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Abstract: Cationic water-soluble poly(fluorene-co-phenylene)s with electron withdrawing or donating
substituents on the conjugated backbone were designed and synthesized. Fluorescence resonance energy
transfer (FRET) experiments between these conjugated polymers and dye-labeled single-stranded DNA
(ssDNA-C*) reveal the importance of matching donor and acceptor orbital energy levels to improve the
sensitization of C* emission. Quenching of polymer fluorescence with ssDNA-C* and differences in C*
emission suggest involvement of photoinduced charge transfer (PCT) as an energy wasting mechanism.
The HOMO and LUMO energy levels of the conjugated polymers and C* serve as a preliminary basis to
understand the competition between FRET and PCT. Dilution of C* in polymer/ssDNA-C* complexes by
addition of ssDNA yields insight into C*---C* self-quenching. Under optimized conditions, where there is
no probe self-quenching and minimum PCT, efficient signal amplification is demonstrated despite poor

spectral overlap between polymer and C*.

Introduction

Conjugated polymers (CPs) form the basis of new methods
for the trace detection of analytes in a variety of environméts.
Their delocalized electronic structure allows for electronic
coupling between optoelectronic segments and efficient intra-
and interchain energy transfetmportant properties, such as
charge transpoft,conductivity® emission intensity2.2"20 and
exciton migratioA are easily perturbed by external agents,
leading to substantial changes in measurable si§ifads.inter-
rogation in agueous media, conditions typically required for
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biosensor applications, one relies on CPs with charged pendant
groups (i.e., conjugated polyelectrolytég)These water soluble
CPs have been used as light harvesting molecules that deliver
excitations to signaling fluorescent dyes attached to biomolecular
probes, thereby providing increased signal intensities and sensi-
tivities above those of single molecule reportetsonspecific
contacts between nontarget species and the hydrophobic CP
backbone need special attention for attaining selectivity, as these
interactions can lead to misleading interpretations of re8ults.
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Scheme 1. Effect of Relative Orbital Energy Levels on FRET Scheme 2. Major Interactions within CCP/DNA-C* Complexes
versus PCT Preferences that Influence Optical Performance
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One specific approach that improves the sensitivity of ®

fluorescent DNA assays involves using a cationic conjugated
polymer (CCP) and a chromophore labeled DNA (DNA-C*),
which are selected to favor fluorescence resonance energy
transfer (FRET) from the CCP to the DNA-C#8d Amplifica- in one of the optical partners, as in situation B, donor excitation
tion of C* emission by excitation of CCPs, relative to direct may lead to photoinduced charge transfeAs shown in
excitation of C*, originates from the polymer’s large absorption Scheme 1, donor excitation would lead to photoinduced electron
cross-section. Efficient CCP to C* FRET is a required additional transfer to the acceptor. Excitation of the acceptor would lead
condition to increase sensitivit) Eq 1 describes how the FRET  to a similar charge separated state via hole transfer to the
rate k) changes as a function of the don@cceptor distance  donor!® While Scheme 1 is widely used for choosing suitable
(r), the orientation factor), and the overlap integral), where optical partners for a specific application, it fails to be accurate
Fo(4) is the corrected fluorescence intensity of the donor in the for intermediate cases since it neglects contributions from the
range ofA to 4 + AA andea(4) is the extinction coefficient of  exciton binding energy, the intermolecular charge transfer state
the acceptor at.1? energy, and the stabilization of the charged species by the
medium!*d The mechanism by which FRET or PCT is preferred
1> is complex for conjugated polymer blends and may involve
k 0 =g I(A) oy . : .
r geminate electronhole pairs that convert to exciplexes and
ultimately excitons® Despite these uncertainties, Scheme 1B
JA) = j(’)mFD(A)eA(A)i“di provides for a necessary, but not sufficient, condition for PCT.

Electrostatic interactions between CCPs and phosphate groups

According to eq 1, maximized overlapl({)) between the in DNA bring CCPs and DNA-C* into close proximity to satisfy
emission of the CCP and the absorption of C* should provide the FRET distance requirement. Hydrophobic interactions are
for optimum FRET conditions. also operative; however, these are less well understood and may

Recent studies of conjugated phenylenevinylene-based denbe controlled to some extent by solvent chdi€€CP/DNA-
drimers and binary conjugated polymer blends highlight the C* complexes are dynamic structures of varying sizes. Three
competition between energy transfer and photoinduced chargemajor types of interactions that influence optical performance
transfer (PCT) events as a function of the HOMO and LUMO within these structures can be readily identified (shown in
energy levels in the donor and acceptor p&rScheme 1 Scheme 2): CCP-C* (A), CCP-+--CCP (B), and C*-C* (C).
provides a simplified illustration of two situations that may occur Close association between CCP and DNA-C* will favor FRET,
upon donor excitatio®® Situation A corresponds to the ideal while close contact among C* units may cause self-quenching,
situation for FRET, where the HOMO and LUMO energy levels ultimately leading to decreased signal amplification. Interchain
of the acceptor are located within the orbital energy levels of contacts (CCP-CCP) can also lead to donor self-quenching
the donor. Upon excitation of the donor, energy transfer from and a reduction of fluorescence amplification. Despite the
the donor to the acceptor takes place, leading to an emissivegeneral success of using CCPs in biosensor schéfgésLeb.17
process, provided that the emission quantum vyield of the there is little information available on how the geometry, size,
acceptor is sufficiently large. There is no quenching of the and orientation between optical partners in these kinetically
acceptor under Situation A. formed CCP/DNA-C* structures influence optical outptit.
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Scheme 3. Synthesis of CCPs 1, 2, and 32 Table 1. Summary of Absorption and PL Spectra in 25 mM
Phosphate Buffer (pH = 7.4)

°N 0 i
B’Br iO/BB\O :é compounds Amasabs. (NM) Amaxem. (NM) e(cm~1L mol-%) x 104 D3 (%)
R” R R™ R 1 385 415 4.54 24

= 2 363 410 4.05 32
R = (CHp)¢Br 3 369 414 4.18 29
Fl 495 515 7.50 85

R
;0\ 0 i TR 590 615 8.30 90
O/BB\OE + Br‘QBr E——
R™ R R aUsing quinine sulfate as the standatth% error22 ® Molecular Probes
(http://probes.invitrogen.com).

