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ABSTRACT: The synthesis of two new water-soluble, carboxylate-substitutecppaignyleneethynylene)s (PPE)

is reported. These PPEs differ in their concentration of free carboxylate groups per repeat (two aryleneethynylenes)
unit. The photophysical properties of these two polymers are compared to each other and to that of the known

dicarboxylate-PPE. An increasing concentration of carboxylate groups (on a per repeat basis) makes the polymers
less fluorescent but also more sensitive toward quenching by mercury ions. The least carboxylate functionalized

PPE shows the highest quantum yield (0.33). All three PPEs are pH-sensitive and show dramatic changes in
absorption and emission at around pH 3.5, which is tegh methoxyacetic acid, the common structural subunits

in all of these PPEs.

Introduction degree of carboxylate functionalities per repeat unit, and

We report that the structurally simple polyméils, 6, and9 investigate their photophysical properties.

with varying degrees of carboxylation sheywH-dependent
different photophysical properties in aqueous buffered solution.
An increasing degree of carboxylation leads to quenching of ~ Synthesis Starting froml, saponification furnishe®, which
emission when going into acidic pH<#). Conjugated poly- after exposure to oxalic chloride is transformed into its double
electrolyte$ have found spectacular applications in biosen- acid chloride. Treatment of this intermediate with diethylimi-
sory processe®® These materials are also useful as hybrid noacetate furnished monom&in 46% yield and high purity.
devices, representing a crossbreed of light-emitting electro- Heck—CassatSonogashiraHagihara® 8 coupling of3 to 4
chemical cell and light-emitting diodeThe main application,  afforded PPE5a. Saponification using sodium hydroxide in
however, is in their promising sensory profiles, making the methanol rendered the desired hexacarboxylakeas a water-
sensitive detection of metal ions, sugars, DNA, proteins, and soluble, yellow, and fluorescent material after precipitation from
bacteria possible-1! ethyl ether in almost quantitative yield (Scheme 1).

An important general issue is the concentration of the ionic ~ Polymer9 was synthesized using a similar route. Here we
groups per repeat unit, which in this case are carboxylates.started from the literature known diiodidewhich was coupled
Properties of conjugated polyelectrolytes are determined to ato TMS-acetylene and deprotected to afford mono@&¥L’
significant extent by the electric charges and the resulting This monomer was coupled founder standard HeekCassar-
electrostatic forces these charges exert. These forces willSonogashiraHagihara conditior!§ using triethylamine as the
dominate aggregation, excimer formation, and analyte binding. solvent to yield polymer9 after deprotection with a dilute
To investigate these issues, we have prepared three carboxylatesolution of sodium hydroxide in methanol. The polymer was
substituted polyg-phenyleneethynylene)s (PPE) in which 1, 2, isolated in 60% yield after dialysis followed by lyophilization.
or 3 carboxylate groups are present per aryleneethynyleneThe use of triethylamine instead of piperidine or morpholine
unit1%11The herein investigated PPEs feature the same conju-was imperative to avoid transformation of the ester groups into
gated backbone and all are derivatives of dialkoxy-PPEs. amide functionalities by such secondary aminasprocess
However, their pH-dependent absorption and emission spectraundesired here. Polymef was prepared according to the
as well as their fluorescence quantum yields vary dramatically. literature* Polymers5b, 6, and9 haveMy’s in the range of
The difference in behavior should be useful for the construction (1—3) x 10* (see Table 1) and polydispersities between 1.8
of biosensory platforms, where multivalent interactions, dif- and 4.3.
ferential dye replacement, and assemblies with charged cofactors Dependence of Absorption and Emission Spectra on the
are exploited? 4 We have recently shown that specifically pH. All three PPEs5b, 6, and9, are readily soluble in aqueous
substituted gold nanoparticles loaded with negatively charged buffer at pH 7.2. They form yellowish solutions that are blue-
conjugated polymers unequivocally discern a set of prot€ins. turquois fluorescent. These solutions display dramatic effects
Assay strategies using conjugated polyelectrolytes will be in their absorption and emission upon change of the pH value
increasingly useful in the detection of biologically important (Figures 3 and Table 1). The introduction of the branched
species, toxigenic materials, and bacteria. For effective replace-oligoethylene glycol substituent i@ leads to a PPE with a
ment and quenching assays, groups of conjugated polyelectrosignificantly enhanced emission quantum vyield in water, an
lytes with tunable ratios of charge per repeat unit are in demand. effect reported in PPEs exclusively carrying branched oligoet-
Herein we report such a materials platform, PPEs with a varying hylene glycol substituent$:1” The increase in quantum yield

