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Abstract: We report the synthesis of a series of poly(p-phenylene ethynylene)s (PPEs) with high ionization
potentials and associated high excited-state electron affinities. Their photophysical properties were
investigated using steady-state and time-resolved fluorescence techniques. The ionization potentials of
the polymer thin films were determined using ultraviolet photoelectron spectroscopy (UPS), and those with
the highest ionization potentials displayed high sensitivity for the detection of electron-donating aromatic
compounds. The effects of sterics, chemical structure, and electronic properties on the polymers’ sensory
responses were investigated by fluorescence quenching experiments in both solution and solid thin films.
In addition, we report that in some cases the excited-state charge-transfer complexes (exciplexes) of the
PPEs with analytes were observed. These latter effects provide promising opportunities for the formation
of sensitive and selective chemical sensors.

Introduction developing high excited-state electron affinity CPs due to their
otential to expand the range of chemosensory responses, an
ncreasing interest in n-type materials for field effect transistors,
their utility as the electron-transporting elements in polymer light
emitting deviced, and due to their potential to enhance
photovoltaic device§.

Previously, our group developed ultrasensitive sensory ma-
terials based on pentiptycene-containing pelylienylene ethy-

n thin f_llms. Building upon these_ pnnmpleg_there IS an ever nylene)s, which exploited fluorescence quenching upon response
increasing demand for CPs with higher sensitivity and the ability to vapors of electron-accepting analytes, such as 2,4,6-trinitro-

to selectl\{ely target a wider scope of anglytes. Receptor-couplt_adtoluene (TNT) and 2,4-dinitrotoluene (DN¥)The detection
transduction schemes have been devised to impart Selecuv'tymechanism is fluorescence quenching through nonbonding
to CP chemo;gnsoﬁshowgyer, much Ie,SS work ha}s been electrostatic associations between the electron-rich polymer and
devoted to ganing selectivity by changing th_e gxmted-stgte the electron-poor nitroaromatic quenchers. On the basis of this
electron aff|n|_ty of t_he polymers. The vast majority O_f "%m"_ success, we have similarly been interested in whether a
“escem CPS. mve_stlgated s far hgs been of the low Ion!Z_"’monreciprocal process can be developed that is sensitive to electron-
potential variety (|_.e., p-type mgterlals), and the most efficient rich aromatics of biological importance, such as indoles and
e e e 1 Spheno i report heren PPES designcd with 2221 biyel
ring systems incorporating electron-withdrawing perfluoroalkyl
groups (Chart 1). Similar to our earlier desigrthe noncom-
pliant [2.2.2] bicyclic ring system is effective in preventing

Fluorescent conjugated polymers (CPs) have emerged as an
important class of sensory materials for chemical and biochemi-
cal targets. This interest has been driven by the ability of CPs
to create large signal amplification relative to small molecule
chemosensors due to the delocalization and rapid diffusion of

excitons throughout the individual CP chains in solutiand
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Chart 1

P-1 (R, R'= OCyoH2y)
P-2 (R, R'=CFj)
P-3 (R =CFj3, R'=CgFy7)

P-4 (R, R' = CFs)

P-8 (R, R' = OC5Hps)
P-9 (R, R'= CFa)
P-10 (R = CFa, R' = CgFy7)

P-6 (R, R' = OC12Has)
P-7 (R = CFg, R' = CgFy7)

stacking between the conjugated polymer chains and introduce
porosity of molecular dimensions that allows for rapid diffusion
of analytes into and out of polymer thin films. The perfluoro-
alkyl groups are highly stable and powerful electron-withdraw-
ing substituent$? and we have produced new versatile electron-

deficient CPs that are effective chemosensors for electron-rich

aromatic compounds. The ionization potentials of the polymer
films were determined using ultraviolet photoelectron spectros-

copy (UPS), and these properties are related to their photooxi-
dation behavior. The combined analysis provides an under-

standing for the design of highly emissive and high ionization
potential materials for sensory functions.

Results and Discussion

Synthesis.PPEs containing the [2.2.2] bicyclic ring systems
were targeted to increase polymer solubility and solid-state
quantum yields (Chart 1). Two types of structures were used:
pentiptycenes-based [2.2.2] bicyclic ring systef<.{-P-5) and
related [2.2.2] systems wherein one of the phenyl rings in the

pentiptycene structures is replaced by an electron-poor alkene

(P-6—P-10. The latter groups serve to increase the polymer’'s
ionization potential and excited-state electron affinity by a
combination of hyperconjugative and inductive interacti&ns.

The syntheses of pentiptycene monomers have been reporte
elsewheré. Scheme 1 summarizes an analogous synthesis

leading to diacetylene monomers with electron-withdrawing

[2.2.2] bicyclic ring systems, and Schemes 2 and 3 present our

syntheses of the halide monomers. Monor@és synthesized

in Scheme 1 with an overall yield of 76%. This sequence
involves a Diels-Alder reaction in xylene that assembles
nonstereospecifically the [2.2.2.] bicyclic ring system, and
deprotection with TBAF yields the key diethynyl mononger
for copolymerization with dihalide monomers by the Sonogash-
ira—Hagihara reaction. The exact isomeric structures of mono-
mers 3-a and 3-b were determined by single-crystal X-ray
structures (Figure 1). Monomédris synthesized in one step by
iodination of commercially available 1,4-bis(trifluoromethyl)-

(10) Krebs, F. C.; Spanggaard, Bl. Org. Chem2002 67, 7185-7192.
(11) Kim, Y.; Zhu, Z.; Swager, T. MJ. Am. Chem. So@004 126, 452—453.

S

benzene. Monoméis obtained in 79% overall yield by copper-
promoted coupling reactions between perfluoroalkyl iodides and
aromatic halides in DMSO followed by bromination (Scheme
3). The polymers shown in Chart 1 were synthesized by Pd-
(0)-catalyzed coupling reactions of diacetylene derivatives and
diiodo or dibromo monomers having perfluoroalkyl or alkoxy
substituents. Most of the polymers were completely soluble in
common organic solvents, such as THF, chloroform, dichlo-
romethane, and chlorobenzene. Hower+2 and P-9, with
(bis)trifluoromethyl groups on the phenyl ring, had limited
solubility, which could be dramatically improved by the addition
of bulky tert-butyl groups on the pentiptycene moietyRa}.2

The photophysical properties and molecular weights of the
resulting polymers are summarized in Table 1. The relative
number average molecular weighkg,j were estimated by gel
permeation chromatography (GPC) relative to polystyrene
standards (THF solvent) and ranged from 17 000 to 28 000
g/mol with polydispersity indicesMw/Mp) from 1.2 to 2.9.

