JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by American Chemical Society
Poly-p-phenylene Phosphine/Polyaniline Alternating

Copolymers: Electronic Delocalization through Phosphorus
Zhou Jin, and Brett L. Lucht
J. Am. Chem. Soc., 2005, 127 (15), 5586-5595+ DOI: 10.1021/ja043358u * Publication Date (Web): 22 March 2005
Downloaded from http://pubs.acs.org on March 25, 2009

@N@ O i o

More About This Article

Additional resources and features associated with this article are available within the HTML version:

. Supporting Information

. Links to the 3 articles that cite this article, as of the time of this article download
. Access to high resolution figures

. Links to articles and content related to this article

. Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja043358u

JIAICIS

ARTICLES

Published on Web 03/22/2005

Poly- p-phenylene Phosphine/Polyaniline Alternating
Copolymers: Electronic Delocalization through Phosphorus
Zhou Jin and Brett L. Lucht*

Contribution from the Department of Chemistry, uaisity of Rhode Island,
Kingston, Rhode Island 02881

Received November 3, 2004; E-mail: blucht@chm.uri.edu

Abstract: Phosphorus-containing poly(N-arylaniline)s and related polymer model compounds have been
prepared. The spectroscopic and electronic properties of the materials were investigated via UV—vis—NIR
spectroscopy and cyclic voltammetry. PPPP—PANI copolymers containing p-phenylene diamine units in
the polymer backbone have electronic and spectroscopic properties characteristic of aromatic substituted
p-phenylene diamines. Copolymers containing —(—CeHs—P—CeHs—P—C¢H,—)— linkages between nitrogen
centers show evidence for weak electronic delocalization along the polymer chain. The electrochemical
and spectroscopic properties support strong electronic delocalization in copolymers containing
—(—P—C¢Hs—N—C¢Hs—)— repeat units. The presence of a single diphenylphosphine bridge between
nitrogen centers provides an efficient mode of electronic delocalization between nitrogen centers. PPPP
oxide—PANI copolymers and related polymer model compounds were also prepared and investigated.
The resemblance of PPPP oxide—PANI copolymers to isolated p-phenylene diamines or triarylamines
suggests electronic isolation of the amine fragments in the polymer. The conversion of phosphorus(lll)
phosphines to phosphorus(V) phosphine oxides inhibits electronic delocalization through phosphorus, further
supporting delocalization of the lone pair of electrons on phosphorus in PPPP—PANI copolymers.
PPPP—PANI copolymers are a new type of zz-conjugated polymer with low oxidation potentials and electronic
delocalization through phosphorus along the polymer chain.

Introduction Incorporation of phosphorus into the backboneretonju-
gated materials has been accomplished in a number of ways
(Chart 1), but evidence for delocalization of the lone pair on
phosphorus is limited. Reports on the preparation and investiga-
tion of phosphole-containing conjugated oligonieand poly-

The preparation of conjugated polymers containing metals
or other modifiable atoms in the conjugation path has been of
great interest.Conjugated polymers have delocalized electrons
along the polymgr backbong_that result in usgful electronic mers support the presence of extendeeielocalizatior?
properties including conductivity and electroluminescehide.

h ¢ : h I ite for cheni IHowever, involvement of the lone pair on phosphorus in the
The presence of metals or heteroatoms allows a site for chemicaly, ;o je7-delocalization is limited? Phosphorus(I1-carbon

or electrochemical modification of the electronically active 4o hie bonds and phosphorus(phosphorus(lll) double

polymer. The modifications allow tuning of the electronic 45 have been incorporated into conjugated materials in the
properties of the polymer. This tunability has been used for ¢, “phospha’-PPV& and “diphospha’-PPV& Related

sensor, switching, magnetic, and other applicatiorfsWhile i, 0sphine-containing materials have interesting electronic
several metals an_d heteroatoms_, sulfur a_nd nitrogen, in part'cu'properties, suggesting possible use as a molecular stitch.
lar, have been incorporated into conjugated polym®fs, \ypije the phosphorus analogues of PPV have interesting
incorporation of phosphorus has only recently been inves- gocronic and spectroscopic properties, they have limited
tigated’™** interactions of the lone pair on phosphorus with thdelocal-
ized system. Polytphenylene phosphine)s are the only ex-