was originally thought to arise from steric shielding of the

* Corresponding author: Fax 01 404 385 1795; Tel 01 404 385 1795, conjugated backbone by the branCh'ed oligoethylene glycol
e-mail uwe.bunz@chemistry.gatech.edu. groups. However, a8 has a quantum yield comparable to that
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Scheme 1. Synthesis of Polymer 5b
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Table 1. Molecular Weight, Optical Properties, and Stern-Volmer
Constants Ksy) for Polymers 5, 6, and 9 at Different pH Values

polymer 5b 6 9
Amax absPH 7 (nm) 419 408 425
Amax absPH 4 (nm) 468 414 435
Amax abspH 3 (nm) 472 463 sh 455
Amax emissPH 7 (nm) 465 460 466
Amax emissPH 3 (nm) 483 weak 438 weak 484
@ pH 7 (nm) 0.08 0.08 0.33
Ksy Hg?" 6.4 x 10%a 1.3x 10%a 7.1x 1P
Mn 3.6 x 10* 1.2x 10 2.5x 104
Mw/Mp 2.1 4.3 1.8

aThe sensing of the mercury ions was performed in 0.1 M phosphate

buffer at pH 7.2.

of the a PPE only carrying branched oligoethylene glyco

pH 7.2, the three polymers show absorption maxima at408
425 nm,untypicalfor dialkoxy-PPEs, as these absorb at around
456 nm when dissolved in a good solvéft?We explain this
blue shift by electrostatic effects inducing an increased twist
between two adjacent aryleneethynylene units to minimize
electrostatic repulsiotf2>-2% In noncharged PPEs in good
solvents, a model for the influence of the twist angle upon the
electronic spectra has been developed by Berg and ¥&rbn
assuming a Boltzman distribution of twist angles and a low
barrier of rotation. The introduction of repulsive negative
charges will increase the barrier but will probably stabilize a
more twisted conformation of adjacent phenyleneethynyle units
as in those the negative charges are farther apart from each other.
| Upon protonationbb and6 show a significant red shift to 463

substitutents, but is less sterically protected, there must be othe@1d 472 nm, respectively. This shift mirrors the red shift that is

additional factors operative that increase the quantum yield.

The introduction of more carboxylate groups on a per repeat

found in hydrophobic dialkoxy-PPEs, which show an absorption
at 478 nm in their aggregated stafaihile 6 only develops a

unit basis as irsb does not influence the quantum yield when Shoulder in its absorption upon acidification, the polyrber

comparing to the quantum yield of PRE When going from
pH 7.2 to pH 11, neither emission wavelength, intensity, no

the absorption spectra in any of the three polymers change

has a more pronounced response to pH. At pH 4, the absorption
¢y maximum is located at 468 nm, and upon going to pH 3 the
g.absorption maximum shifts to 472 nm. We attribute the

However, when acidifying, the emission intensity of all three additional shift to the sequential protonation of the two types

PPEs decreases substantially (Figures8)L The emission of
5b and 6 is almost completely quenched while that ®fis

of carboxylate groups found in polymé&b. We assume that
the carboxylate groups bound to the iminoacetic acid arms are

attenuated and also red-shifted due to some excimer/aggregat@rotonated last, as methyliminodiacetic acid has tkgymlues

formation. When the pH is decreased further to pt3i4,,6, as

(PKa2 = 10.2, Kol = 2.81), the first of which is somewhat

well as9 begin to precipitate out of solution. The spectroscopic Pelow that of ethoxyacetic acid. Polym@shows the least shift

properties of the three PPEs at pH3, as long as they can be

in absorption, and upon acidification to pH 3,displays an

determined, are very similar to those recorded at pH 3. The @bsorption maximum at 455 nm.
most dramatic effects are observed in the absorption spectra, The changes in absorption occur when the pH falls below 4,

when going from a neutral to an acidic solution. B&thand
6 show a red shift in their absorption maxima at a pHt. At

Scheme 2. Synthesis of Polymer 9 and S

in line with the K, value of ethoxyacetic acid, with &Kp =
3.5321 At pH 3, most of the carboxylate residues in the three

tructure of the Known Dicarboxylate PPE 6
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Figure 1. Absorption and emission spectra &ib at different pH values.
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Figure 2. Absorption and emission spectra ®ft different pH values.
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Figure 3. Absorption and emission spectra @fat different pH values.