Photophysical Properties.The photophysical characteristics
of the polymers were studied both in chloroform solution and
in the solid state. The absorption maximadx an), the emission
maxima {maxen), the extinction coefficients at the maximum
wavelengthsdnay), fluorescence quantum yield®§) in solu-
tion, and optical HOMG-LUMO energy gapskHg) are given
in Table 1. The latter were measured as the threshold of the
long wavelength side of the absorption peaks. The solution
absorption spectra of all polymers lack fine structure, whereas
the fluorescence spectra display clear vibronic peaks at room
temperature. The emission maxima of the thin films generally
display a slight red shift relative to those obtained in chloroform
solution. However, the absorption spectra of polymers containing
perfluoroalkyl groups R-3, P-4, P-5, P-8, and P-10) display
nearly identical maxima in solution and the solid state. The
greater sensitivity of the emission maxima is likely the result
of enhanced energy migration in thin films, which results in
site-selective fluorescence from minority polymer segments with
lower band gaps and greater conjugation lengtighe 7—a*
transitions of all of the materials are strongly allowed and give
rise to large molar (per repeating unit) absorption coefficients
(e, Table 1).

Figure 2 illustrates the absorption and emission spectra of
P-1 and P-3 in chloroform solutions and as thin films. The
spectra ofP-1 and P-3 are, respectively, representative of the
polymers containing alkoxy-substituted phenyl rings and the

(ﬁmlymers containing perfluoroalkyl-substituted phenyl ririg4.

displays an absorption maxima at 432 nm and emission maxima
at 453 nm with a low energy-01 peak at 482 nm, giving a
vibrational splitting of 1330 cm'* consistent with &C vibra-
tions!* The extinction coefficients (based upon the molar
repeating units) are 28 000-Mcm~1 for P-1, 50 500 M1 cm?

for P-6, and 72 000 M cm™! for P-8. As revealed by the
absorption and emission spectra, the replacement of alkoxy
groups inP-1 with perfluoroalkyl groups irP-3 leads to a 40

nm blue shift inAmaxapsto 395 nm € = 50 000 M~ cm™1).

The fluorescence spectrum B£3 in chloroform displays its
maximum at 438 nm and a shoulder at 466 nm, indicative of

(12) Long, T. M.; Swager, T. MJ. Am. Chem. So@003 125 14113-14119.
(13) (&) Qiu, S.; Lu, P.; Liu, X.; Shen, F.; Liu, L.; Ma, Y.; Shen, J.
Macromolecule2003 36, 9823-9829. (b) Blatchford, J. W.; Jessen, S.
W.; Lin, L.-B.; Gustafson, T. L.; Fu, D.-K.; Wang, H.-L.; Swager, T. M,;
MacDiarmid, A. G.; Epstein, A. JPhys. Re. B 1996 54, 9180-9189.
(14) Bush, T. E.; Scott, G. WI. Phys. Chem1981, 85, 144-146.
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Scheme 1. Synthetic Route to Monomers 3-a and 3-b?

TIPS
0 I
CCLUCO~0C0C
(e]
Il
TIPS
1 2-a; R =CO.Me 3-a; R = COoMe

2-b; R = CFg 3-b; R = CF4

a(a) (i) LiICCSi(isopropyl}, 0—25°C; (ii) SnCh-2H,0, 50% acetic acid, acetone, 25, 24 h, 92%. (b) Dimethylacetylenedicaboxylate or hexafluorobutyne,
xylene, 140°C, 48 h, 90%. (c) TBAF, THF, 28C, 0.5 h, 92%.

Scheme 2. Synthetic Route to Monomer 42 substituted PPEs. This similarity does not parallel the larger
CF3 CFs3 energy increase in the absorption maximum and is a reflection
a ' of the conformational disorder of the perfluoroalkyl systems.
- | Interestingly, the large steric bulk ¢ért-butyl groups on the
& CF, pentiptycene moietyR-3 vs P-4 and P-5) does not appear to
8 cause an increase or decrease in the band gap. This result
4 confirms that substitutions on the pendant phenyl rings do not
?(a) Periodic acid, KI/#SQy, 75°C, 5 h, 65%. disturb the conformation of the polymer chain. Notably, all
Scheme 3. Synthetic Route to Monomer 62 polymers displayed high fluorescence quantum yields, and it
CFs CFs CFa appears that the conformational disorder and relaxations as-
© A © . /©/Br sociated with the perfluoroalkyl groups do not promote nonra-
— —_— diative processes.
Br All of the polymers excepP-7 displayed similar shapes for
! CeFi7 Caf17 emission curves in both solution and solid state, thereby
5 6 indicating the absence of strong interchain electronic couplings.
a(a) GgFa7l, Cu, DMSO, 2,2-bipyridine, 70°C, 3 days, 90%. (b) k604/ In the case oP-7, we observed an unusually strong red-shifted
TFA (0.3 vIv), NBS, 60°C, 2 days, 88%. broad peak in emission spectra in thin films, although its

emission in dilute solution was similar to that of the other
polymers. The description of this behavior is beyond the scope
of this present study, and an expanded investigation is underway
on a series of related materiafs.

lonization Potential Determination. Ultraviolet photoelec-
tron spectroscopy (UPS) using a Héw (= 21.22 eV) excitation
source and a concentric hemispherical electron energy analyzer
was used to measure the ionization potentials of thin (ca=100
300 A) polymer films spin-coated on gold-covered silicon
substrates. The ionization potential, or work function of the
surface, was calculated by measuring the width of the UPS
spectrum and subtracting it from the photon enéfyy.

