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Calix[4]arenes have long presented one of the most versatile Scheme 1
platforms for supramolecular assembliand molecular recogni-

- . . . . X X

tion.2 They undergo dramatic geometric changes involving phenol \ 7 (2 (S8
ring flips between cone, partial cone, and 1,3-alternate conforma- _ .,

. ! . AHO l Pdydbas, P(tBu)s, NMP
tional isomers2and they also can be fashioned to undergo smaller R R KF for XoBr or LiCI for X=1

1a: 88%
1b: 64%

changes such as pinched-cone to pinched-cone hinge movements 2a R=CHg, X=I
that vary the distance between two opposite phenol Afgs.these 20 RenCafty, X=Br

reasons, we have been intrigued to develop segmented conjugatedy, tion times (2 days). The desired cone conformation was
polymers wherein calix[4]arene units are the flexible and insulating confirmed for these calix[4]arenes by proton and carbon NFIR.
bridges between individual organic electroactive segments. The use Electropolymerizations were performed in @, containing 1

of electroactive segments has been demonstrated as a viable routg, of monomerla or 1b and 0.1 M ABU),NPF; by repeated

to conducting material$,and it is understood that the spatial .y cjing of the electrode between0.4 and 0.8 V at a scan rate of
relationship of the electroactive segments is a critical determinant 100 mV/s! Negative shifts of the oxidation current onset after

of their electronic, optical, and optoelectronic propertigée report o firct scan indicate the formation of the electroactive quarter-
herein proton-doped segmented polymers, Falyénd Poly(b), thiophenep-dihydroquinone redox system that has been previously
based upon a calix[4]arene scaffold. The cone conformation of the reported® The cyclic voltammogram (CV) of Polg&) and Poly-
calix[4]arenes creates a zigzag orientation of the polymer segments(lb) exhibit two redox waves &2 ~ 0.22 V andE,2 ~ 0.45

and these dynamic and porous materials are attractive candidates; N waves were found at negative potentials, thereby indicating
for the design of sensifigind actuating materials. that the polymer is fully reduced with tH&2 wave. Oxidation at
voltages higher thai&,'/2 leads to decomposition of the polymer.
However, Poly{a) and Poly(b) are very stable for more than 1000
cycles in ambient atmosphere if the potential sweep is kept below
E,Y2 Previous studies of metal/organic hybrid materials with this
same electroactive system showed similar re$dftd’ The similar-
ity of the electrochemistry of Pol§f) and Poly(b) provides
indirect evidence that the cone conformation exhibited by the
monomers in solution is also present in the polymers. Most
importantly the greater steric bulk of timepropy! groups in Poly-
(1b) dramatically reduces its conformational flexibility and should
prevent conformational changes in the polymerization. We have
further determined b$H NMR that the cone conformation persists
in the CD,ClI, electrolyte solutions.

Although the charge is localized by the segmented conjugated

The phenol groups in monometa and1b display intramolecular backbone, the relatl\_/ely_ high maximum conductivity of 6'6 S/em
was determined by in situ conductivity measurements in@H

hydrogen bonding that enforces the desired cone conformation and 7 o )
facilitate electropolymerizatioh.Compounds2a and 2b were electrolyte™" The conductivity of films of Polyla) and Poly(b)

synthesized as previously repor@eifficient cross-coupling reac- showed intriguing characteristics in @EN electrolyte and dropped

0 L . )
tions with these halo-phenols proved to be challenging. Attempts to less than 1% of the initial value with repeated cycling over

to obtainlaandlb under common Pd(PBE)a conditions were slow _0'20_0.'95 VA S|m|Iar.drop was not observed in QEHZ and
(4—5 days), poor-yielding (less than 40%), and gave large amounts V€ considered that the difference was due to the reactivity gf CH

of the homocoupling byproduct, quarterthiophene. Attempts to t(;N.We dsut;rsgtqu:jently fc_)unéi thst polyg1 etr f'lm? that Zatd expttaru_enlced
protect the phenol with acyl or trimethylsill groups prior to © conductivity decay In $EN can € transiormed o matenals.
coupling reaction resulted in either mixtures of conformational \éwthcclonq%ct;]vme; dQT the fsa;re magn'.tUde.(?S those analyzed n
isomers or poor yields due to steric crowding at the lower rim. 1)H20n2tvr\:g bta§saof Ittllq?g Se;gv?:rrozzegg@%e g;—gﬁ)hfztz;ggsrg of
Optimized cross-coupling reaction conditions were eventually ’