(1) (a) Handbook of Conducting PolymerSkotheim, T. A., Ed.; Marcel

Dekker: New York, 1986. (biConjugated Polymers: The Nel Science (8) (a) Bevierre, M.-O.; Mercier, F.; Ricard, L.; Mathey, Angew. Chem.,
and Technology of Highly Conducting and Nonlinear Optically Aeti Int. Ed. Engl.199Q 29, 655. (b) Deschamps, E.; Ricard, L.; Mathey, F.
Materials; Bredas, J. L., Silbey, R., Eds.; Kluwer Academic Publishers: Angew. Chem., Int. Ed. Engl994 33, 1158.
Dordecht, 1991. (cHandbook of Oligo- and Polythiophendsichou, D., (9) (a) Hay, C.; Hissler, M.; Fischmeister, C.; Rault-Berthelot, J.; Toupet, L.;
Ed.; Wiley: New York, 1999. (d) MacDiarmid, A. G.; Epstein, A. J. Nyulaszi, L.; Reau, RChem. Eur. J2001, 7, 4222-4236. (b) Morisaki,
Faraday Discuss. Chem. Sat989 317. Y.; Aiki, Y.; Chujo, Y. Macromolecule2003 36, 2594-2597.
(2) Yamamoto, TBull. Chem. Soc. JprL999 72, 621. (10) Hay, C.; Vilain, D. L.; Deborde, V.; Toupet, L.; Reau, Baem. Commun.
(3) Patil, A. O.; Heeger, A. J.; Wudl, Ehem. Re. 1988 88, 183. 1999 345-346.
(4) Burroughs, J. H.; Bradley, D. D. C.; Brown, A. R.; Marks, R. N.; Mackay, (11) (a) Wright, V. A.; Gates, D. PAngew. Chem., Int. E2002 41, 2389.
K.; Friend, R. H.; Burns, P. L.; Holmes, A. BNature 199Q 347, 539. (b) Smith, R. C.; Chen, X.; Protasiewicz, J. Dorg. Chem.2003 42,
(5) Kraft, A.; Grimsdale, A. C.; Holmes, A. BAngew. Chem., Int. EA.998 5468-5470.
37, 402. (12) Smith, R. C.; Protasiewicz, J. . Am. Chem. So2004 126, 2268~
(6) (a) Swager, T. MAcc. Chem. Re4.998 31, 201. (b) Feast, W. J.; Friend, 2269.
R. H.J. Mater. Sci.199Q 25, 3796. (13) Cosmina, D.; Shashin, S.; Smith, R. C.; Choua, S.; Berclaz, T.; Geoffroy,
(7) Hissler, M.; Dyer, P. W.; Reau, FCoord Chem. Re 2003 244, 1-44. M.; Protasiewicz, J. DInorg. Chem.2003 42, 6241-6251.
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Chart 1
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amples where the lone pair on phosphorus is involved in
extended delocalizatio. Other examples supporting overlap
of the lone pair on phosphorus with p orbitals on carbon include
phosphanylcarbenes reported by Bertrand and co-wotk&te

tion of the spectroscopic and electrochemical properties of these
novel polymers supports electronic delocalization through
phosphorus along the backbone of the polymer upon chemical
or electrochemical oxidation.