investigated polymers are protonated. Not unexpectedly, the The decrease in emission intensity B, 6, and 9 upon
largest changes in absorption are visible around the pH valueprotonation, and before precipitation, is mechanistically more
that corresponds to theKp value of the respective acids. difficult to explain, not well understood, but quite typical for
Below pH 3, there is only minimal electrostatic repulsion conjugated polyelectrolytes upon charge neutralization in highly
because the polymer chains are now only weakly or not at all polar solvents. We contend that it is a combination of excimer
charged. formation and water-alleviated, nonradiative deactivation of the
What is the mechanism for the observed red shifts in these excited state of these polymers. If one is interested in the use
PPEs? Conformational effects will play a major rélén basic of such polymers as a platform in biosensing applications, it is
and neutral solutions, the neighboring aryleneethynylene groupsdesirable that there is no interference from metal cations*We
are maximally twisted irbb and 6 to minimize electrostatic  and Schanze et &.have shown that dicarboxylate-PPEs
repulsion of the negatively charged carboxylate units. When quite sensitive toward the addition of calcium ions, inducing
decreasing the pH, planarization and desolvation of the now excimer formation with yellow emissior§ is also sensitive
neutral and hydrophobic PPE become predominant. The changgoward mercury ions, which are efficient quenchers of fluores-
of optical properties reported here is similar to that observed in cence in6. Neither5b nor 9 is sensitive toward calcium ions in
the aggregation of hydrophobic PPEs in methanol solution wherethe millimolar range, nor does their emission characteristics
it is governed by planarization of the main chafg3 change by the addition of other metal ions, with exception of
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mercury. To quantify the amount of mercury-induced quenching (2) (a) Liu, B.; Bazan, G. CProc. Natl. Acad. Sci. U.S.2005 102

; i 589-593. (b) Dwight, S. J.; Gaylord, B. S.; Hong, J. W.; Bazan, G.
in 5b, 6 and9, we have used the Sterivolmer equatioff C. J. Am. Chem. So@004 126, 16850-16859. (¢) Hong, J. W.;
Henme, W. L.; Keller, G. E.; Rinke, M. T.; Bazan, G. 8dv. Mater.
FO/F[Q] = KSV[Q] +1 2006 18, 878-882.
(3) (a) Ho, H. A.; Boissinot, M.; Bergeron, M. G.; Corbeil, G.; Dore, K.;
Boudreau, D.; Leclerc, MAngew. Chem2002 41, 1548-1551. (b)

in which Fo/Fq) represents the fluorescence intensity of the PPE Dore, K,; Dubus, S.; Ho, H. A.; Levesque, |.; Brunette, M.; Corbeil,

without (Fo) and at a concentration [Q]:(Q]) of the added G.; Boissinot, M.; Boivin, G.; Bergeron, M. G.; Boudreau, D.; Leclerc,
) : M. J. Am. Chem. So@004 126, 4240-4244.

quencher. The SterfiVolmer constant is abbreviated &sy (4) Shao, Y.; Bazan, G. C.; Heeger, A.Av. Mater. 2007, 19, 365

and obtained as the slope of the plotrefF|g; vs the quencher 370.

concentration [Q]. Because of the short emission lifetime in (5) (&) Wang, B.; Wasielewski, M. R. Am. Chem. S0d.997 119, 12—

; ; . 21. (b) Fan, L. J.; Jones, W. Bm. Chem. So006 128 6784
PPEs (0.30.5 ns), the quenching process is static; Kev 678%.)(c) Murphy, C. B.; Zhang, Y.; Troxler, T.; Ferry, V.; Martin, J.

represents an association constant. The Stéatmer formalism J.; Jones, W. EJ. Phys. Chem. B004 108 1537-1543. (d) Zhang,
provides a way to quantify and compare the suceptibility of Y.; Murphy, C. B.; Jones, W. EMacromolecule2002, 35, 630~

; ; ; ; 636. (e) Kimura, M.; Horai, T.; Hanabusa, K.; Shirai, Atv. Mater.
the three investigated PPEs toward quenching by mercury ions. 1998 10, 459-462. (f) Chen. .- Fan, O. L. Wang, P.: Zhang, B.:

The absolute numbers, i.e., thgy values, may not be very Huang, Y.-Q.: Zhang, G-W.; Lu, X.-M.: Chan, H. S. O.; Huang, W.
meaningful as association constants as there are multiple binding ~ Polymer2006 47, 5228-5232.