Figure 3A shows UPS spectra for tiel, P-3, and P-10
films, which are typical of the spectra observed. Figure 3B
Figure 1. Single-crystal X-ray ORTEP structures of (lef8ya (50% shows an expansion of the low binding energy region. The
probability) and (right)3-b (30% probability). secondary electron cutoffs and thresholds of the highest occupied
molecular (HOMO) peaks were determined as described in the
literature!® In the case of the HOMO, the threshold was taken

vibronic fine structure (Figure 2). The emissionR thin film
exhibits a Stokes shift of 49 nm, which is 3 times larger than ) ) ) '
that of P-1 Similarly, large Stokes shifts, defined as the energy S the intersection of lines drawn from the leading edge of the
difference between the-@ transitions in the absorption and P&k and the background. A summary of the results for all of
emission spectra, are also observed for the other fluorinated!n® POlymers is presented in Table 2. Because of uncertainties
polymers relative to their alkoxy counterparts (i1 vs P-3, in determining the HOMO thresholds and sample-to-sample

P-4, P-5andP-6vs P-7 andP-8vs P-10). These results indicate variations, we estimate the errors in the ionization energies to
that the perfluorinated alkyl groups, including simple trifluo- P& £0.2 €V, as determined by multiple sample analyses. As

romethyls, generally produce greater conformational relaxations

(15) Kim, Y.; Bouffard, J.; Kooi, S.; Swager, T. M. To be published.

in their excited state. (16) (a) Salaneck, W. R.; Stafstm S.; Brelas, J.-L.Conjugated Polymer
i Surfaces and Interface€ambridge University Press: Cambridge, 1996.
The pptlcal HOMG-LUMO energy gap Eg) va]ues Wer,e (b) Salaneck, W. R.; Lgdlund, M.; Fahlman, M.; Greczynski, G.; Kugler,
determined from the energy of the UWis absorption edge in Th. Mater. Sci. Eng2001, 121-146. (c) Liao, L.-S.; Lee, C. S.; Lee, S.
; ; ; T.; Inbasekaran, M.; Wu, W. W. I€onjugated Polymer and Molecular
solution. The HOMG-LUMO gaps of PPEs mcorporatlng Interfaces Salaneck, W. R., Seki, K., Kahn, A., Pireaux, J.-J., Eds; Marcel
perfluoroalkyl groups were only slightly larger than for alkoxy- Dekker: New York, 2002; pp 401441.
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Table 1. Photophysical Data of Polymers
Solution Film
Amax.abs/NM Stokes Ama.abs/NM Stokes €max/M~temt (o¥g
polymer M, (PDI) Ey(eV)? Amaxem/NM shift/nm® Amaxem/NM shift/nm? (log €) (CHCI3)

P-1 64 kDa 2.654+0.03 432 21 449 16 28000 0.67
(2.54) 453, 482 465, 489 (4.45)

P-3 18 kDa 2.7 0.03 395 43 394 49 50000 0.65
(1.72) 438, 466 443, 472 (4.70)

P-4 22 kDa 2.76+ 0.03 395 45 393 54 49000 0.55
(2.91) 440, 467 447,473 (4.69)

P-5 18 kDa 2.7 0.03 391 46 387 57 36200 0.56
(2.15) 437, 465 444, 470 (4.56)

P-6 21 kDa 2.65+0.03 436 21 445 19 50500 0.59
(1.82) 457, 486 464, 496 (4.70)

p-7 17 kDa 2.78+0.03 405 27 418 23 41500 0.87
(1.96) 432, 459 441, 496 (4.62)

P-8 28 kDa 2.66+ 0.03 442 16 443 20 72000 0.57
(2.00) 458, 488 463, 492 (4.86)

P-10 18 kDa 2.804-0.03 390 37 392 39 61400 0.84
(1.24) 427, 459 431, 459 (4.79)

aThe optical HOMG-LUMO energy gap is based on the low energy onset in the-\i¥ spectra® The magnitude of the Stokes shift was calculated
by A = Amaxem— Amax.abs ¢ Fluorescence quantum yields were determined using quinine sulfate in 0.1 N sulfuriclecid 0.53) as the fluorescence

standard.

(‘n"e) Aysuaju] aouadsalon|q

Absorbance (a.u.)

300 350 400 450 500 550 600 650
Wavelength (nm)

Figure 2. The absorption and emission spectra of Al and (B)P-3in
chloroform (dotted line) and solid film (solid line).
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Figure 3. (A) He | ultraviolet photoelectron spectra Bf1, P-3, andP-10

polymer films spin-coated on gold substrates, and (B) expanded graph of

the HOMO threshold region. The arrows indicate the thresholds of the

Table 2. He | Ultraviolet Photoelectron Spectroscopy Results

cutoff HOMO ionization
polymer (ev)? threshold (eV)? potential (eV)

P-1 17.70 2.30 5.82
P-3 17.08 2.18 6.32
P-4 17.73 2.30 5.79
P-5 17.62 2.38 5.98
P-6 17.68 2.40 5.94
P-7 17.39 2.57 6.40
P-8 17.28 2.02 5.96
P-10 16.63 2.16 6.75

2The secondary electron cutoff and HOMO threshold energies are
expressed relative to the spectroscopic Fermi level.

PPE backbone. The perfluoroalkyl substitution in the PPE
system containing the pentiptycene moiety allows for the tuning
of ionization potential by as much as 0.50 eN-1 vs P-3).
The order is the following:P-4 (5.79 eV),P-1(5.82 eV),P-6
(5.94 eV),P-8 (5.96 eV),P-5 (5.98 eV),P-3 (6.32 eV),P-7
(6.40 eV), andP-10 (6.75 eV). On the basis of simple
electronegativity argumentB;1 would be expected to have the
lowest ionization potential, and this is true within the error of
the experiment.

Photobleaching StudiesWe recently reported that perfluo-
roalkyls could impart exceptional resistance to photobleaching
upon irradiation of polymer thin films as compared to nonflu-
orinated polymers? The key feature of our system is the high
ionization potential, and in accord, these materials are expected
to have improved photostability. Figure 4 compares the pho-
tobleaching of polymer thin films with the same optical density,
as monitored by fluorescence spectroscopy. The photooxidation
studies were performed by continuous UV irradiation of polymer
thin films using a 450 W Xe lamp as the irradiation source (slit
width = 10 nm) under aerobic conditions. The percent of
photobleaching was calculated from the loss in fluorescence
intensity at the maximum emission wavelength. As shown in

HOMOs. The binding energy scale is referenced to the spectroscopic FermiFigure 4,P-1, which displayed the lowest ionization potential,

level.

expected, th®-10film has the highest ionization potential, with
a value of 6.75 eV, which is 0.79 eV higher than that?e8
having alkoxy groups instead of perfluoroalkyl groups in the

retains 50% of its fluorescence intensity after 30 min irradiation
at an excitation wavelength of 380 nm, whereas 85% of the
fluorescence intensity oP-10, the material with the highest