Results

Synthesis of Monomers for PolymerizationThe preparation
of PPPP-PANI copolymers can be conducted by either®
or P—C bond-forming reactions. Efficient palladium-catalyzed
C—N bond-forming reactions have recently been developed by
Hartwig?® and Buchwald? while the related palladium-catalyzed
P—C bond-forming reactions have also been repottedie
attempted to prepare PPPPANI copolymers via both NC
and P-C bond-forming reactions and discovered that condensa-
tion polymerization via P-C bond formation is more effective
for polymerization reactions. While palladium-catalyzeeC
bond-forming reactions have been used to generate poly-
(N-arylamine)s2 the polymerization procedures typically utilize
hindered phosphine ligands, which allow the generation of

X-ray structure of a phospanyl(mesityl)carbene contains a reactive Pd(0) monophosphine compleX&ettempts to prepare
phosphorus atom in a planar environment consistent with pppp-pANI copolymers using similar conditions were inef-

electronic donation of the lone pair into the vacant orbital of

fective. The problems encountered during attempts to prepare

the carbene. These results suggest that the lone pair onpppp-PANI copolymers via &N bond-forming reactions are
phosphorus has good overlap with the electron-deficient p orbital |ikely due to the presence of high concentrations of unhindered

on carbon. However, further investigation is required to
determine the extent of delocalization of the lone pair of
electrons on phosphines and related phosphorus(lll) species.
The preparation and investigation of olijbdphenyl-
aniline) 1617 poly(N-arylaniline)s!® and poly(phenylenesulfide)
polyaniline alternating copolyméis2! have been reported. In

phosphine comonomers. Alternative attempts to condudiC
bond-forming polymerizations with PdBINAP or PdDPPF
generated only low molecular weight oligomers. Therefore,
palladium-catalyzed €N and C-P bond-forming reactions
were used to prepare the appropriate monomers for polymeri-
zation, and P-C bond-forming reactions were used for polym-

most cases the electronic and spectroscopic properties are similagrization reactions.

to polyaniline. However, the substituted polymers have good
solubility in organic solvents, providing superior processability.

The preparation of 1,4-bis¢4'-iodophenyl,N-4"-n-butyl-
phenylamino)benzeng) followed a two-step procedure. First,

Incorporation of poly(phenylenesulfidephenyleneamine) as a reaction of 1,4-dibromobenzene with excess (5 equiv) 4-butyl-

hole transport layer in trilayer light-emitting diodes has been
shown to promote hole injection from ITO into the emissive
layer?? In this article we describe the synthesis of poly-
(p-phenylene phosphinepolyaniline alternating copolymers
(PPPP-PANI, Scheme 1). PPPRPANI copolymers are pre-
pared via palladium-catalyzed—-® or C-N bond-forming

aniline catalyzed by Pd(DPPF)YQR.5 mol %) in toluene with
2.2 equiv of Na®Bu was conducted for 2 days at 10G.
Purification via column chromatography yields light yellow
crystals of 1,4-bid{-4'-n-butylphenylamino)benzend,(65%
yield). Conversion of diaminé to 2 is achieved by reaction of

1 with excess 1,4-diiodobenzene catalyzed by Pd(DPRF)CI

reactions. Depending on the structure of the comonomers useqs mol %) in toluene with 2.2 equiv of Na@Bu for 7 days at

for polymerization, PPPPPANI copolymers have been
prepared with main-chain alternating units comprised
of —(—N—CgHq—P—CgHa—)—, —(—N—CeHs—N—CsHs—P—
C5H4_)_, or _(_N—C5H4_P_C6H4—P_C5H4_)_. Investiga—

(14) (a) Lucht, B. L.; St. Onge, N. @hem. Commur200Q 2097. (b) Jin, Z.;
Lucht, B. L.J. Organomet. Chen2002 653 167.

(15) Buron, C.; Gornitzka, H.; Romanenko, V.; Bertrand S8ience200Q 288
834.

(16) (a) Sadighi, J. P.; Singer, R. A.; Buchwald, SJLAm. Chem. S0d.998
120, 4960. (b) Singer, R. A.; Sadighi, J. P.; Buchwald, SJILAm. Chem.
Soc.1998 120, 213. (c) Louie, J.; Hartwig, J. F.; Fry, A. J. Am. Chem.
Soc.1997 119 11695.