Scheme 4. Chemical Structures of FI and TR with Linkers
(8-Amino-3,6-dioxaoctanoic Acid) Prior to ssDNA Attachment

[o] o o SO,NH-Linker
‘ A ‘
l COOH

CONH-Linker
Fluorescein (Fl)

1a R'=H 1 R H
2a R'=OMe -(CHZ)GNMesBr 2 R'=0OMe
3a R'=F 3 R'=F

aReaction conditions: (i}-BuLi/pentane, 2-isopropoxy-4,4,5,5-tetram-
ethyl-1,3,2-dioxaborolane, THF78°C, 3 h; (ii) Pd(PPE)4, 2 M N&CO;,
toluene; and (iii) NMe, THF/H,O.

Texas Red (TR)

In this contribution, we probe the importance of matching
the_ energy IEVEEEb'I?W\:‘?en CCPSVanS C_* fgr detern_urnng E* Poly[9,9-bis(8'-(N,N,N-trimethylammonium)-hexyl)fluorene-
en:!ss:on gnl troni € |C|entgy. feth egin y.f.exa}lmlglng t ed co-alt-1,4-phenylene dibromidel),® poly[9,9-bis(6’-(N,N,N-
optical and electronic properties of three specilically designe trimethylammonium)-hexyl)fluorenee-alt-2,5-dimethoxy-1,4-

CCP structures and the FRET from the CCPs to fluorescein- : : s .

(FI) or Texas Red- (TR) labeled ssDNA. We then report studies phenylene d|Eroml|?le]ZQ, and pﬁlé[i’%2;5(6 _(lN L\I’Nr;trlmf thyl;l.

on CCP self-quenching with unlabeled ssDNA and on C* ammonium)-hexyljfiuoreneo-alt-2,5-difiuoro-1,4-phenylene di

emission quenching upon CCP/DNA-C* complex formation. bromide] @) were synthesized via Stzuki coupling under

The HOMO and LUMO energy levels of the CCPs and C* serve refluxing conditions in a mixturef® M Na,COs/toluene with
Pd(PPh)4 as the catalyst followed by trimethylamine treat-

as a basis for understanding the competition between energy ment (Scheme 3). Suzuki copolymerization of 2,7-bis[je-

trgnsfer and PCT processes f_rom a th_erm(_ndynamlcs perspect|ve(6,, -bromohexyl)-fluorenyl]-4,4,5,5-tetramethyl-[1.3.2]dioxaboro-
Finally, we show how this information is useful to control

- . . . . lane and 1,4-dibromobenzene derivatives provides the neutral
ssDNA-TR/polymer interactions and to improve signal ampli- | d3ai % vield
fication. polymer precursorda, 2a, and3ain 73—78% yields. Forma-

tion of the ionic water-soluble polymefs-3 was achieved in
Results 83—89% yields via quaternization of the neutral polymers with

trimethylamine in a THF/water mixtureH and 13C NMR

Synthesis.Scheme 3 shows the synthetic route to the CCP gpectroscopies confirm the molecular structures in Scheme 3.

structures used in this study. The sequence of steps circumventshe degree of quaternization is greater than 90%, as calculated
time-consuming protectiordeprotection steps or tedious pu-  from the ratio of the integrated areas for &HH,X (X = Br,
rification procedures associated with amine-containing inter- N(CHz)s) and CHCH,N(CHs)s in the *H NMR spectra. GPC
mediates?® The key intermediate, 2,7-bis[9;8is(6'-bromohexyl)- determined molecular weightsg) are 27 000 (PD¥ 2.2), 35
fluorenyl]-4,4,5,5-tetramethyl-[1.3.2]dioxaborolane was synthe- oog (PDI= 2.0), and 28 000 (PD# 1.5) for 1—3, respectively.

sized in one step, starting from 2,7-dibromo*%8(6'-bro-
mohexyl)fluorena® After the addition ot-BuLi, excess 2-iso- Optical apd Electronic Propertles.TabIe 1 summarizes of
4455 t.t thvl-1.3.2-dioxab I’ dded i the absorption and photoluminescence (PL) spectia-&f Fl,

propoxy-2,4,5,>-1etrametny’-1,3,2-dioxaborolane was added N , .y tp (stryctures shown in Scheme 4). Figure 1 shows the
a single portion to the reaction mixture, and the reaction was .

. - . PL spectra ofL—3 and the absorption of Fl and TR attached to
continued for another 2 h. It is necessary to keep the reaction y . s
temperature at—78 °C to minimize nucleophilic reaction  U'¢.o Position of SSDNA-C* (sequence:-&*-ATC TTG ACT

P . . . P i ATG TGG GTG CT-3, C* = Fl or TR). Measurements were
between the aliphatic bromide at the fluorene 9-position and made in 25 mmol phosphate buffer at pH 7.4, conditions
the lithium salt byproduct. The boronic ester was purified by . : phospna L .

. o typically used in DNA detection schemes. Hothe absorption
chromatography using silica support, and the molecular structuremaximurn ) appears at 385 nm and the emission maximum
was confirmed by MS and NMR spectroscopies. The availability (ier) at 415 ar?m ?Ee absorption maximasand3 are sliahtl
of the alkylbromide-containing arylboronates greatly simplifies *;© P gntly

blue shifted relative to that df, probably as a result of steric
the synthesis of water-soluble conjugated polymer precursors.
interference, which prevents an equally coplanar arrangement

hat rely on Suzuki cr ling pr Is.
that rely on Suzuki cross-coupling protocols between aromatic units and thus yields less effecthe®njuga-

(18) (a) Wang, S.; Bazan, G. Chem. Commur2004 21, 2508. (b) Wang, S.;

Gaylord, B. S Bazan, G. @. Am. Chem. So2004 126, 5446. (c) Tan (20) (a) Suzuki, AJ. Organomet. Chen1999 576, 147. (b) Liu, B.; Bazan,

C.Y.; Pinto, M. R.; Kose M. E.; Ghiviga, I.; Schanze, K.&lv. Mater.
2004 186, 1208.
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Funct. Mater.2003 13, 463.
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Figure 1. Photoluminescence (PL) spectralbfa), 2 (b), and3 (c) and
absorbance of ssDNA-C* (FI, d and TR, €) in 25 mM phosphate buffer
(pH = 7.4). Excitation wavelength is 385 nm fdrand 365 nm for2
and3.