: o . conductivity in CHCN is due to the deprotonation of the phenolic
accomplished by utilizing new synthetic methods developed by Fu : T ) . .
and co-workers as shown in Schemg&-£Catalytic Pddba/P({Bu)s protons in the .OX'd'Z?d. state, W.h'Ch will not happen InL j'due .
in the presence of inorganic salts (KF fer and LiCl for —) to the very high acidity of this solvent’'s conjugate acid. This

7 ' behavior is illustrated in Figure 2.
0,
afforded monomergab in improved yields (6490%) and reduced The acid dependence of P and Polyllb)'s conductivity

T Present address: Department of Chemistry, Hong Kong University of Science 1S Sf'm”,ar to.the strong' pH conductl\{lty erendence of polyaniline
& Technology, Kowloon, Hong Kong. which is said to be acid dopabl&Oxidation of the fully reduced

Poly(1a) R=CHg s 'oor
Poly(1b) R=n-CzH; R 0 hr
H
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Figure 1. CV (dashed line in (a) and small plot in (b)) and in situ

conductivity measurements (solid lines in the large plots) of Rajygn 5

um interdigitated microelectrodes under different conditions: (a) 0.1 M
(nBu)sNPFs in CH,Cl, and (b) 0.1 M (Bu)sNPFs in CH3CN with or without

0.5 M trifluoroacetic acid (TFA).
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Figure 2. Different oxidation states of the conductive conjugated system
in Poly(la) and Poly(b).
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Figure 3. In situ EPR spectroscopy (solid line) and CV (dashed line) of
films of Poly(la) on Pt wire electrode in C¥Cl,/(nBu)sNPFs.

“extendedp-dihydroquinone” state under conditions that do not
allow deprotonation gives a high conductivity. Infrared studies

(1b) are very different from polyaniline because they have a
segmented structure that imposes greater localization of the carriers.
The conductivity of such a system can be considered to result from
rapid self-exchange between discrete units and should exhibit a
maximum when there are equal amounts of oxidized and reduced
states (i.e.E;2 and E;?).1° This behavior is readily apparent in
Figure 1a wherein the conductivity shows an inflectiolEgf2 and
reaches a maximum &2 Hence, electron exchange between
radical cations (¥) andp-diquinone salts (2) shown in Figure 2
produces the highest conductivity.

In summary, we have synthesized electroactive calix[4]arene
polymers that require protonation to be highly conductive. Our
continuing studies are directed toward related sensory and actuating
materials.

Acknowledgment. This work was supported by The Office of
Naval Research and the TOPS MURI (Army Research Office). We
thank Professor Gregory C. Fu and Michael Smith for valuable
discussions.

Supporting Information Available: Detailed description of ex-
perimental procedures, synthetic preparations, and key CV measure-
ments (PDF). This material is available free of charge via the Internet
at http://pubs.acs.org.

References

(1) (a) Gutsche C. D. IrCalixarenes Rasited, Monographs in Supramo-
lecular ChemistryStoddart, J. F., Ed.; The Royal Society of Chemistry:
Cambridge, U.K., 1998. (falixarenes: A Versatile Class of Macrocyclic
CompoundsVicens, J., Bamer, V., Eds.; Kluwer Academic Publishers:
Dordrecht, The Netherlands, 1991.

(2) (a) Calixarenes in Action Mandolini, L., Ungaro, R., Eds.; Imperial
College Press: London, U. K., 2000. (b) lkeda, A.; ShinkaiC&em.
Rev. 1997 97, 1713. (c) Vigalok, A.; Zhu, Z.; Swager, T. M. Am. Chem.
Soc.2001 123 7917. (d) Vigalok, A.; Swager, T. MAdv. Mater.2002
14, 368.