(17) Strohriegl, P.; Jesberger, G.; Heinze, J.; MolIMakromol. Chem1992
193 909-919.

(18) (a) Goodson, F. E.; Hartwig, J. Macromoleculesl998 31, 1700. (b)
Goodson, F. E.; Hauck, S. L.; Hartwig, J.F.Am. Chem. Sod999 121,
7527.

(19) (a) Wang, L. X.; Soczka-Guth, T.; Havinga, E.; Mullen,Adgew. Chem.,
Int. Ed. Engl.1996 35, 1495-1497. (b) Leuninger, J.; Wang, C.; Soczka-
Guth, T.; Enkelmann, V.; Pakula, T.; Mullen, Klacromolecules1998
31, 1720-1727.

(20) Leuninger, J.; Uebe, J.; Salbeck, J.; Gherghel, L.; Wang, C.; Mullen, K.
1999 100 79-88.

(21) zZhu, K.; Wang, L.; Jing, X.; Wang, Macromolecule001, 34, 8453—
8455.

(22) Tak, Y.-H.; Bassler, H.; Leuninger, J.; Mullen, K.Phys. Chem. B991,
102 4887-4891.

100 °C. This provide2 as a yellow solid (20% vyield).
Following related proceduréé,N-bisp-bromophenylp-anis-
idine (3) was prepared via the palladium-catalyzed cross
coupling ofp-anisidine with dibromobenzene. Compowas
isolated as a white crystalline material in 61% yield. Attempts
to prepareN,N-bisp-bromophenylp-n-butylaniline via pal-
ladium-catalyzed cross coupling of dibromobenzene with
butylaniline provided only low yields of the monosubstituted
product. While3 is a good starting material for the preparation

(23) (a) Louie, J.; Hartwig, J. Fletrahedron Lett1995 36, 3609. (b) Driver,
M. S.; Hartwig, J. FJ. Am. Chem. Sod.996 118 7217. (c) Hartwig, J.
F. Angew. Chem., Int. Ed. Engl998 37, 2046.

(24) (a) Guram, A. S.; Rennels, R. A.; Buchwald, SAngew. Chem., Int. Ed.
Engl. 1995 34, 1348. (b) Wolfe, J. P.; Wagaw, S.; Buchwald, SJLAm.
Chem. Soc1996 118 7215. (c) Wolfe, J. P.; Wagaw, S.; Marcoux, J.-F.;
Buchwald, S. L. Acc. Chem. Red.998 31, 805.

(25) (a) Cai, D.; Payack, J. F.; Bender, D. R.; Hughes, D. L.; Verhoeven, T. R.;
Reider, P. JJ. Org. Chem1994 59, 7180. (b) Hillhouse, J. H. U.S. Patent
5,550,295, 1996. (c) Herd, O.; Hessler, A.; Hingst, M.; Tepper, M.; Stelzer,
0. J. Organomet. Chen1.996 522 69.

(26) (a) Hartwig, J. F.; Kawatsura, M.; Hauck, S. I.; Shaughnessy, K. H.; Alcazar-
Roman, L. M.J. Org. Chem.1999 64, 5575-5580. (b) Wolfe, J. P.;
Tomori, H.; Sadighi, J. P.; Yin, J.; Buchwald, S. lL. Org. Chem200Q
65, 1158-1174.
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Scheme 2
|—©—NH + |—©—N—©—|
Pd(DPPF)CI2
( ) NaOtBu Toluene 100 °C
OMe OMe
Main product 40% yield Trace amount
Pd(DPPF)CI
O+t OO
NaOtBu Toluene 100 °C
OMe OMe
30 % yield
4
Scheme 3
Bu Bu