Table 2. Optical Bandgap and HOMO and LUMO Energies of the
Neutral Precursors of 1, 2, 3, Fl, and TR?

compound band gap (eV) HOMO (eV) LUMO (eV)
la 2.80 —5.6 —-2.8
2a 2.80 —5.4 —2.6
3a 3.05 —5.8 —2.7
FL 2.30 —-5.9 —3.6
TR26 2.08 —5.4 —-3.3

a Cyclic voltammetry data were collected in THF or DMF using 0.1 M
BuNPFs as the electrolyte at a scan rate of 100 mV/s with a glass carbon
electrode (1.6 mm diameter) as the working electrode, Pt wire as the
auxiliary electrode, and Ag/AgN£as the reference electrode.

tion.2! However, the three CCPs show similay, PL band
shape (Figure 1), and PL quantum yieldsZ4%;2, 32%; and
3, 29% within+5% error). The spectral overlaji({)) between
the three CCPs and the fluorescent dyes is thus similar.

The HOMO energy levels of the CCPs were estimated from

FRET Measurements. We now examine how the CCP
substituents influence the FRET to ssDNA-FI by monitoring
the dye emission intensity upon CCP excitation. Measurements
were carried out in buffer (25 mM phosphate buffer, $H.4),
at a fixed ssDNA-FI concentration (2 108 M based on
strands), with [RU] varying from 0 to 4 107 M (RU = poly-
mer repeat unit), with an increase ofx510°8 M upon each
polymer addition. Figure 2a shows a direct comparison of Fl
emission upon CCP excitation ([R&] 4 x 10-7 M). The most
intense Fl emission was observed 8sDNA-FI, which is ap-
proximately 2-fold more intense than that observed fiss-
DNA-FI and is over an order of magnitude larger than that for
2/ssDNA-FI. For 3/ssDNA-FI, the integrated FI emission is
approximately 5-fold greater than that obtained by direct
excitation of Fl at its absorption maximum (495 nm) in the ab-
sence of the CCPs, while over 20-fold enhancement is observed
relative to direct Fl excitation in the presence3of his enhance-
ment is indicative of the signal amplification provided by the
light harvesting capabilities of the CCPs. Additionally, the CCP
sensitized Fl emission is’10 nm red-shifted, relative to the
emission upon direct Fl excitation in the absence of the CCP.

FRET experiments using ssDNA-TR as the acceptor (with
an identical base sequence to ssDNA-FI) were also performed
(Figure 2b, [ssDNA-TRE 2 x 108 M and [RU]= 4 x 1077
M). The TR emission intensities are similar fb/sSSDNA-TR
and3/ssDNA-TR, which are approximately twice more intense
than that observed witB/ssDNA-TR. For3/ssDNA-TR, the
integrated TR emission through FRET is approximately twice
greater than that obtained by direct excitation of TR at its
absorption maximum (590 nm) in the absence of CCPs, while
there is a 10-fold enhancement relative to direct excitation of
TR in the presence @. Of particular significance is that the
TR emission with2/ssDNA-TR is more intense than the Fl
emission with2/ssDNA-FI, despite the less effective spectral
overlap 0(4) in eq 1).

Polymer Quenching with ssDNA and ssDNA-FIFigure 3

the oxidation potentials of the neutral precursors determined shows the decrease of CCP emission intensity ([RU] x

by cyclic voltammetry (CV) in THF (Table 2? Direct

106 M) when [ssDNA] or [ssDNA-FI] (identical base se-

measurement of the oxidation and reduction potentials of CCPsquences) is varied from 0 to 3:6 108 M. For the three CCPs,

in water was not successful. The corresponding LUMO levels there is a decrease in PL intensity upon the addition of sSSDNA,
were obtained by taking into consideration the optical bandgap which we attribute to chain aggregation induced by the
from the absorption spectra. The oxidation potential onset for negatively charged ssDNA and the resulting interchain quench-
lais 1.2 V versus SCE Introduction of the fluorine atoms  ing process® At similar CCP concentrations, the fluorescence
on the central core increases the oxidation potential by ap- quenching of3 is less effective than that observed wittand
proximately 0.2 V, while the methoxy groups lower the 2. Within the conditions in Figure 3, the loss of polymer
oxidation potential by approximately 0.2 V. In DMF, Fl displays emission upon complexation/aggregation with ssDNA varies
a reversible reduction peak, with an onset reduction potential from 0 to 20% for3 and from 0 to 40% forl and 2.

—0.84 V versus SCE. This result is close to previous  When ssDNA-FI is added to solutions containing the CCPs,
work with 5-carboxyfluorescein<0.47 V vs NHE; NHE is one observes a more pronounced decrease in emission, relative
—0.2412 V vs SCB).26 The first reduction potential of TR  to the measurements with ssSDNA (Figure 3). Polymer absorption
was previously reported as0.88 V versus NHE/ Taking was also monitored to show that there is less than 10%
into account the optical bandgap of 2.08 eV, one obtains TR absorbance loss upon ssDNA-FI addition.

HOMO and LUMO energies of-5.36 and—3.28 eV, respec- Acceptor Quenching Study.Changes in the intrinsic emis-
tively. sion properties of the reporter dyes upon CCP/ssDNA-C*

(26) Torimura, M.; Kurata, S.; Yamada, K.; Yokomaku, T.; Kamagata, Y.;
Kanagawa, T.; Kurane, RAnal. Sci.2001, 17, 155.

27) (a) Rompaey E. V.; Sanders, N.; Smedt, S. C.; Demeester, J.; Craenen-
broeck, E. V.; Engelborghs YMacromoIecuIesZOO(] 33, 8280. (b)
Rompaey E. V.; Engelborghs, Y.; Sanders, N.; Smedt, S. C.; Demeester,
J. Pharm. ResZOOl 18, 928. (c) Lucas, B.; Rompaey, E. V,; Smedt, S.
C.; Demeester, J.; Oostveldt, P. Macromolecule2002 35, 8152. (d)
Lucas, B.; Remaut, K.; Braeckmans, K.; Haustraete, J.; Smedt, S. C.;
Demeester, Macromolecule2004 37, 3832.

