absorbance maximum of polynter
is centered at 439 nm and the emission maximum is centered at
471 nm. The absorbance maximum of the polymer-bound FA

The construction of thin films was accomplished via layer-by- dye is 4_90 nm and the emssmn band is centered at 535_ nm.
layer depositioh of a new water-soluble, cationic pofy( The films were deposited onto base-washed glass slides by
phen|yene ethyny|ene) (PPE))@nd an anionic po|yacry|até 8,9 alternate immersion into 1 mg/mL solutions dfand 2. The
The system is designed so that pH alters the absorption cross-deposition was monitored by UV/vis spectroscopy and the optical

. . . . density increased linearly over twenty depositions (10 for each
A g) (ér)iesn%r,"%?'ﬁ.b?]é\rﬁqvf’p%?ﬁtfétgégguﬂgefif'('bwguﬁj IS_:5 mm?s, polymer)1® In contrast to the UV/vis results, the fluorescence
R. F.; Greiner, A.; Lemmer, U.; Bassler, H.; Halliday, D. A.; Bradley, D. D.  spectrum ofl did not increase after each successive deposition.

C.; Burn, P. L.; Holmes, A. BJ. Phys: Condens. Matted993 5, 247. (c) The self-quenching was investigated further by measuring the
Pakbaz, K.; Lee, C. H.; Heeger, A. J.; Hagler, T. W.; McBranchSknth. t ield Y) of polvmet (420 | d ool
Metals1994 64, 295. (d) Rothberg, L. J.; Yan, M.; Papadimitrakopoulos, F.; duantum yields (QY) of polymet ( nm) alone and polymer

Galvin, M.; Miller, T. M. Phys. Re. Lett. 1994 73, 744. (e) Levitsky, I. A.; 1 separated via polyme, as well as by sulfonated poly(styrene)

Ki’T(‘z')Jgk(SJ‘I’;’]‘;?neqr’TT- M. Am. Cherm. %o%ggge%]al 1908 rmdbook  (PSS)- PSS was chosen because it has no absorption bands above

of Conducting Polymere2nd ed.; Marcel Dekker: New York, 1998.
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(3) (a) Sato, T.; Jiang, D.-L.; Aida, T. Am. Chem. So&999 121, 10658. (8) (a) Walt et al. have created a pH optode using a fluoresceinamine
(b) Schenning, A. P. H. J.; Peeters, E.; Meijer, E.JVAmM. Chem. So200Q appended polymer. Munkholm, C.; Walt, D. R.; Milanovich, F. P.; Klainer,
122 4489. S. M. Anal. Chem1986 58, 1427. (b) Kopelman et al. have used a Calcium

(4) (&) Zhou, Q.; Swager, T. Ml. Am. Chem. S0d.995 117, 7017. (b) Green-appended polymer to create a calcium ion sensor. Shortreed, M.;
Zhou, Q.; Swager, T. MJ. Am. Chem. Sod995 117, 12593. (¢) Yang, Kopelman, R.; Kuhn, M.; Hoyland, BAnal. Chem1996 68, 1414.

J.-S.; Swager, T. MJ. Am. Chem. Sod 998 120, 5321. (d) Yang, J.-S; (9) Layer-by-layer deposition has been implemented to create conjugated
Swager, T. MJ. Am. Chem. S0d.998 120, 11864. (e) For a recent review polymer electroluminescent devices. Kim, S.; Jackiw, J.; Robinson, E.;
see: McQuade, D. T.; Pullen, A. E.; Swager, T. ®hem. Re. 200Q 100, Schanze, K. S.; Reynolds, J. R.; Baur, J.; Rubner, M. F.; Boils, D.
2537. Macromoleculesl998 31, 964.

(5) (&) Rudzinski, C. M.; Hartmann, W. K.; Nocera, D. Goord. Chem. (10) Deposition ofl on base-treated (5 M KOH, 30s) slides provided thin
Rev. 1998 171, 115. (b) Mortellaro, M. A.; Nocera, D. GChemtecHL 996 films with optical densities similar to films constructed by first aminosilylating
26, 17—-23. (c) Mortellaro, M. A.; Nocera, D. GJ. Am. Chem. Sod.996 and then depositing sulfonated polystyrene and finally a laydr. of
118 7414. (11) Sonagashira, K.; Tohda, Y.; Hagihara,étrahedron Lettl975 4467.

(6) Swager, T. MAcc. Chem. Red.972 5, 201. (12) Selvin, P. RMethods Enzymoll995 246, 300.

(7) Decher, GSciencel997, 277, 1232. (13) Films were deposited at pH 5.
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Figure 2. A film composed of2 electrostatically bound t& on glass
was used. The film was dipped into a 0.001 M KHP$Ilution at the
denoted pH. The PL spectra spanning from 435 to 650 nm and the spectr
beginning at 515 nm were excited at 420 and 500 nm, respectively.
Inset: The emission maximum of the FA band after excitation at 420
nm plotted against the pH.