Q

+
HoP—tmp
of PPPP-PANI copolymers with a backbone consisting of
—(—N—CgHs—P—CgHs—P—CgHs—)—, as described below,
attempts to utilize3 for the preparation of PPPHPANI

copolymers with a-(—N—CgHs—P—CgH4—)— backbone proved
difficult due to the high reaction temperatures130 °C)

Pd(PPh3)4 DABCO
70 °C 5days

UGS

Mn= 5000 PDI—1.6

Synthesis of PPPP-PANI Copolymers. PPPP-PANI co-
polymers were afforded via palladium-catalyzed® bond
formation. The appropriate primary phosphine or secondary
diphosphine was coupled to dihaloaromatic amines or dihalo-
aromatic diamines. In all cases the polymerizations were

required to prepare high-molecular weight polymers and the low conducted with a 1:1 stoichiometry of phosphine and dihalo-

boiling point of the comonomer 2,4,4-trimethylpentylphosphine

aromatic amine or diamine with 2 mol % Pd(RRhas the

(78 °C). Therefore, we attempted to prepare the more reactive catalyst and 2.2 equiv of DABCO as a base without added

N,N-bisp-iodophenylp-anisidine. Surprisingly, the Pd(DPPF)-
Cly,-catalyzed coupling op-anisidine with 1,4-diiodobenzene
provided a moderate yield &f-p-iodophenylp-anisidine (40%)
but only a trace amount of the desirBN-bisp-iodophenyl-

solvent. Attempts to prepare PPPPANI copolymers via
reactions in organic solvents (THF or toluene) resulted in low
molecular weight materials due to poor solubility of the
polymers. PPPPPANI copolymers are sensitive to oxidation,

p-anisidine (Scheme 2). Several attempts were conducted usingorming phosphine oxides in solution exposed to air over several

either Pd(DPPF)Glor Pd(OACYBINAP as the catalyst, but
significant quantities oN,N-bisp-iodophenylp-anisidine were
not observed under any reaction conditions. Alternatively,
isolation and purification ofN-p-iodophenylp-anisidine did
allow the preparation oN-p-bromophenyIN-p-iodophenylp-
anisidine §). Palladium-catalyzed coupling dfp-iodophenyl-
p-anisidine with 1-bromo-4-iodobenzene produdeas a light
yellow low melting solid in 21% isolated yield (Scheme 2).
Oddly, attempts to prepadefrom N-p-iodophenylp-anisidine
and 1,4-dibromobenzene were unsuccessful.

The synthesis of PPPRPANI with a —(—N—CgHs—P—
CgHs4—P—CgHs—)— backbone is most easily achieved
via preparation of a diphosphine monomer. Reaction of
2,4,4-trimethylpentylphosphine with 1,4-diiodobenzene was
catalyzed by Pd(OAg)0.5 mol %) in the presence of 2.2 equiv
of DABCO. The reaction mixture was heated for 24 h af@0
to yield 1,4-bisP-2',4',4'-trimethylpentylphosphino)benzens) (
as a colorless oil in 48% yield after purification. All purification

days. In the solid state air oxidation is much slower. While most
of the polymers have good solubility in THF, CHChnd NMP,
some of the isolated material is not soluble in organic solvents
(THF, NMP, CHC4, etc.). IR spectra of the insoluble fractions
are identical to those of the soluble PPHFANI copolymers.
The similarity of the IR spectra is consistent with identical
polymer structure but higher molecular weight for the insoluble
material.

Polymer 6a contains a —(—N—CgHs—N—CeHys—P—
CeH4—)— backbone and is prepared by the palladium-catalyzed
coupling of 2 with 2,4,4-trimethylpentylphosphine ¢RTMP)
(Scheme 3). The polymerization reaction is conducted &C70
for 5 days. During this time the reaction mixture went from a
light yellow viscous liquid to a dark gel. Isolation @&a is
afforded via suspension in THF with sonication followed by
precipitation in N-purged MeOH. One-half of the precipitated
polymer does not redissolve in THF after precipitation. The
soluble fraction has broaliH and3!P resonances with integra-

procedures including extractions and solvent removal were tions, chemical shifts, and scalar couplings consistent with the

conducted under an inert atmosphere to prevent conversion ofanticipated polymer structures.

the secondary phosphines to phosphine oxides.