(21) Berggren, M.; Ingaig O.; Gustafsson, G.; Rasmusson, J.; Anderson, M.
R.; Hjertberg, T.; Wennerstmo, O. Nature 1994 372, 444,

(22) Demas, J. N.; Croshy, G. A. Phys. Chem1971, 75, 991.

(23) Gomer, R.; Tryson, Gl. Chem. Physl977 66, 4413.

(24) Mallavia, R.; Montilla, F.; Pastor, I.; Velasquez, P.; Arredondo, V.; Alvarez,
A. L.; Mateo, C. R.Macromolecule2005 38, 3185.

(25) Bard, A. J.; Faulkner, L. RElectrochemical MethodsJohn Wiley &
Sons: New York, 1980.
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Figure 2. Fluorescence spectra of ssDNA-FI (a) and ssDNA-TR (b) in the presentdhdéck), 2 (blue), and3 (red) in 25 mmol phosphate buffer at
[ssDNA-FI or ssDNA-TR]= 2 x 108 M and [RU]= 4 x 107 M. The excitation wavelengths are 385 nm foand 365 nm foR and3. Direct excitation

of ssDNA-FI and ssDNA-TR prior to polymer addition is also shown in green and orange, respectively.
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Figure 3. Normalized integrated PL intensity changes in the-3820 nm Figure 4. PL spectra of CCP/ssDNA-FI complexes upon excitation at 495

range forl—3 ([RU] = 1 x 1076 M) in the presence of ssDNA or ssDNA- nm with [sSDNA-FI]=2 x 108 M and [RU]=4 x 10’ M, at ¢ = 2:

Flin 25 mM phosphate buffer with the concentration of DNA varying from  (a) prior to CCP addition and in the presence of gb)c) 1, and (d)2.

0to 3.5x 1078 M (based on strandsly, andF are defined as the integrated

polymer emission in the absence and in the presence of ssDNA (or ssDNA- 310°

FI), respectively. Excitation wavelength is 385 nm foand 365 nm foR2

and3. a
2510° |

complexation were monitored by direct excitation of the dyes

at their absorption maxima. These experiments were conductecs
at [ssDNA-C*] = 2 x 1078 M, with polymer [RU] varying
from O to 4 x 1077 M. Figure 4 compares the Fl PL for 2
1/sSDNA-FI, 2/ssDNA-FI, and3/ssDNA-Fl atp = 2 (¢ is the 8 1:510° L
ratio of CCP positive charges relative to ssDNA negative
charges), upon direct excitation at 495 nm. An 80% decrease
in Fl emission intensity is observed fitssDNA-FI and a 90%
decrease is observed f@'ssDNA-FI, relative to ssDNA-FI. 510* L
Similarly, a 65% decrease takes place widfssDNA-FI.

Monitoring Fl absorption reveals less than 15% loss upon CCP 0 , , ! -
addition, indicating that the complexes remain in solution and 600 620 640 660 680 700
that there is little precipitation or adsorption to surfaces. Wavelength (nm)

Similar experiments to those in Figure 4 were performed rig.re 5. pL spectra of CCP/sSDNA-TR complexes upon excitation at
using ssDNA-TR instead of ssDNA-FI. Upon interaction with 590 nm with [sSDNA-TR]= 2 x 1078 M and [RU] = 4 x 1077 M, at
CCPs, the TR emission is red shifted to 620 nm, relative to ¢ = 2: (&) prior to CCP addition and in the presence of3pjc) 1, and
free ssDNA-TR (615 nm). TR emission upon direct excitation
at its absorption maximum (590 nm) also decreases with the spectra in Figure 5 to those in Figure 4, the intensity loss
increasing [CCP]. Figure 5 compares the TR emission for CCP/ for TR is only slightly lower than that for FI.
ssDNA-TR atp = 2, upon direct excitation at 590 nm. Relative To probe the possibility of self-quenching, we monitored the
to free sSDNA-TR emission, the decreases in emission intensitiesFl emission upon complexation with in sSSDNA-FI/ssDNA
are 70, 80, and 60% fdr—3, respectively. When one compares mixtures. In these experiments, the ssDNA sequences were

210° |

(a.

110° |

PL Inten

b
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Figure 6. F/Fqvs ¢ for 1/(ssDNA-FH-ssDNA) complexes with [SSDNA]
=2 x 1077 M, prepared by addind to ssDNA-FI+ ssDNA mixtures.
Excitation wavelength is 495 nm.

Figure 7. FIFq vs ¢ for CCP/(ssDNA-FssDNA) solutions prepared by
the addition of the CCPs (a f&; b for 1, and ¢ for2) to ssDNA-FI (2 x
1078 M) + ssDNA (1.8 x 1077 M) mixtures. Excitation wavelength is
495 nm.

identical and differed only by the labeling with FI. Measure-
ments were carried out by addidgo solutions with different
ratios of ssSDNA-FI and ssDNA, while keeping a constant total
[ssDNA} = [ssDNA-FI] + [ssDNA]. Fo and F values cor- 1.0
respond to the emission intensities of Fl in the absence and
presence of the CCP, respectively, upon direct excitation, and 0.8
the ratioF/Fo provides a measure of the FI quenching. In the

four traces of Figure 6, the ratio of [sSDNA] to [sSDNA-FI] is E': 0.6
varied. Thex-axis (p) corresponds to the& charge ratio. Three
important observations can be drawn from Figure 6. First, at 04 |
all [ssDNA] to [ssDNA-FI] ratios, the addition df induces a
decrease of Fl emission intensity. Second, a higher fraction of

1.2

ssDNA-FI in the mixture leads to more pronounced quenching. 02 |

This observation suggests #FI self-quenching, which is more

pronounced when the local concentration of ssDNA-FI is 0 0 1 2 3 ya— 6 7 8
highest. Third, the extent of quenching, as indicated by the @

decrease iffr/Fg, reaches its maximum in the =1 — 2 range. )

furth 0 | .. h | hﬁ . 9 Figure 8. FIFq vs ¢ for CCP/(ssDNA-FI+ ssDNA) solutions prepared
Upon further polymer addition, t e_F eml_sspn increases. For by addition CCP (a foB, b for 1, and ¢ for2) to ssSDNA-TR (2x 1078 M)
@ > 2, one observes a more effective emission recovery when -+ ssDNA (1.8x 10°7 M) mixtures. Excitation wavelength is 590 nm.

the ssDNA-FI content in the mixture is lowest. However, even
at ¢ = 7, the maximum recovery of Fl emission corresponds differences as a function of CCP structures at highalues

to approximately 60% of the original PL emission intensity. ~ are not related to differences in the ratio of free to complexed
ssDNA-FI.