300 nm!* One layer of polymed has a modest QY of 8%. A
film composed of two layers of separated by a layer of PSS
has a QY of 3.7%, corroborating that polynieself-quenches.

A two-layer film consisting of a layer o2 (deposited at pH 8)
on a layer ofl has a QY of 1.6%. A three-layer film consisting
of two layers ofl separated b has a similar QY of 1.5%. We
attribute the self-quenching to interpolymer interactions mediated
by the ionic shielding provided by the presence of the anionic
polymer!® Despite self-quenching, which limits the amplification,
multiple layer films respond to pH in a different manner than a
bilayer of 1 and2 (vide infra).

Initially, bilayer films composed of one layer & deposited
onto a layer ofl were immersed in solutions of varying p#i.
The dried film’s response after removal from the solution was
measured in air by selectively exciting (420 nm}’ and
comparing the resulting emission at 535 nm to direct excitation
of the FA dye (500 nm) (Figure 2). At pH 1390% of the
conjugated polymer’'s emission is transferred to the dye. In
contrast, the FA’s fluorescence is completely absent at pH 6.

At each pH, the measured excitation at 420 nm resulted in an

approximate 10-fold increase in the emission at 535 nm relative
to that measured by direct excitation (500 nm) of the FA.

Excitation spectra indicate that the emission at 535 nm is maximal

when1lis excited at its absorbance maxmium, further corroborat-
ing that the amplification observed results from energy trariéfer.
Recently, a self-assembled mixed monolayer containing laser dye

electronically coupled to chromogenic dendrons was reported to

display similar amplificatior?®
This two-layer system responds between pH 11 and 6. At pH

6, the spectrum resulting from excitation at 420 nm is the same

(14) McQuade, D. T.; Kim, J.; Swager, T. M. Am. Chem. So200Q
122, 5885.

(15) This self-quenching may be enhanced by layer interpenetration. See
Baur, J. W.; Rubner, M. F.; Reynolds, J. R.; Kim, lSangmuir 1999 15,
6460.

(16) Polymerl’s photophysical properties are invariant to changes in pH.

(17) Excitation of a thin film of2 at 420 nm results in a negligible amount
of emission at 535 nm.

(18) The films can be used multiple times with only slight loss in signal
over time. The signal loss is most likely to desorption of polyraer

(19) See excitation spectra in Supporting Information. The excitation spectra

has a 10-fold amplification between the absorbance maximunisaoid 2,
further indicating an energy transfer mechanism.

(20) Chrisstoffels, L. A. J.; Adronov, A.; Frechet, J. MAAhgew. Chem.,
Int. Ed. 200Q 12, 2163.
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Figure 3. A film composed of2 electrostatically sandwiched between
two layers ofl on glass was used. The film was dipped into a 0.001 M
JKHPO; solution at various pH values. The PL spectra spanning from
435 to 650 nm and the spectra beginning at 515 nm were excited at 420
and 500 nm, respectively. Inset: The emission maximum of the FA band
after excitation at 420 nm plotted against the 15H.

as that observed for films consisting solely Iofln contrast, at

pH 11 the spectrum is almost completely dominated by the dye’s
emission, clearly establishing an-eaff response to pH. Placing

a layer of1 on top of a bilayer ofL and2 provides a film that
responds differently to pH (Figure 3). As stated above, the
deposition of more than one layer &fdoes not result in an
increase in the fluorescence intensity. However, a three-layer film
has a ratio between the polym2remission maximum (at low
pH) and polymerl emission maximum (at high pH) of2;
whereas the two-layer film has a ratio of only 1. The number of
polymer 1 layers surrounding polyme2 clearly influences the
film’s response. We suggest that the addition of a second polymer
layer increases the amount of energy harvested by the film, thus
increasing the available energy accessible to the dye. However,
the level of signal amplification remains the same due to the
increase in the emission resulting from direct excitation of the
dye. The increased emission from direct excitation of the dye
indicates that the second layer &f may also influence the
photophysical properties of the dye.

A plot of the dye’s emission peak versus pH for the three-
layer film (inset, Figure 3) displays a sigmoidal shape consistent
with a titration. The K, has been shifted to approximately 9,
which is higher than that observed previously (6%5)he shift
is most likely due to the destabilization of the phenolic anion of
FA by the highly anionic environment provided by polynter
S The combination of layer-by-layer deposition, of pH-sensitive
dye, and the transport properties of a conjugated polymer has
produced a chemosensor displaying a dramatically brighter
response. The easy synthesis of polyacrylates containing appended
dyes makes this system very flexible and represents a simple
approach for creating different chemosensors in which an analyte-
sensitive dye is electrostatically bound to a cationic conjugated
_polymer.
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