sites with differen values involved upon addition of mercury ~ (6) 85&?5&62%342238% ;éilss—vggiré T. M. Seeberger, PJHAM.
ions. However, the obtained composite number allows one to @) @ Kim. 1.-B.. Wilson, J. N.- Bunz, U. H. FChem. Commur2005

compare the sensitivity of the PPEs toward mercury ions. Table 1273-1275. (b) Kim, I.-B.; Dunkhorst, A.; Bunz, U. H. Eangmuir
1 shows thabb is efficiently quenched by mercuryby a factor 2005 21, 7985-7989. (c) Wilson, J. N.; Wang, Y. Q.; Lavigne, J. J.;

s Bunz, U. H. F.Chem. Commur2003 1626-1627.
of 5 more than6—while polymer9 shows a SteraVolmer (8) () Tan, C. Y. Alas, E.. Mier, J. G.: Pinto, M. R Kleiman, V. D.:

constant that is very low and suggests that binding db Schanze, K. SJ. Am. Chem. So004 126, 13685-13694. (b)
mercury ions is weak as a consequence of the lesser concentra-  Kushon, S. A.; Bradford, K.; Marin, V.; Suhrada, C.; Armitage, B.

tion of the carboxylate groups. An increasing concentration of A.; McBranch, D.; Whitten, DLangmuir2003 19, 6456-6464. (c)
Y group 9 Pinto, M. R.; Schanze, K. $roc. Natl. Acad. Sci. U.S.£2004 101,
carboxylate groups makes these polymers therefore more 7505 7510
suceptible toward mercury ions and potentially interesting as (9) (a) Xue, C. H.; Jog, S. P.; Murthy, P.; Liu, H. Biomacromolecules
metal ion Sensor@ 2006, 7, 2470-2474. (b) Xue, C.; Donuru, V. R. R.; Liu, H. Y.
Macromolecule2006 39, 5747-5752. (c) DiCesare, N.; Pinto, M.
. R.; Schanze, K. S.; Lakowicz, J. Rangmuir2002 18, 7785-7787.
Conclusions (10) (a) Tan, C. Y.; Pinto, M. R.; Kose, M. E.; Ghiviriga, |.; Schanze, K.
. . . . . S.Adv. Mater.2004 16, 1208-1212. (b) Jiang, H.; Zhao, X.; Schanze,
In conclusion, we have investigated three different PPEs in K. S.ULangmuirZO%G 22 5541_554(3_) 9
which the concentration of the ionic carboxylate units per repeat (11) Kim, I.-B.; Dunkhorst, A.; Gilbert, J.; Bunz, U. H. Macromolecules

(two phenyleneethynylene units) unit is 6, 4, and 2. These PPEs 1 f(005 |38é ‘}?5634552-8 Wilson. 3. N Bunz. U. H. Ehem—E
show significantly different responses toward decreasing pH and*? J_'?O’O;l' 10 (arzz(l)?—agészif fison, 2. ., bunz, L. H. Ehem-eur.

mercury ions. For use as a platform in biosensory applications, (13) (a) Wiskur, S. L.; Ait-Haddou, H.; Lavigne, J. J.; Anslyn, E.Atc.
we conclude that the mixed oligoethylengarboxylate polymer %leerg-? Rfejgégool 34,963-972. (b) Anslyn, E. VJ. Org. Chem2007,
9.|s thg most attractive one, as it shows., high emissive quantum(l4) Kim. 1-B.. Bunz, U. H. F.J. Am. Chem. So2006 128 2818-2819.
yields in water and low interference with metal ions. If metal (15) you, C.-C.; Miranda, O. R.; Gider, B.; Ghosh, P. S.: Kim, I.-B.;
sensory properties are desired, polymers of the Bfpwill be Erdogan, B.; Krovi, S. A.; Bunz, U. H. F.; Rotello, V. M\at.
mor ful. In the future we will prepare PPEs in which th Nanotechnol 2007 2, 318-323.

Obe usletu the l:tufP:[h € . P etpz € t N t Ctt t I‘? 16) Khan, A.; Miller, S.; Hecht, SChem. Commur2005 584—586.
carboxylates are part or the ConJUQa.e systems, n? attache 17) Lauter, U.; Meyer, W. H.; Enkelmann, V.; Wegner, Bacromol.
by saturated bridges. The study of their metallochromic and pH- Chem. Phys1998 199 2129-2140.
dependent photophysical behavior and their use in array-type(18) (a) Bunz, U. H. FChem. Re. 200Q 100, 1605-1644. (b) Bunz, U.

; ; i H. F. Adv. Polym. Sci2005 177, 1-52. (¢) Chinchilla, R.; Npera,
detection schemes for proteins and bacteria is planned. C. Chem. Re. 2007, 107, 874-922.

(19) Kim, J.; Swager, T. MNature (LondonR001 411, 1030-1034.
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