The effect of polymer structure on FI emission quenching . o .
: R . A comparison of TR emission of different CCP/ssDNA-TR
was examined as shown in Figure 7. In these expenments,mixtures with [sSDNA} = 2 x 10-" M and [sSDNA-TR]= 2

= 7 - — 8
[SSDN.A]T 2.0 x 1(.T M and [SSDNA F.l] 2 x 100 M x 1078 M upon addition of different quantities -3 is shown
conditions under which self-quenching is reduced. Different . . S .

. : n Figure 8. There is virtually no quenching observed for TR
quantities of thg CCPs were then added _to these s_olgtlons, anchon interaction with polyme8 under these conditions, and
the decrease in Fl emission, upon direct excitation, Was ,ny 1504 oss of TR emission is observed upon complexation
measured. Figure 7 shows that interaction vitgives rise ©0\yith polymer 1. When compared to the data in Figure 7, the
the most_efflment quenching with little or NO recovery as more g,enching of acceptor dye emission induced by complexation
polymgr is add.ed..More recovery occurs with the addlt.IOﬂ of  with the CCPs is less pronounced for TR relative to F.
or 3, with 1 being intermediate in terms of net quenching and |y proved Energy Transfer Conditions. Results from FRET
3 providing the least perturbation. At =7, ~25% loss in FI stdies betweeB and sSDNA-TR with the TR diluted within
emission takes place f@&ssDNA-FI+ ssDNA, while there is  the total DNA content ([sSDNA-TRE 2 x10°8 M + [ssSDNA]
more than 80% loss fo2/ssDNA-FI + ssDNA under similar = 1.8 x10~7 M) are shown in Figure 9. Under these conditions,
conditions.  Examination of the FlI emission in self-quenching of TR is nearly nonexistent. An 18-fold enhance-
the presence of CCPs reveals a similar shape upon directment of the TR emission intensity is observed wif} £ 4
excitation or sensitization by the CCPs. Therefore, over 90% x10°¢ M, relative to direct excitation in the absence &f
of ssDNA-FI is complexed with the CCPs, and téFo Comparison of these results against the spectra in Figure 2,
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1.2 10° the rigid CCPs and the ssDNA. Additionally, from Figure 3,
the three CCPs are quenched to the same extent by ssDNA-FI.
110° | a In other words, the chemical nature of the dyes at the terminus
of the ssDNA does not appear to influence the general
5 arrangement of the components so that vastly different optical
Y 810° [ . : .
S coupling occurs. While there are gaps in our knowledge of the
F precise arrangement of optical partners in these aggregates,
@ 610° differences in the sensitization of Fl or TR cannot be attributed
.g to different abilities ofl—3 to serve as FRET donors.
o410 b Direct excitation of the dyes within the CCP and ssDNA-C*
o mixtures (where C* is either Fl or TR) shows that there is a
210° | considerable decrease in the emission efficiency of the dyes,
relative to unbound ssDNA-C*. Figures 4 and 5 show the
b : : :
0 N ! ! 1 N L — magnitude of this quenching and that the CCP structure plays
400 440 480 520 560 600 640 680 arole in determining the extent of quenching. From these data,
Wavelength (nm) one observes that the degree of quenching matches the dye
Figure 9. Fluorescence spectra 8fssDNA-TR upon (a) excitation 3 emission intensity upon CCP excitation, as shown in Figure 2.

at 365 nm, (b) direct excitation of TR at 590 nm. Conditions: [sSDNA-  That is, with3, one observes best sensitization of Fl or TR and
TR] =2 x 108 M, [ssDNA] = 1.8 x 1077 M, [3] = 4 x 106 M. . Lo

also the least degree of dye quenching. Similaflyis the
where [ssDNA-TR] is similar to that in Figure 9, but only a intermediate case, in both sensitization and quenching2and
2-fold increase in emission is observed, highlights the improved gives least energy transfer and most effective quenching. By
TR emission efficiency in the complex and the impact of TR monitoring the FI intensity in CCP/ssDNA-Ft- ssDNA

self-quenching on signal amplification. The net effect of dilution Mixtures at differenty values and [ssDNA-FI]/[ssDNA] ratios,
is thus a 9-fold increase in TR emission intensity (upon as in Figure 6, one observes that the FI emission recovers at

excitation of3). higher CCP/ssDNA ratiosg( > 2). This recovery is due to
diminished dye self-quenching as a result of the dilution within
the polyplex structures. Similar quenching behavior of dyes
Scheme 3 provides a straightforward access to water-solubleattached to DNA upon condensation with polycations has been

Discussion

cationic conjugated polymers (CCPs) with fluorezeephen- observed by using single and dual color fluorescence fluctuation
ylene repeat units. Suzuki cross-coupling polymerization of the spectroscopie¥. However, Figure 6 shows that the recovery is
key intermediate, 2,7-bis[9/46"-bromohexyl)-fluorenyl]- not complete, even at high levels of dilution. This latter