5588 J. AM. CHEM. SOC. = VOL. 127, NO. 15, 2005
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Scheme 4
OO raremasomsoo wrOrOre
+ HoPTmp 5 > Tmp
60 “C 5 Hours 7
OMe 4 OMe
Pd(PPh3)4 DABCO {-p@— @
Tmp
(o]
130 “C 7days 8a
OMe
Scheme 5 resulting in formation of a hard black sol&h. The black solid
Tmp, Tmp was suspended in THF with sonication over 5 h, precipitated
Br_O_N_@_Br + HP PH in nitrogen-purged methanol, and collected via filtration. All
5 of the precipitate can be redissolved in THF. The structure of
OMe 9a is supported by!H and 3P NMR spectroscopy. Size-

OMe exclusion chromatography &fa (SEC, THF vs polystyrene
Tmp standards) suggests that the polymer molecular weight is
Pd (PPhs)s DABCO—[-@— —©_ -O_ P moderate ¥, = 11 K, PDI= 1.9), corresponding to 16 repeat
130°C 7days units. The higher molecular weight 8avs 6aand8ais likely
due to the greater proportion of solubilizing 2,4,4-trimethylpentyl
suggesting that the insoluble material is a higher MW fraction substituents providing enhanced solubility of the higher mo-
of the polymer. Investigation of the soluble fraction by gel lecular weight fraction. In addition, PPP#PANI copolymer
permeation chromatography (SEC, THF vs polystyrene stan- 9a contains a single dominant signal observed3ty NMR
dards) suggests that the molecular weighta$ low (M, = spectroscopy ¥95%), suggesting higher molecular weight
5000, PDI= 1.6), corresponding to an average of nine repeat polymer by end-group analysis. Related low estimates of the
units. While shorter reaction times result in lower quantities of molecular weight of phosphine-containing polymers have been
insoluble polymer, the soluble fraction has a similar molecular reportec?’
weight, consistent with precipitation of higher molecular weight ~ Synthesis of Polymer Model CompoundsThe synthesis
6a of polymer model compoundlOa was conducted via the
The preparation of a PPP#PANI copolymer containing a  palladium-catalyzed cross coupling of 2.0 equiv of diphenyl-
—(—N—CgH4—P—CgHs—)— backbone structure8d) was con- phosphine with 1.0 equiv df,N-bis{p-bromophenylp-anisidine
ducted with palladium-catalyzed cross-coupling of a 1:1 mixture (3). The neat reaction mixture was heated for 2 weeks at
of 4 and HPTMP (Scheme 4). The polycondensations involve 130°C followed by extraction with hot hexane to provide crude
a two-step procedure. First, the reaction mixture was heated to10a Recrystallization in hexanes yields light yellow crystals
60°C for 5 h, allowing the aryl iodide to couple with the primary  (10a 45% yield). Polymer model compouddawas prepared
phosphine, generating a difunctional intermediate in situ and purified using similar conditions to those fdaexcept 2
(7, Scheme 4). Upon formation af the reaction temperature  equiv of diphenylphosphine and 1 equiv of 1,4-bis{-
was increased to 138C for 7 days. The initial phase of the iodophenyl,N-4"-n-butylphenylamino)benzene)(were used
reaction consumes all of the volatilePiTmp, allowing higher as staring materials. Alternatively, polymer model compound
reaction temperatures during polymerization. The reaction 12awas prepared by reacting,PITmp with an excess amount
mixture was a light yellow viscous liquid before heating, which of 3.
was converted to a gel after the fig h of heating and then