(3) (a) Conner, M.; Janout, V.; Regen, S.1..Am. Chem. S0d.99], 113
9670. (b) Scheerder, J.; Vreekamp, R. H.; Engbersen, J. F. J.; Verboom,
W.; van Duynhoven, J. P. M.; Reinhoudt, D. .Org. Chem1996 61,
3476.

(4) Hong, Y.; Miller, L. L. Chem. Mater1995 7, 1999.

(5) Semiconducting polymers: chemistry, physics, and enginedfadzi-
ioannou, G., van Hutten, P. F., Eds.; Wiley-VCH: Weinheim and New
York, 2000.

(6) (a) McQuade, D. T.; Pullen, A. E.; Swager, T. @hem. Re. 200Q 100,
2537. (b) Swager, T. MAcc. Chem. Red.998 31, 201.

(7) Polymer Sensors and Actuatpr©sada, Y., DeRossi, D. E., Eds,;
Springer: Berlin, Germany, 2000.

(8) We have previously found that free phenols are critical to the polymer-
ization of phenyl-thienyl units (Kingsborough, R. P.; Swager, T Ady.
Mater. 1998 10, 1100) and also found that complete alkylation of the
phenols prevented polymerization here.

(9) van Loon, J.-K.; Arduini, A.; Coppi, L.; Verboom, W.; Pochini, A.;

ngaro, R.; Harkema, S.; Reinhoudt, D.NOrg. Chem199Q 55, 5639.

. U
support the presence of the protonated and deprotonated QuINON€S(10) Takahashi, K.; Gunji, A.; Guillaumont, D.; Pichierri, F.; Nakamura, S.

in 1a. A new intense band at 1578 cfis observed for material
oxidized in CHCIl,, and a band at 1596 crhis found for material
oxidized in CHCN solution with small amounts of pyridine. Similar
to polyanilinel® protonation is expected to shift the<O stretching

frequency to lower energy. To further support our assignment of
the two different oxidation processes shown in Figure 2, we

conducted in situ EPR experiments in &Hb.17 These investiga-

tions, shown in Figure 3, reveal an increase in spin density as Poly-
(1a) undergoes the first oxidation, which is consistent with a one-

electron oxidation and a build-up of the extendediquinone

radical cation state. We observed a decrease in the spin density (17)

throughout the second oxidation consistent with formation of

p-diquinone salt. Similar to the emeraldine state of polyaniline, the
oxidized protonated state is much more conductive than the

conjugate bas@-diquinone state. However, Polid) and Poly-

Angew. Chem., Int. EQ00Q 39, 2925.

(11) Littke, A. F.; Fu, G. CAngew. Chem., Int. EA.999 38, 2411.

(12) For a previous report of thienyl calixarenes, see: Juneja, R. K.; Robinson,
K. R.; Johnson, C. P.; Atwood, J. 0. Am. Chem. S0d.993 115 3818

(13) NMR signals of bridge-CH, indicate the conformation of calix[4]arene:

a pair of doublets between 3.0 and 4.5 ppm in proton NMR with
around 0.9 ppm and one carbon NMR signal at 31 ppm is consistent with
all the cone conformation calix[4]arenes.

(14) Allthe potentials are referenced to FcfFStandard three-electrode setup
was used for all electrochemical studies: Pt button or ITO/glass working
electrode, Pt coil counter electrode, and AgfAgeference electrode.
Ferrocene is used as an external standard.

(15) Takahashi, K.; Suzuki, T. Am. Chem. Sod 989 111, 5483.

(16) Salaneck, W. R.; Liedberg, B.; InganaD.; Erlandsson, R.; Lundstm

I.; MacDiarmid, A. G.; Halpern, M.; Somasiri, N. L. DMol. Cryst. Liq.

Cryst. 1985 121, 192.

Kingsborough, R. P.; Swager, T. Nl. Am. Chem. S0d999 121, 8825.

(18) MacDiarmid, A. G.; Chiang, J.-C.; Richter, A. F.; Epstein, ASynth.
Met. 1987, 18, 285.

(19) (a) Zhu, S. S.; Swager, T. Mdv. Mater. 1996 8, 497. (b) Zhu, S. S.;
Swager, T. MJ. Am. Chem. S0d.997, 119 12568.

JA028545B

J. AM. CHEM. SOC. = VOL. 125, NO. 5, 2003 1143