(17) Kim, Y.; Swager, T. MChem. Commur2005 372-374.
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100 Table 3. Stern—Volmer Quenching Constants of Polymers with
= Indole in THF
% 80 ::::: ] polymers Ksy (M7Y)
= A P-1 0.9
- NI P-3 11.6
—l.-\ B A h
2z 60 s P-5 10.5
E‘l‘" \ \:\:\ pP-7 11.8
£ aof \ Sl P-8 14
T s P-10 25.6
E NN
g 20 [ \ \:\:\ T
\% s by P-10reflects the hyperconjugative and inductive influence
0——51 P3 P5 p7 PiO of the electron-poor olefinic portion of the [2.2.2] bicyclic ring
Polymers system. The quenching efficiency Bf7 to indole was similar

Figure 4. The fluorescence intensity of polymer thin films after uy O that of P-3, and no new absorption or fluorescence pe_aks
irradiation for 30 min. The optical density of all of the polymer thin films ~ appeared upon addition of excess indole to chloroform solutions
was 0.1+ 0.01. of the polymers. We investigated the respons®-dfQ, which
showed the highest sensitivity to indole, in more detail by

g A B conducting fluorescence lifetime measurements as a function
2 of quencher concentration. Time-resolved fluorescence measure-
g x ments indicated that the emission decay R{L0 without

f ; guencher was a single-exponential with a lifetime of 0.40 ns.
g @ With increasing indole concentratiorR-10s lifetime was

a shorter, which indicates competitive dynamic quenching (Figure
S 5). The bimolecular quenching constakg)(calculated from

= o - - . the lifetime measurement was 1:410'° M~1 s1, implying a

350 400 450 500 550 600 0 004 008 012 0.6

Wavelength (nm) [Indole] M highly diffusion-controlled quenching process.
Figure 5. (A) The fluorescence spectrdef = 380 nm) of P-10 as a Fluoresce_nce Quenching Study in POIyme_r EIImSWe have
function of added indole in THF: F-10 = 1.5 x 107® M; [indole] = also determined the response and characteristics of the polymers
0-0.135 M (top to bottom). (b) The SterVolmer plot and lifetime in the solid state, for which they are most likely to be used in
measurements ¢#-10as a function of added indole in THF. sensing applications. In these studies, we found it useful to

ionization potential, remain under the same irradiation condi- Perform two types of determinations. To measure the spectro-
tions. This result demonstrates that the higher ionization potential SCOPIC properties and time-dependent quenching profiles, we
significantly increases the materials’ resistance to photobleach-Performed steady-state quenching experiments with polymer thin
ing. films prepar'ed on glass substrates by spin-coating from chlo-
Steady-State and Time-Resolved Fluorescence Quenching roform solutions of the polymers. We measured the fluorescence
Studies in Solution. The electron-deficient nature of the INtensity of polymer thin films as a function of exposure time
polymers containing perfluoroalkyls directly attached to the t© indole vapor (an equilibrium vapor pressure of indole: 1.22
polymer backbone phenyls and their large band gaps make theny< 102 MmHg). In this scheme, the indole reaches the polymer
powerful excited-state oxidants (electron acceptors). Hence, theirPy Slow diffusion, as there is no turbulence, and we can
properties are the opposite of typical CP-based sensory material§€Producibly obtain SteraVolmer plots to determine the
that are excited-state reductants (electron donors), and as delative performance of our materials. We also performed
consequence, we expect them to be insensitive to electron-measurements using acommermally available system developed
accepting nitroaromatics, but highly sensitive to readily oxidized fOr fluorescence vapor sensiffgln these sensory systems, the
indoles and phenols. To explore their sensory potential, and alsoP0lymers were coated on the inside of a glass capillary, and
to determine to what degree their sensitivity is related to their @nalyte vapor was pulled through the capillary by flow of a
ionization potential, we have conducted quenching studies usingCaTier gas. The polymer was maintained at a precise temperature
steady-state and time-resolved fluorescence quenching tech{40°C) and was excited at 405 nm using a light-emitting diode.
niques with several electron-donating molecules in solution and T"€ luminescence intensity at 435 nm was monitored by a
solid state. photodiode. Measurements from this sensor platform revealed
We are interested in sensory responses to indole and phenolén€ performance of the polymers under more realistic sensing
due to their biological significance as the aromatic portions of conditions. _ _ _
tryptophan and tyrosine, respectivélfhe change of fluores- (&) Steady-State Quenching Spectroscopic Studie3.o
cence intensity oP-10upon titration with indole and a typical ~ Investigate structural and steric effects on quenching response,
Stern-Volmer plot are shown in Figure 5. The quenching thg qguenching efficiency of polymer thin films upon exposure
efficiencies of all of the polymers were determined by the O indole vapor was measured. Figure 6 shows St¥isimer
Stern-Volmer quenching constanti) and the values ranged ~ PI0ts 0fP-1,P-3, P-5 andP-10as a function of exposure time
from 1 to 26 M1 (Table 3). TheKs, value forP-10with indole to indole vapor.P-10, with the hlg_hgst ionization potential,
was 26 ML, a value 25 times larger than those of the lower showed the highest quenching efficiency, close to 90% fluo-
ionization potential polymerB-1andP-8and twice that oP-7. rescence quenching after 5 min exposure, followe®and

O_ur quorescence'qugnchlng StudlEfS all appear to be in ac‘?ord(m) These systems are known as Fido sensors and are available from Nomadics
with the polymers’ ionization potentials. The greater quenching Inc in Stillwater, OK.

12126 J. AM. CHEM. SOC. = VOL. 127, NO. 34, 2005
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Figure 6. The Sterr-Volmer plots ofP-1, P-3, P-5, andP-10in spin-cast
films as a function of exposure time to indole vapor.
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Figure 7. The time-dependent fluorescence spectra ofRA0film before
(dotted line) and after exposure to indole vapor (solid line) at 1 s, 1, 2, 3,
4,5, 6, 7, and 10 min (top to bottom). (B) The normalized fluorescence
spectra ofP-10 films blended with indole, dimethyl aniline (DMA), 1,4-
dimethoxybenzene (DMB), and,N-dimethylp-toluidine (DMT).

thenP-5. The stronger quenching Bf3 also suggests that bulky
tert-butyl groups inP-5 prevent efficient diffusion of indole
through the cavity. Meanwhile, relatively electron-rich (pho-
toreducing)P-1, which is known to display efficient sensory
response for TNP2 exhibited a negligible response to indole
vapor under the same conditions.