formed a hard black solid. Resulting polyngarwas suspended Ph,P OE OEOPPhZ

in THF over 5 h via sonication followed by precipitation in

nitrogen-purged methanol and collection via filtration. Only 11a, R = n-BuCgH,

about one-third of the collected solid dissolved in THF or NMP; R Tmp

the remaining material was insoluble in organic solvents. P"ZP@NOPP"Z R'RN@PONRR

1H and®!P NMR spectra of the soluble fraction 8& support
the expected structure. Investigation of the soluble fraction of
8a by gel permeation chromatography (SEC, THF vs polysty-  Synthesis of PPPP Oxide PANI Copolymers and Model
rene standards) suggests that the molecular weight is lowCompounds Poly(p-phenylene phosphine oxidePANI co-

(M, = 3000, PDI= 1.5), corresponding to seven repeat units. polymers 6b, 8b, and9b) are formed by reaction with hydrogen
Shorter reaction times resulted in smaller quantities of insoluble peroxide (Scheme 6¥.Modified copolymers b, 8b, and9b)
polymer, but the molecular weight of the soluble fraction was were purified by precipitation into hexane and characterized by

10a, R = p-MeOC4H, 12a, R = CgH,-p-OCHg, R' = CgH,-p-Br

largely unchanged. 1H, 13C, and®P NMR and IR spectroscopies and size-exclusion
Synthesis of PPPPPANI copolymer containing a(—N— chromatography (SEC). The quantitative nature of the trans-

CeHyq—P—CgHs—P—CgHs—)— backbone 9a, Scheme 5) was

achieved via palladium-catalyzed cross coupling3ofith 5. (27) Teang, C.-W.; Yam, M.; Gates, D. £.Am. Chem. So2003 125 1480~

The polymerization was conducted at 13Q for 7 days, (28) Smith, R.; Protasiewicz, J. alton Trans.2003 24, 4738-4741.

J. AM. CHEM. SOC. = VOL. 127, NO. 15, 2005 5589
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Scheme 6

R'
6a, 8a, 9a, and 13a 6b, 8b, 9b, and 13b
6: R = p-n-Bu-CgHy-; 9: R = p-CH30CgH4-;
R' = 2,4,4-trimethylpentyl; R' = 2,4,4-trimethylpentyl;
m=2:n=1 m=1,n=2
8: R = p-CH3z0CgH,-; 13: R' = 2,4,4-trimethylpentyl
R' = 2,4,4-trimethylpentyl; m=0,n=1
m=1,n=1

Table 1. Cyclic Voltammetry Data for PPPP—PANI Copolymers

formations is easily monitored B¥P NMR spectroscopy. The 404 Model Compounds

31P NMR resonances for polg{phenylene phosphine oxide)

PANI copolymers are between 30 and 32 ppm. The molecular compound Eot Eu! Eot
weight of PPPP oxidePANI copolymers as estimated by SEC gg 3:;2 8:‘712 0.83
is about one-half of that observed for the PPHRANI 8a 0.09 0.83
copolymers i, = 2200,6b; 1500,8b; 5000,9b). The change 8b 0.67
in M, suggests a significant alteration in the conformation of gs g'gg 0.79
the copolymers upon conversion of the phosphines to phosphine 10a 0.60 0.82
oxides. Polymer model compound®a, 11a,and 12a were 10b 0.67
modified and characterized via related methods to the PPPP ﬂs g-gé 8'22 0.75
PANI copolymers (egs 43). 12a 0.33 0.74

12b 0.62

13a 0.89

a Standard cell consisting of a Pt working electrode, Ag/AgCl reference
10a, R = p-MeOCgH, 10b, R = p-MeOCgH,

electrode, and Pt wire counter electrode. Scan rate is 50r¥glymer
solution (1.0 mM) in 0.1 M BuNBF, supporting electrolyte was in dry

pthO @ @pphz bR = mBuCH degassed methylene chloride. Ferrocene (1.0 mM) was used as an external
' o @ standard® The electrical potential of Fc/Fowas set to 0.00 V.