4,4,5,5-tetramethyl-[1.3.2]dioxaborolane, with 1,4-dibromo-2,5- observation indicates that a fraction of dye quenching by
substituted phenylene derivatives, affords the neutral CCP interaction with the CCP is also taking place.
precursors. The ionic versioris-3 are produced in {3389% Examination of Fl or TR emission changé&o) in sSDNA-
yields by treatment of the neutral polymers with excess c«isspNA/CCP mixtures, upon direct excitation, as in Figures
tnmethylamme. . . ) ) 7 and 8, leads to the following comments. First, the data further
While .S“ght differences eX|_st n the_gbsorpnon maxima of confirm that Fl is more effectively quenched than TR. Second,
1-3, their PL spectra, absorption coefficients, and PL quantum the quenching of the dye by the CCP under conditions where
yields are very close to each other. Furthermore, the three CCP§he dye is diluted with unlabeled ssDNA is dependent on CCP
have similar rigid backbone structures and molecular weights/ structure. Finding the conditions where dye self-quenching is
polydispersities, and similar transition moment orientations upon eIiminate.d is essential for elucidating this CCP/dye quenching
interactions with a given acceptor site are expected. Therefore’phenomenon Polymais the least effective quencher. By using
gy taking inLc_)l_a_ccofuntr(]a q ﬁ onecvcv:c;)uld: stimate ?farly iger;tical 3 and taking iﬁto account that dye self-quenching can. be reduced
onor capabiiities for the three CCPs. However, Figure 2 Shows, 4y ino» ssDNA-TR with unlabeled DNA, it is possible to

that upon excitation ol the emission intensities from Fl and find conditions where there is no auenching of TR emission
TR are similar, despite the considerably red-shifted absorption Ind ¢ ” w IS hoqu N9 Ission,
relative to free ssDNA-TR. A similar success could not be

band of TR. More striking is that excitation &fleads to more . .
intense emission by TR, relative to Fl. Therefore, consideration achieved with sSDNA-FI.
of eq 1 does not provide a complete picture of the energy transfer - Our efforts to understand how the polymer molecular structure
processes. Understanding the failure of eq 1 to predict FRET influences the optical performance of the dyes within the
efficiencies and the influence of polymer structure on the Polyplex structures begin by examination of the molecular
emission output of the two acceptors provides the main orbital energy levels of the optical partners and the background
motivation for subsequent studies. provided in Scheme 1. The HOMO and LUMO energy levels
From the decrease in the CCPs’ PL intensities as a function of the different molecular components were estimated using
of [ssDNA] provided in Figure 3, one concludes that the three cyclic voltammetry and absorption spectroscopy and are listed
structures show similar levels of self-quenching upon complex- in Table 2. Although we do not have the cyclic voltammetry
ation (or aggregation) with sSDNA. The exact sizes, shapes, data of CCPs in water, the neutral precursors allow a relative
and orientation of the components in these polyplexes are comparison of donor/acceptor orbital energy levels. Additionally
unknown at this stage but are likely to be dominated by the recent studies have shown that there is negligible difference in
structural attributes of the polyelectrolyte components, namely, the HOMO and LUMO levels of a neutral precursor and a
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charged counterpart in the solid sté&teThe difference in
oxidation and reduction potentials between the neutral polymers
in THF and the CCPs in water is thus estimated taHfel V,

TR---TR self-quenching is operative, it is possible to unambigu-
ously rule out PCT.
Mechanistic insight can be applied to optimize solutions of

assuming that there is no coupled electron and proton transfer3 with ssDNA-TR so that an 18-fold signal amplification in

between the CCPs and watér.
From Table 2 we note that CCP HOMO and LUMO energies

the TR emission can be obtained by FRET fr8naespite poor
spectral overlap. In the absence of TR dilution, only a 2-fold

track the expected trend based on the electron releasing/enhancement is observed. The degree of enhancement is

withdrawing properties of the substituents on the phenylene
comonomef® Fluorine substitution lowers the energy levels,
while the electron donating methoxy group raises the levels,
relative to the unsubstituted parent structtir&he FI LUMO
energy (3.6 eV) is contained within the HOMOLUMO gap

of the three polymers. However, the Fl HOMO energnb(9

eV) is lower than those of polymefs(—5.6 eV) and2 (—5.4

considerably lower withl or 2, primarily because of the
underlying quenching of the dye emission by the polymers.

Conclusion

An improved access to cationic conjugated polymers (CCPs)
with fluorene-phenylene repeat units containing substituents that
modulate the electron density in the polymer backbone has been

eV). For these two structures it is reasonable to expect that yeye|oped. These materials were used to dissect the efficiency
situation B in Scheme 1, i.e. PCT to the LUMO of Fl, is taking ¢ anergy transfer to dye labeled DNA. We found that the three
place. For polymeB, with a HOMO energy of-5.8 eV, the CCPs under study are quenched to similar extent by Fl or TR.
situation is less clear and given the limitations of Scheme 1 pqr poth dyes, we found that there is considerable self-quenching
both processes may be taking place to some extent. We point,,on complexation with the CCPs. This self-quenching can

out that there ist 0.3 eV uncertainty on the average energy

level values and that a range of energy levels can be expected,

in a sample, given the molecular weight distributions and ranges
of environment within the polyplex structures, i.e., interchain
delocalizatior?® Despite these uncertainties, it is evident that
electron withdrawing substituents allow the FI HOMO to be
better contained within the HOMGLUMO gap of thes-con-
jugated system and give rise to a reduced driving force for
charge transfer. Indeed, this is the situation observed experi-
mentally. Excitation of polymer3 provides the highest Fl
emission intensity, while polymeris the least effective in this
respecg!

The TR HOMO level (5.4 eV) is higher than those df
and3 and is close in energy to the level ®{Table 1). In fact,
the HOMO-LUMO levels of TR are well contained between
the levels of3, as in situation A in Scheme 1 which should
favor FRET over PCT. Additionally, that the energy gap

between TR and the three CPs is greater than that observed

with Fl should provide additional driving force for energy
transfer, relative to charge transfét.