Thin films of P-10displayed the most interesting responses
to indole vapor and initially displayed rapid decreases in the

and the indole. Interestingly, the exciplex peak is maximal upon
initial exposure to indole, and continued exposure results in a
reduction in the emission intensityHence, there is competition
between energy transfer to emissive exciplexes and electron-
transfer quenching. This unusual quenching behavior was further
examined by exposing the-10 film to other analyte vapors
and by investigating absorption and emission spectr-ad
blend films with electron-donating or -accepting aromatic
molecules.

The emission spectra &-10films upon exposure to other
electron-donating analytes, such as dimethyl aniline (DMA),
1,4-dimethoxybenzene (DMB), and,N-dimethylp-toluidine
(DMT), also displayed broad, red-shifted, and structureless peaks
at longer wavelengths, depending on the oxidation potentials
of the analytes (Figure 7B). An exciplex peak was not observed
with electron-accepting analytes, such as 2,4-dinitrotoluene
(DNT). P-7, having similar structure to that €10 also showed
an exciplex peak on exposure to electron-donating analytes, but
the peak is not clearly resolved in this cd3e.

(b) Differential Sensory ResponsesTo best evaluate and
contrast the relative responsivenes$ef andP-10to indole
(an electron-donating analyte) and 2,4-dinitrotoluene (DNT) (an
electron-accepting analyte), we employed a commercially avail-
able system designed to detect chemical vapowith this
system, we can readily sample vapor from the headspace of
equilibrated containers to determine the relative responses of
materials in a reproducible procedure. Simple inspection of the
data shown in Figure 8 reveals the dramatically contrasting
behaviors ofP-1 and P-10. Two-second exposure of indole
vapor quenches (50%) the fluorescence fie+h0 (Figure 8B),
and this material demonstrates excellent reversibility with an
immediate recovery of the original fluorescence intensity upon
removal of the vapor. In contra2 s exposure oP-10to 2,4-
DNT vapor gives no response other than that associated with

427 and 465 nm emission bands, with the appearance of anthermal perturbations associated with the sampling. The useful-
intense broad, featureless peak at 496 nm, as shown in Figurd'eSS Of P-10s sensory behavior is best demonstrated by
7A. The excitation or absorption spectra of tel0 film did comparison of the responsesibil (Figure 8A), which displays
not show the appearance of the longer wavelength absorptionultrasensitivity to TNT and 2,4-DNT. When subjected to 2 s
band in the presence or absence of analytes, which indicateseXposures to equilibrium vapoi3;1exhibited 10% fluorescence
that the new broad band centered at 496 nm does not originatequenching to vapor and 65% fluorescence quenching to 2,4-
from a ground-state charge-transfer complex. We therefore DNT. This reciprocal behavior confirms our assertions that the
attribute this long wavelength emission band to an exciplex high ionization materials are key elements to augment the

(excited-state charge complex) between the excited st&elof

capabilities of fluorescent-based vapor sensors.
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Figure 8. Plot of changes in fluorescence intensity of (R)1 and (B)P-10 film exposed to indole (blue solid) and 2,4-DNT (red dot) vapors for the

indicated time.
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Conclusion and then subjected to a CHEH,0 workup. The solvent was removed,

. - L and the resulting solid was collected by filtration. The crude solid was
We have synthesized new electron-deficient PPE derivatives yissolved in 50 mL of acetone, and then a solution of tin(ll) chloride

containing perfluoroalkyl groups and determined that tuning of gihydrate (9.2 g, 40.5 mmol) in 50% acetic acid (50 mL) was added
their ionization potentials (verified by UPS) can be used to dropwise. This mixture was stirred at room temperature for 24 h. The
impart dramatic selectivity changes in sensory responses.resulting blue solid product was filtered. The solid was then dissolved
Sensing of electron-donating analytes by high ionization in hexane, washed with water and saturated sodium bicarbonate solution,
potential polymers was demonstrated by fluorescence quenchinggnd then dried over magnesium sulfate. The hexane solution is then
studies. Excited-state charge-transfer complexes (exciplexes)Poured onto a silica plug, which is flushed with hexane (200 mL),
observed forP-7 and P-10 films suggest prospects for new followed by 9:1 hexane/methylene chloride to elute a deep blue solid

) . ) : °C: 1 69.31
nsorv schem 1 the detection of exciplex emissior(-5 9 92%): mp 226221 °C; *H NMR (300 MHz, CDC})
sensory schemes based upon the detection of exciplex emissio (s, 4H), 7.98 (ddJ = 6.6 and 3.0 Hz, 4H), 7.42 (dd,= 6.6 and 3.0

Experimenta| Section Hz, 4H), 1.39 (S, 42H); HR-MS (E|) calcd fors@Hs4Siz (M+) 638.38,
found 638.37. (li€° mp 210°C).
6,13-Bis(triisopropylsilylethynyl)-5,7,12,14-tetrahydro-5,7,12,14-
(1',2-tetra(carbomethoxy))ethenopentacene (2-a)lo a solution of
1(1.00 g, 1.57 mmol) in 40 mL of xylene in a sealed vessel was added
dimethylacetylenedicarboxylate (1.93 mL, 15.7 mmol) at room tem-
perature and stirred at 14C for 48 h. The mixture was allowed to
cool to room temperature, and the reaction solvent was removed under
vacuum to give solid residues. The crude mixture was purified by silica
column chromatography using 20% EtOAc in hexane as eluent to give
a pure mixture of two isomers (syn and anti) (1.3 g, 90%). The two
isomers were separated by their solubility difference. Recrystallization
using hexane gave the anti-isomer as a white solid (0.58 g, 40%).
Further silica column chromatography (10% EtOAc in hexane) of the

