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Highly Effective Water-Soluble Fluorescence
Quenchers of Conjugated Polymer Thin Films in
Aqueous Environments
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Conjugated polymers have found excellent use as sensory o= [O ] S [o ) R Me 4
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effective in applications that involve sensing inorganic ions and rbi=28 [O °] PDI=1.9 © s %@
organic small molecules. Viologens are especially potent @a] i O Meo s
qguenchers of conjugated polymer-based emission. While bio- Gttty R 0.’ 6 T@
sensors utilizing fluorescent conjuggted polymers have been o ;EO‘O, =1 ;[:,@ = g
developed that take advantage of viologen-based quenthers, ° C O] °7 oj“ i
these systems invariably rely on Coulombic attractions between " 3;3:‘?;4 EO OJ O \ [° OJ OQ
water-soluble anionic conjugated polymers (conjugated poly- PDI= 33 E" 0] ) £° O]

electrolyted) and cationic viologen quenchers. These systems 9@0 c@) 8
often display impressive sensitivities, especially when utilized OJ o] O

in aqueous solutions of low ionic strendthHowever, the Figure 2. Poly(p-phenylene ethynylene)s and viologen quenchers.
presence of buffer ions can effectively attenuate the electrostatic
attraction between the anionic polymer sensor and cationic to ultimately arrive at a sensory system that will be amenable
quenchef.In addition, conjugated polyelectrolyte-based sensors to use in solid-state devices, we decided to focus our efforts on
are subject to interference due to nonspecific interactions with water-insoluble, hydrophobic conjugated polymers (Figure 2,
charged biological macromolecule$hese obstacles represent Table 1)” We have previously shown that both thin films and
significant disadvantages that compromise the ability of con- solutions of neutral, crown ether-containing PPEs are efficiently
jugated polyelectrolytes to act as biosensory materials. Hereinquenched by cationic viologens in organic solvéftslowever,
we report novel, water-soluble viologen quenchers that bear these sensory materials are much less effective toward detecting
hydrophobic substituents and describe their effectiveness asviologens in aqueous solution due to strong solvation of the
quenchers of emission from thin films of hydrophobic, water- dicationic quencher which dramatically decreases the strength
insoluble polyp-phenylene ethynylene)s (PPEs) (Figure 1).  of its binding to neutral, crown ether-functionalized PPEs. This
To avoid the pitfalls of relying on electrostatic attraction Jimitation severely compromises the ability of these neutral
between conjugated polyelectrolytes and cationic viologens andmaterials to serve as sensors of biologically relevant macro-
molecules and processes, applications that often demand
* Corresponding author. E-mail: tswager@mit.edu. performance in aqueous environments. To address this short-
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Table 1. Polymer Photophysical Data

solution (CHC}) LB monolayer

absAmax em Amax ®r T (x10795s) abSimax em Amax D 7 (x1079s)

1 423 459 0.44 0.51; 94% 432 469 0.12 0.23;97%
1.22; 6% 0.95; 3%

2 425 457 0.65 0.53; 96% 434 469 0.17 0.24;97%
1.40; 4% 1.00; 3%

3 413 456 0.52 0.48; 90% 422 479 0.10 0.24; 94%
1.03; 10% 0.93; 6%

aSee Supporting Information for details. LB monolayers were prepared on hydrophobic substrates. Absorbance and emission data are provided in nm.

5 K 13 x10° PPE1 (Figure 3). Dimethyl viologer{4) proved to be a very
45 av poor quencher, exhibiting a Sterivolmer constant of only 3.5
'4 x 10%. As the hydrophobicity of the additional substituent
4.8x10° increased, so too did the observed quenching constaBtgs.
e 8.0x10¢ 11 %10° l simply exchanging a methyllfor a benzyl grouyb, the observed
3 35x10° 7 == Ksyv was increased by a factor 6f20. Viologen6, which bears
s 25 4 5 6 7 8 ap-fluorobenzyl group, provided an additional modest increase
2 Viologen Quencher in sensitivity. Moving to naphthy? (Ksy = 4.8 x 10°) and
15 1 . : anthracenyl8 (Ksy = 1.3 x 1(f) substituents resulted in
15 LB monolayer dramatic increases in sensitivity. These two novel quenchers
iE < solution were more than 2 orders of magnitude more effective than

dimethyl viologend. Both 7 and8 could be detected by crown
ether-functionalized PPE films at concentrations below 100 nM.
While 8 was slightly better thar7 in terms of observed