Direct dye excitation experiments provide complementary
information to the FRET experiments. That the FI PL quantum
efficiency is considerably reduced (Figures 4 and 7), is consistent

be minimized upon “dilution” of ssDNA-C* with unlabeled
s-DNA. The efficiencies of dye emission are more significantly
affected by the interactions with the CCPs, with Fl being more
effectively quenched than TR. Reduction of electron density
on the polymer backbone through substitution with electron
withdrawing fluorine leads to a reduction of the quenching
process. Examination of the molecular orbital energies deter-
mined by electrochemical and optical techniques and correlation
against the dependence of FRET and PCT on the relative
ordering of donor and acceptor orbital energies provides for a
possible rationale of the results. Taking into account these mech-
anistic considerations, it is possible to optimize the emission
of the reporter dye by reducing the total fraction of DNA that
is labeled with the reporter dye. Furthermore, it is interesting
to note that much of the previous sensitivities of CCP sensors
that operate by energy transfer to Fl-labeled bimolecular probes
can be considerably improved by utilizing less electronegative
yes.

Experimental Procedures

General Details.*H and*3C NMR spectra were collected on a Varian
ASM-100 200 MHz spectrometer. The UWis absorption spectra were
recorded on a Shimadzu UV-2401 PC diode array spectrometer.

with the analysis of orbital energies provided above and with £jgrescence was measured using a PTI (Lawrenceville, NJ) Quantum
the possibility of PCT quenching, by hole transfer to the CCP \aster fluorometer equipped with a xenon lamp excitation source and
HOMO.13 Direct excitation of TR in CCP/ssDNA-TR poly-  a Hamamatsu (Japan) 928 PMT, using 90 degree angle detection for
plexes shows that the quenching is much less severe than forsolution samples. HPLC purified DNA oligonucleotides were obtained
FI (Figures 5 and 8). When one examines the PL output of TR from Sigma Genosys and the concentrations were determined using
when in the presence of polymamunder conditions where no 260 nm absorbance measurements in20quartz cells in a Beckman
(Fullerton, CA) DUB800 spectrophotometer. All the reagents and
chemicals were obtained from Aldrich Co. and were used as received.
2,7-dibromo-9,9-bis(eébromohexyl)fluorene was synthesized according
to the reported proceduté”
Synthesis.2,7-bis[9,9-bis(6'-bromohexyl)-fluorenyl]-4,4,5,5-tetra-
methyl-[1.3.2]dioxaborolan e. A 50 mL round-bottom flask was charged
N b e here that the f ‘ de 1 derstand with 9,9-bis(6-bromohexyl)-2,7-dibromofluorene (0.65 g, 1 mmol) in
e reemphasize hete that e famenot e provide 1o unJerstandg 20 mL of dry THF and cooled to-75°C with a cry ice/acetone bath,
on the thermodynamic driving force for PCT. Possible kinetic differences At —78 °C, 2.5 eq. oft-BuLi in pentane (1.8 mL, 1.7 M) was added
based on the acceleration of charge transfer with increasing driving force drop by drop and the mixture was stirred for an hour. It was followed
within the normal region, as described by Marcus, are not included and . ! . . .
may bear an important contribution to the different levels of quenching. iImmediately by adding 2-isopropoxy-4,4,5,5-tetramethyl-[1.3.2]-di-
See: (a) Creutz, C.; Keller, A. D.; Sutin, N.; Zipp, A. P. Am. Chem. oxaborolane (1.3 mL, 6 mol) in one shot. The resulting solution was
S0c.1987 104 3618, (b) Dossot, M.; Allonas, X.; JacquesHhys. Chem. kept at—78 °C for additional 2 h. The resulting mixture was quenched
by water, and the solution was concentrated by rotary evap-

(28) Huang, F.; Wu, H.; Wang, D.; Yang, W.; Cao, @hem. Mater2004 16,
708

(29) Seidel, C. A.; Schulz, M.; Sauer, H. Phys. Chem1996 100, 5541.

(30) (a) Gebhardt, V.; Bacher, A.; Thelakkat, M.; Stalmach, U.; Meier, H.;
Schmidt, H. W.; Haarer, DAdv. Mater. 1999 11, 119. (b) Chang, R.;
Hsu, J. H.; Fann, W. S.; Liang, K. K.; Chang, C. H.; Hayashi, M.; Yu, J.;
Lin, S. H.; Chang, E. C.; Chuang, K. R.; Chen, S.@hem. Phys. Lett.
200Q 317, 142.

(31)

Chem. Phys2002 4, 2989. (c) Sim, EJ. Phys. Chem. B005 109, 11829
and ref 14b.
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oration and extracted with chloroform. The organic phase was separated(50 MHz, CDCE): ¢ 158.4, 153.6, 151.3, 140.7, 133.8, 128.1, 123.6,
and dried over magnesium sulfate. After evaporation, the reside was120.5, 118.1, 55.2, 40.3, 34.2, 32.8, 29.2, 27.9, 23.8.

purified with silica gel column chromatography (&,/hexane 1:3)
to yield 0.32 g (42%) of the product as white crystald.NMR (400
MHz, CDCk): 6 7.83-7.72 (m, 6H), 3.273.24 (t,J = 6.8 Hz, 4H),
2.03-1.99 (q,J = 4.0 Hz, 4H), 1.641.57 (q,J = 7.2 Hz, 4H), 1.39
(s, 24 H), 1.171.13 (g, 4H), 1.06:1.02 (g, 4H), 0.55 (m, 4H)'*C
NMR (100 MHz, CDC}): 6 150.27, 144.09, 133.99, 128.93, 119.67,
83.97, 55.24, 40.12, 34.19, 32.84, 29.15, 27.93, 23.55. MS(#)
744 (MY).
Poly(9,9-bis(6'-bromohexyl)fluoreneso-alt-1,4-phenylene) 1@a).
2,7-Dibromo-9,9bis(6'-bromohexyl)fluorene (325 mg, 0.5 mmol), 1,4-
phenyldiboronic acid (82.9 mg, 0.5 mmol), Pd(dppfCT mg) and

Poly[(9,9-bis(6'-(N,N,N-trimethylammonium)-hexyl)fluorenee-
alt-1,4-phenylene) dibromide]l]. Condensed trimethylamine (2 mL)
was added dropwise to a solution of the neutral polyfr@e(60 mg) in
THF (10 mL) at—78 °C. The mixture was allowed to warm to room
temperature. The precipitate was redissolved by the addition of water
(10 mL). After the mixture was cooled t678 °C, extra trimethylamine
(2 mL) was added and the mixture was stirred for 24 h at room
temperature. After removing most of the solvent, acetone was added
to precipitatel (72 mg, 89%) as an off-white powdétd NMR (200
MHz, CDsOD): ¢ 8.0—-7.8 (m, 10H), 3.3-3.2 (t, 4H), 3.1 (s, 18H),