General Methods.NMR (*H, 3C, and*°F) spectra were recorded
on Varian Mercury 300 MHz or Bruker Advance 400 MHz spectrom-
eters. The'H and **C chemical shifts are given in units of (ppm)
relative to tetramethylsilane (TMS) whedg TMS) = 0, and referenced
to the residual solvent?’F NMR chemical shifts are reported relative
to trichlorofluoromethane as the reference. Melting point determinations
were performed using a Laboratory Devices MEL-TEMP instrument
(open capillaries used) and were uncorrected. High-resolution mass
spectra were obtained with a Finnigan MAT 8200 system using sector
double focus and an electron impact source with an ionizing voltage
of 70 V. The X-ray crystal structure was determined with a Siemens
SMART/CCD diffractometer. The molecular weights of polymers were

de(:gr(rjmr:jedt ustlng ?ZPé_felpﬁn t'\ﬂl)(de'c (?00?17'05 mLT) f:o!urq_:\_':inslrh supernatant gave the syn-isomer as a white solid (0.55 g, 32%)}:
a diode defecior ar 2o im at a Tow fae of L mE/min n A1 e syn mp > 300°C; 'H NMR (300 MHz, CDC) ¢ 7.27 (dd,J = 5.4

molecular weights are reported relative to polystyrene standards and 3.0 Hz, 4H), 6.97 (dd, = 5.4 and 3.0 Hz, 4H), 5.90 (s, 4H), 3.79
purchased from Polysciences, Inc. Polymer thin films deposited on a (s, 12H) 1.'29 (é 42HJC NMR (75 MHz C’:DCJ;’) s 165.‘6 14’7.7
cover glass (18 mnx 18 mm) were prepared by spin casting using an 143.6 1’43.5 12"5.8 12'4.2 115.5. 101.1 ’99.7 52.6 51.2’ 19.0 111.6'
EC101DT photo resist spinner (Headway Research, Inc.) from chlo- |, /' (EN) caled for GGHG;OBSiz (lM*) 922 4291 found 922.4263.
roform solutions of the polymers. The film thickness was determined 2-a-anti. mp > 300°C: H NMR (300 MHz CDC§’) 67.33 (dd,J =

for samples prepared on cover glasses using a profilometer (VeecoS.4 and 3.0 Hz, 4H) 7’.04 (dd,= 5.4 and 31_0 Hz, 4H), 5.89 (s' 4H)
Dektak 6M). Samples for fluorescence quenching and photobleaching 574 (s, 12H) ’1_29’(5 42H}3’C NMR (75 MHz. CDék) 5 1655
studies were prepared by spin-coating from chloroform solutions (1 1477, i43.6, '143_5’ 12’5_9, 1'24_3’ 1155, 101_1: 99.7, 52.6, 51_1', 19.1,

mg/mL) at a rate of 3000 rpm. The same concentration was used to 11.6; HR-MS (El) calcd for GHeOsSh (M*) 922.4291, found
obtain polymer-coated glass capillaries for the Fido measurements. For92'2 ,4263 ' '

these experiments, the capillary is attached to the spin-coater platform,
and a spin rate of 1000 rpm drives the polymer solution through the
capillary. For UPS studies, solutions of 4 mg of polymer in 1 mL of
chloroform were spin-coated to generate films (ca.4800 A) on

gold surfaces at a spin rate of 3000 rpm.

Materials. All solvents were spectral grade unless otherwise noted.
Anhydrous THF, xylene, DMSO, toluene, and diisopropylamine were
purchased from Aldrich Chemical Co., Inc. All other compounds were
purchased from Aldrich and used as received. All air- and moisture-
sensitive synthetic manipulations were performed under an argon
atmosphere using standard Schlenk techniques. Silica geh@®as
obtained from J. T. Baker.

6,13-Bis(triisopropylsilylethynyl)pentacene (1) This procedure is
an adaptation of that reported by Anthony et®dlinder an atmosphere
of argon, 16.2 mL ofn-butyllithium (40.5 mmol, 2.5 M solution in
hexane) was added dropwise to 9.1 mL (40.5 mmol) of triisopropylsilyl
acetylene in 50 mL of dry tetrahydrofuran aG. The mixture was
kept at 0°C for another 40 min before it was transferred to a solution
of 6,13-pentacenequinone (5 g, 16.2 mmol) in 50 mL of dry tetrahy-
drofuran at 0°C. The mixture was warmed to room temperature and
stirred overnight. The reaction was quenched with 15 mL of 10% HCI

6,13-Bis(triisopropylsilylethynyl)-5,7,12,14-tetrahydro-5,7,12,14-
(1,2 -tetra(trifluoromethyl))ethenopentacene (2-b). Hexafluoro-2-
butyne (1.52 g, 9.39 mmol) was condensed in a 60 mL pressure tube
by a dry ice/acetone cooling bath. A solutionlof2 g, 3.13 mmol) in
xylene (10 mL) was slowly added through a septum. The pressure tube
was then capped and heated in a $Q0oil bath for 24 h. After being
cooled to room temperature, the reaction mixture was concentrated in
vacuo, and the residue was crystallized from hexane. The white
crystalline material was collected by filtration and dried (1.7 g) to give
2-b-anti as the major isomer. The mother liquor was concentrated and
purified by silica column chromatography using 30% EtOAc in hexane
as eluent to give a second batch2sb-syn (0.8 g). Total yield: 83%.
2-b-syn. mp > 300°C; *H NMR (300 MHz, CDC}) ¢ 7.31 (dd,J =
5.4 and 3.3 Hz, 4H), 7.04 (dd,= 5.4 and 3.3 Hz, 4H), 5.92 (s, 4H),
1.28 (s, 42H);*F NMR (282 MHz, CDC}) 6 —61.7; HR-MS (EI)
calcd for GoHsaF12Si, (MT) 962.3571, found 962.3422-b-anti: mp
> 300°C; 'H NMR (300 MHz, CDC}) 6 7.41 (dd,J = 5.4 and 3.3
Hz, 4H), 7.14 (ddJ = 5.4 and 3.3 Hz, 4H), 5.92 (s, 4H), 1.28 (s,
42H); %F NMR (282 MHz, CDC}) 6 —61.8; HR-MS (EI) calcd for
CsoHs4F12Sk, (M) 962.3571, found 962.3421.