) ) ) ) guenching constantg,was kinetically superior. Measurements
Figure 3. Fluorescence quenching of PPEin solution vs LB made with7 were stable within 510 min. However, it took
monolayer. Measurements were made using RRind viologen?. . . A ) '
Solution data were obtained in 20 mM aqueous Tris buffer/THF (9:1) @PProximately 1520 min for equilibrium to be reached after
(Ksv = 8.2 x 107). LB monolayer Ksy = 4.8 x 1(F) data were obtained =~ addition of aliquots of8. For this reason, additional studies

from a monolayer immersed in an aqueous solution of 20 mM Tris focused on naphthyl-functionalized viologen

buffer. Inset: quenching response of LB monolayers of AP® .
viologens4—8. a g resp y The effect of polymer structure has also been studied. The

crown ether is a critical component in sensing cationic viologens,
coming, the use of water-soluble, hydrophobically functionalized €ven in aqueous solution. Replacing the crown etherith
viologens has been explored (Figurel®). triethylene glycol substituen® (Ksy = 1.4 x 10%) resulted in
over a 30-fold drop in sensitivity. The incorporation of a
pentiptycene group into the polymer struct@@rovided LB
monolayers 2.5 times more sensitivgs( = 1.2 x 1) thanl.
This improvement could be due to increased porosity in LB
films of 2 which would allow the hydrophobic naphthyl
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Initial experiments revealed that quenching of an aqueous
solution of 1 with viologens was very inefficient, even when a
hydrophobically functionalized viologen was employed. The
naphthyl-containing viologen, a promising analyte, quenched

emission froml in aqueous 20 mM Tris buffer/THF (9:1
d (9:1) substituent to better interact with the hydrophobic PPE. Also,

solution with a SteraVolmer constant of only 8.2x 102 o .
(Figure 3)}* However, PPE thin films provided significantly PPEs containing iptycene groups are known to produce brighter
films with less internal self-quenching compared to films of

improved sensitivity compared to solution-based measurements. ) .
PPEs without iptycenes. In fact, LB monolayers{®r =

Thin film optimization identified LangmuirBlodgett (LB) ; - i
monolayer® as optimal in terms of sensitivity and stability in  0:17) are noticeably brighter than thoseldfbr = 0.12) (Table

20 mM Tris buffer Ksy = 4.8 x 10° for 7 and1, Figure 3)!3:14

The increased sensitivity of LB monolayers over polymer  Avoiding relying upon electrostatic interactions proved
solutions can be attributed to a number of effects. In solution, Peneficial in terms of generality; quenching of LB films Bf
PPE polymer chains are more isolated and exciton transport isWas largely independent of the nature of the aqueous solution.
essentially one-dimensional. In LB films, however, facile exciton The quenching constant fgrtoward LB films of2 was almost
transport can occur in multiple dimensions as both intra- and the same in 20 mM Tris buffelsy = 1.2 x 10°), 100 mM
interpolymer transport are possifeHigher dimensionality ~ Phosphate buffersy = 1.3 x 10°), and pure watersy =
increases the exciton diffusion length as an exciton is less likely 1.0 x 10°).
to revisit receptor sites. Thus, each film-based excitation is able  This new sensory system provides high sensitivity in aqueous
to sample many more receptors during its lifetime, resulting in environments. The sensory response relies on the combination
greater signal amplification relative to solution phase measure- of hydrophobic interactions and the hesjuest complexation
ments. LB monolayers are also highly aligned which tends to between a crown ether-functionalized PPE and cationic violo-
straighten individual PPE chains and facilitates intrapolymer gens. Significantly, this system utilizes a hydrophobic polymer
exciton transport. In addition, LB monolayers are likely to film for making measurements in aqueous solution. The thin
present a highly hydrophobic surface that is superior to a film nature of this system lends it to potential use in solid-state
solution phase PPE for interacting with viologens bearing sensory devices and high throughput screening applications, a
hydrophobic groups such &s-8. significant advantage over solution-based sensors. Future efforts

Examination of the novel viologen quenchers (Figure 2) will focus on the incorporation of viologen quenchers into a
revealed that the incorporation of hydrophobic substituents haspolymer-bound oligopeptide for use in protease sensing ap-
a dramatic effect on quenching efficiency toward LB films of plicationsi® CDV
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