2.3 (br, 4H), 1.6 (br, 4H), 1.3 (br, 8H), 0.8 (br, 4H}C NMR (50

potassium carbonate (830 mg, 6 mmol) were placed in a 25 mL round- MHz, CD:OD): 6 151.8, 140.9, 140.4, 140.0, 127.6, 126.1, 121.2,

bottom flask. A mixture of water (3 mL) and THF (6 mL) was added

120.5, 66.7, 55.7, 52.5, 40.2, 29.2, 25.8, 23.7, 22.5.

to the flask and the reaction vessel was degassed. The mixture was

refluxed at 85°C for 24 h, and then precipitated into methanol. The

polymer was filtered and washed with methanol and acetone, and then
dried under vacuum for 24 h to afford 1a (220 mg, 78%), as an off-

white solid.*H NMR (200 MHz, CDC}): ¢ 7.8-7.5 (m, 10H), 3.3 (t,
4H), 2.1 (m, 4H), 1.7 (m, 4H), 1:31.2 (m, 8H), 0.8 (m, 4H)}3C NMR
(50 MHz, CDCE): 6 151.9, 140.9, 140.7, 140.2, 128.1, 126.6, 121.8,
120.8, 55.7, 40.9, 34.5, 33.2, 29.6, 28.3, 24.2.
Poly(9,9-bis(6'-bromohexyl)fluorenezo-alt-2,5-dimethoxy-
1,4-phenylene)2a). 2,7-Bis[9,9-bis(6'-bromohexyl)-fluorenyl]-4,4,5,5-
tetramethyl-[1.3.2]dioxabor olane (372 mg, 0.5 mmol), 1,4-dibromo-
2,5-dimethoxybenzene (148 mg, 0.5 mmol), Pd@Pb mg) and

Poly[9,9-bis(6'-N,N,N-trimethylammonium)-hexyl)fluorenee-alt
2,5-dimethoxy-1,4 phenylene) dibromided)( Condensed trimethyl-
amine (2 mL) was added dropwise to a solution of the neutral polymer
2a (70 mg) in THF (10 mL) at-78 °C. The mixture was allowed to
warm to room temperature. The precipitate was redissolved by the
addition of water (10 mL). After the mixture was cooled-+d@8 °C,
extra trimethylamine (2 mL) was added and the mixture was stirred
for 24 h at room temperature. After removing most of the solvent,
acetone was added to precipité2e(80 mg, 83%) as an off-white
powder.'H NMR (200 MHz, CRROD): 6 7.8-7.6 (m, 8H), 3.9 (s,
2H), 3.3-3.2 (m, 4H), 3.1 (s, 18H), 2.2 (br, 4H), 1.6 (br, 4H), 1.3 (br,

potassium carbonate (830 mg, 6 mmol) were placed in a 25 mL round- 8H), 0.8 (br, 4H)C NMR (50 MHz, CROD): 6 152.5, 151.7, 141.6,

bottom flask. A mixture of water (3 mL) and toluene (5 mL) was added

138.7, 132.3, 129.6, 126.3, 120.8, 116.5, 67.8, 57.6, 56.4, 53.6, 31.0,

to the flask and the reaction vessel was degassed. The mixture was30.5, 27.0, 25.0, 23.7.

vigorously stirred at 88C for 24 h and then precipitated into methanol.

Poly[9,9-bis(6'-N,N,N-trimethylammonium)-hexyl)fluorenee-alt

The polymer was filtered and washed with methanol and acetone, and2,5-difluoro-1,4-phenylene) dibromided)( Condensed trimethylamine

then dried under vacuum for 24 h to affdé (240 mg, 76%), as white
fibers.*H NMR (200 MHz, CDC}): 6 7.8-7.1(m, 8H), 3.8 (s, 6H),
3.3-3.2 (t, 4H), 2.1 (m, 4H), 1.7 (m, 4H), 1-3L.2 (m, 8H), 0.9 (m,
4H). °C NMR (50 MHz, CDC}): ¢ 151.3, 150.7, 140.2, 137.2, 132.4,

(2 mL) was added dropwise to a solution of the neutral polyBeer
(60 mg) in THF (10 mL) at-78 °C. The mixture was allowed to warm

to room temperature. The precipitate was redissolved by the addition
of water (10 mL). After the mixture was cooled t678 °C, extra

128.3,124.7,119.7,115.7, 57.2, 55.2, 40.4, 34.2, 33.0, 29.5, 28.1, 24.2 trimethylamine (2 mL) was added and the mixture was stirred for 24

Poly(9,9-bis(6'-bromohexyl)fluorenezo-alt-2,5-difluoro-1,4-
phenylene) §a). 2,7-Bis[9,9-bis(6'-bromohexyl)-fluorenyl]-4,4,5,5-
tetramethyl-[1.3.2]dioxabor olane (372 mg, 0.5 mmol), 1,4-dibromo-
2,5-difluorobenzene (136 mg, 0.5 mmol), Pd(BRPH5 mg) and

h at room temperature. After removing most of the solvent, acetone
was added to precipitat&(74 mg, 84%) as a white powdéHd NMR

(200 MHz, CDOD): 6 7.8-7.5 (m, 8H), 3.3-3.2 (m, 4H), 3.1 (s,
18H), 2.2 (br, 4H), 1.6 (br, 4H), 1.3 (br, 8H), 0.8 (br, 4HC NMR

potassium carbonate (830 mg, 6 mmol) were placed in a 25 mL round- (50 MHz, CD;OD): ¢ 159.8, 151.7, 154.9, 152.6, 142.4, 135.1, 129.4,

bottom flask. A mixture of water (3 mL) and toluene (5 mL) was added

124.8, 121.6, 119.2, 67.8, 53.5, 50.4, 41.2, 31.0, 30.5, 27.1, 23.7.

to the flask and the reaction vessel was degassed. The mixture was

vigorously stirred at 88C for 24 h, and then precipitated into methanol.
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