Compound 3-a.Tetrabutylammonium fluoride (1 M in THF; 0.015

(19) The lifetimes ofP-10film are 0.17 ns at 427 nm without indole and 4.5 ns mL, 0.146 mmOI) was added to a stirred solutior2ed-anti (‘.1'5 mg,
at 496 nm with indole. The long lifetime of this new emission peak 0.049 mmol) in THF (3 mL) at room temperature. The mixture was

(20) ‘;\/?gl‘?]’l’;i"sehd {/'\‘/atki'tjo’gg;gteghfémg%ﬁcgeéZeg“SSiO”- allowed to stir for 30 min at this temperature. The reaction mixture
(21) (a) Anthony, J. E.; Brooks, J. S.; Eaton, D. L.; Parkin, SJ&m. Chem. was concentrated in vacuo, and the residue was passed through a short
goc 21%%15112579;@%9483- (b) Osaheni, J. A.; Jenekhe, SJAAM. Chem. plug of silica. The crude product was crystallized from hexane and
oc. 4 . . i . . . ;
(22) Handbook of Physical Properties of Organic Chemicaleward, P. H., dichloromethane (10:1) to giia-anti as a white solid (27.5 mg, 92%).
Meylan, W. M., Eds.; CRC Press: Boca Raton, FL, 1997. 3-a-anti: mp > 300°C;*H NMR (300 MHz, CDC}) 6 7.42 (dd,J =
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5.4 and 3.3 Hz, 4H), 7.05 (dd,= 5.4 and 3.3 Hz, 4H), 5.89 (s, 4H),
3.75 (s, 12H), 3.67 (s, 2HY3C NMR (75 MHz, CDC}) 6 165.8, 147.2,
144.1,143.4,126.0, 124.4, 114.7,85.7, 77.8, 52.7, 50.9; HR-MS (ESI)
calcd for GgH2¢0s ([M + Na]™) 633.1520, found 633.1520.
3-a-synwas prepared by using-a-synin a similar procedure as
3-a-anti. 3-a-syn mp > 300°C; 'H NMR (300 MHz, CDC}) 6 7.37
(dd,J = 5.4 and 3.0 Hz, 4H), 6.99 (dd,= 5.4 and 3.0 Hz, 4H), 5.89
(s, 4H), 3.81 (s, 12H), 3.67 (s, 2H¥C NMR (75 MHz, CDC}) ¢

Polymers 1-10. A general procedure is illustrated by the synthesis
of polymer10. Compound3-b (27.8 mg, 0.043 mmol), compour@l
(30 mg, 0.042 mmol), Cul (0.47 mg, 0.003 mmol), and Pd¢pHH4.8
mg, 0.0042 mmol) were placed in a 25 mL Schlenk tube with a stir
bar. The flask was evacuated and back-filled with argon three times,
followed by the addition of degassed diisopropylamine/toluene (1:2,
4.5 mL) under an atmosphere of argon. This mixture was heated at 70
°C for 3 days and then subjected to a CHBO workup. The

165.8, 147.2, 144.1, 143.4, 125.9, 124.4, 114.7, 85.7, 77.8, 52.8, 50.9;c0mbined organic phase was washed with 10%Glrnd then dried

HR-MS (ESI) calcd for GgH260s (M + Na]*) 633.1520, found
633.1513.

Compound 3-b. Tetrabutylammonium fluoride (1 M in THF; 1.56
mL, 1.56 mmol) was added to a stirred mixture of both isomeiz-bf
(500 mg, 0.52 mmol) in THF (20 mL) at room temperature. The mixture
was allowed to stir for 30 min at this temperature. The reaction mixture

was concentrated in vacuo, and the residue was passed through a sho

plug of silica. The crude product was concentrated and purified by silica
column chromatography (10% EtOAc in hexane) to @vieas a white
solid mixture of two isomers (283 mg, 84%@-b-anti: mp > 300°C;
!H NMR (300 MHz, CDC}) ¢ 7.50 (dd,J = 5.4 and 3.3 Hz, 4H), 7.15
(dd, J = 5.4 and 3.3 Hz, 4H), 5.89 (s, 4H), 3.76 (s, 2% NMR
(282 MHz, CDC}) 6 —61.9; HR-MS (EI) calcd for @H14F12 (MY)
650.09, found 650.08-b-syn mp > 300 °C; *H NMR (300 MHz,
CDCly) 6 7.41 (dd,J = 5.4 and 3.3 Hz, 4H), 7.06 (dd,= 5.4 and 3.3
Hz, 4H), 5.89 (s, 4H), 3.76 (s, 2H}*F NMR (282 MHz, CDC}) ¢
—61.7; HR-MS (MALDI) calcd for GH14F12 M + H]*) 651.0977,
found 651.1009.

2,5-Diiodo-1,4-bis(trifluoromethyl)benzene (4).To a solution of
30 mL of H,SO,; were added periodic acid (3.18 g, 14 mmol) and
potassium iodide (6.90 g, 42 mmol) at @, and then 1,4-bis-
(trifluoromethyl)benzene (2.17 mL, 14 mmol) was added. The reaction
mixture was then stirred at 75C for 5 h. After cooling to room
temperature, the resulting solution was poured inte-izater and then
extracted with diethyl ether (100 mL) and 10% sodium thiosulfate (50
mL). The organic layer was washed with 10% sodium thiosulfate (3
50 mL), dried over MgSQ filtered, and concentrated. The residue was
recrystallized from hexane to givkas a white solid (4.24 g, 65%):
mp 118-119°C; *H NMR (300 MHz, CDC}) 6 8.20 (s, 2H)9F NMR
(282 MHz, CDC}) 6 —64.2; HR-MS (EI) calcd for gHzFgl, (M™)
465.8145, found 465.8159.

4-(Perfluorooctyl)-a,o,a-trifluorotoluene (5). A CgF17l (12 g, 22
mmol) was added dropwise over 10 min to a stirred mixture of
4-jodobenzotrifluoride (3 g, 11 mmol), copper powder (5.6 g, 88 mmol),
2,2-bipyridine (120 mg, 0.8 mmol), and DMSO (30 mL) at 7G.
The reaction mixture was subsequently stirred for a further 72 h at this

(MgSQy). The solvent was removed in vacuo, and the residue dissolved
in chloroform was reprecipitated in methanol. The resulting precipitate
was filtered and washed with MeOH and acetone to give a yellow solid
(35 mg, 69%). Removal of oligomer and impurities was achieved by
subjecting the solid to sequential extractions in a Soxhlet apparatus
with MeOH, acetone, followed with chloroform. The chloroform
fraction was characterize®-3 (69%): *H NMR (400 MHz, CDC}) 6
.6-8.5 (br, 1H), 8.4-8.3 (br, 1H), 7.6-7.4 (br, 8H), 7.27.0 (br,
8H), 6.1-6.0 (br, 2H), 5.9-5.8 (br, 2H).P-4 (82%): 'H NMR (300
MHz, CDCkL) 6 8.5-8.4 (br, 2H), 7.6-7.4 (br, 8H), 7.2-7.0 (br, 4H),
6.1-5.9 (br, 4H), 1.4-1.2 (br, 36H).P-5 (%): *H NMR (400 MHz,
CDCls) 6 8.5-8.3 (br, 2H), 7.6-7.3 (br, 8H), 7.2-7.0 (br, 4H), 6.+
5.7 (br, 4H), 1.4-1.2 (br, 36H).P-6 (71%): *H NMR (300 MHz,
CDCl) 8 7.6-7.5 (br, 4H), 7.4-7.3 (br, 2H), 7.2-7.0 (br, 4H), 6.2
6.1 (br, 4H), 4.4-4.3 (br, 4H), 3.8-3.7 (br, 12H), 2.2-2.0 (br, 4H),
1.7-1.5 (br, 8H), 1.4-1.2 (br, 28H), 0.9-0.8 (br, 6H).P-7 (65%):
H NMR (300 MHz, CDC}) 6 8.5-8.4 (br, 1H), 8.3-8.2 (br, 1H),
7.6-7.4 (br, 4H), 7.2-7.0 (br, 4H), 6.2-5.9 (br, 4H), 3.9-3.6 (br,
12H). P-8 (74%): 'H NMR (300 MHz, CDC}) 6 7.7—7.6 (br, 4H),
7.6-7.4 (br, 2H), 7.2-7.0 (br, 4H), 6.2-6.0 (br, 4H), 4.4-4.2 (br,
4H), 2.2-2.0 (br, 4H), 1.71.5 (br, 4H), 1.5-1.4 (br, 4H), 1.41.2
(br, 28H), 0.9-0.8 (br, 6H).P-10(69%): *H NMR (300 MHz, THF-
ds) 6 8.6-8.5 (br, 1H), 8.5-8.4 (br, 1H), 7.77.5 (br, 4H), 7.3-7.0
(br, 4H), 6.2-6.0 (br, 4H).

Photophysical Methods. UV—vis spectra were obtained from
Hewlett-Packard 8452A diode array or Cary 50 YVisible spectro-
photometers. Fluorescence studies were conducted with a SPEX
Fluorolog+2 fluorometer (model FL112, 450 W xenon lamp) equipped
with a model 1935B polarization kit. The spectra in solution were
obtained at 25C using a quartz cuvette with a path length of 1 cm.
Polymer thin film spectra were recorded by front-face (2Rdetection.
Fluorescence quantum yields of polymers in CgH&blution were
determined relative to equiabsorbing solutions of quinine suli&e (
= 0.53 in 0.1 N sulfuric acid}* The solid-state quantum yields were
obtained relative to 16 M 9,10-diphenylanthracene in poly(methyl
methacrylate) (PMMA) @< = 0.83) as a referenc¢& The time decay
of fluorescence was determined by a phase-modulation method, using

temperature. After cooling to room temperature, the mixture was poured frequencies from 10 to 300 MHz.

into a beaker containing ether (100 mL) and water (100 mL). After
filtering, the organic layer was separated, washed with water &8
mL), and dried over MgS® Sublimation under vacuum gave the
product5 as a white solid (5.6 g, 90%): mp 4&0 °C; 'H NMR (300
MHz, CDCk) 6 7.77 (dd,J = 8.1 and 8.4 Hz, 4H)!°F NMR (282
MHz, CDCL) 6 —64.0, —81.4, —111.6,—121.4,—-122.0, —122.1,
—122, 9,—126, 3; HR-MS (El) calcd for GHsF20 (M*) 563.9988,
found (M) 563.9996.
1-Perfluorooctyl-4-trifluoromethyl-2,5-dibromobenzene (6).Into
a 500 mL round-bottom flask were placed 120 mL of trifluoroacetic
acid, compound (12 g, 21.3 mmol), and 36 mL of sulfuric acid (98%).
The mixture was stirred vigorously, and NBS (11.4 g, 63.8 mmol) was
added in portions at 60C over 5 h period. After stirring at 69C for
2 days, the mixture was poured into 200 mL of fagater. The
precipitates were filtered and sublimed to give a white s61{d3.5 g,
88%): mp 53-54 °C; *H NMR (300 MHz, CDC}) 6 8.04 (s, 1H),
7.92 (s, 1H);*F NMR (282 MHz, CDC}) ¢ —64.2,—81.3,—108.0,
—119.8,—-121.9,—122.3, —123.2, —126.6; HR-MS (EI) calcd for
CisHoF20Br, (M*) 719.8198, found (M) 719.8221.

Fluorescence Quenching StudiesFluorescence quenching and
absorption experiments in solution were carried out by microtitration
in a fluorescence cuvette. In a typical titration quenching experiment,
2.5 mL of polymer solution was placed a 1 cmquartz fluorescence
cell. The UV~-visible absorption and fluorescence spectra were recorded
at room temperature. Then absorption and fluorescence spectra were
repeatedly acquired after the addition of microliter aliquots of a polymer
solution that contained the quencher. The fluorescence quenching
studies of polymer films were performed following the literature
proceduré! The fluorescence spectra were recorded immediately after
exposing the polymer films to the vapor of analyte for a specific period
of time at an excitation wavelength of 380 nm. The equilibrium vapor
pressures of the analyte are assumed to be similar to the documented
values??

Photoelectron SpectroscopyThe samples for ultraviolet photo-
electron spectroscopy (UPS) measurements were prepared by spin-
coating polymer solutions in chloroform (4 mg/mL) onto gold substrates
at a rate of 3000 rpm for 60 s. The gold substrates were prepared by
thermally depositing approximately 2000 A of gold on ca. 2 pieces
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of Si(111) wafers. The polymer-coated gold substrates were attachedcutoff on the low kinetic energy side of the spectrum and the edge of
to metal sample stubs using vacuum-compatible silver paint, and this the highest occupied molecular orbital (HOMO) on the high kinetic

was also used to electrically connect the edges of the samples to theenergy side.

sample stubs. The UPS experiments were performed in a VG ES-

CALAB MKII photoelectron spectrometer having a base pressure of 1~ Acknowledgment. This research was supported by the U.S.
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