202
11a, R = n-BuCgH. . .
R thp@ O Opphz —(—NC¢HsN—)—"2 fragments has been thoroughly investi-

Trmp s Tmp gated?® Therefore, the first two oxidation peaks are assigned
RN@*’ONRR' @ O to loss of electrons from thg-phenylene diamine fragment of
6a The third peak at 0.83 V is at a similar potential to that
reported forl3a and is likely to result from removal of an
electron from an orbital located primarily on phosphottfs.
Cyclic voltammetry oPa provides quite different results. Two
. - oxidation peaks are observed at 0.50 and 0.79 V vs Fc/Fc
copolymers 63, 8a, a_nd 9a with polyaniline _and poly- ., The first peak occurs at a lower potential thanps@nisylamine
(p-phenylene phosphine)s suggests a potential for similar (0.68 V vs Fc/F¢)3° but higher than the first oxidation peak of
electrochemical properties. Previous investigations of poly- N,N,N',N'-tetraphenyl-1,4-phenylenediamine. The oxidation po-
(p-phenyleneP-2,4,4-trimethylpentylphosphine) §) support tentials of9aare similar,to polymer model compout@a(0.60
electronic delocalization through phosphorus along the polymer and 0.82 V vs Fc/Fb). 10acontains a single triarylamine center
backbone:* Poly-® and oligof\-arylaniline)s’ have similar g hesitited by two triarylphosphines. For b@#and 10athe
electrochemical properties to polyaniline, consistent with the it oxidation is assigned to loss of an electron from a nitrogen-
formation of delocalized radical cations along the polymer chain. antered orbital, while the second oxidation occurs from a
To understand the electrochemical propertie6aBa, and9a, phosphorus-centered orbital.
we conducted cyclic voltammetry of the polymers and polymer Intermediate results to those obtained fim and 9a are

model compound40a, 11aand12ain CH.Cl; solution. The  ,pqaryed foBa. Cyclic voltammetry ofareveals two distinct

cyclic voltammetry data is summarized in Table 1. Cyclic yiqation peaks at 0.09 and 0.83 V vs Fc/FEhe first oxidation
voltammetry of6éareveals three |r_rever5|ble _ox@anons at 0.15, peak occurs at a 0.41 V lower potential trgabut has a similar
0.45, and 0.83 V vs Fc/Fc The first two oxidations occur at potential to the first oxidation peak &a and11la Since8a

similar oxidation potentials to those reported f&jN,N',N'- does not contain-(—NCsH4N—)— units, a stepwise oxidation
tetraphenyl-1,4-phenylenediamine (0.13 and 0.65 V vs FyfFc

and polymer model compoundla (0.21 and 0.52 V vs (29 (a) Bailey, S. E.; Zinc, J. I.; Nelsen, S. F.Am. Chem. SoQ003 125,

12a, R = CgHy-p-OCHj, R' = CgHy-p-Br 12b, R = CgH,-p-OCHg, R’ = CgHy-p-Br

Cyclic Voltammetry of PPPP—PANI Copolymers and
Model Compounds.The structural similarity of PPPAPANI

; ; ; _ ; 5939-5947. (b) Lambert, C.; Noll, GI. Am. Chem. S0d999 121, 8434.
Fe/Fc’, Table 1_)' T_he stepwise oxidation of aryl substituted (30) Seo, E. T.; Nelson, R. F.; Fritsch, J. M.; Marcoux, L. S.; Leedy, D. W.;
p-phenylene diamines to form—(—NCgHs,N—)—" and Adams, R. N.J. Am. Chem. Sod.966 88, 3498-3503.
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to generate-(—NCgH4N—)—" and—(—NCgsH4N—)—"2is not
possible. There is only one oxidation peak below 0.75 V,
suggesting a single oxidation from a nitrogen-centered orbital.
The oxidation peak at 0.83 V is assigned to loss of an electron
from a phosphorus-based orbital. Presumably, the low oxidation
potential observed for the first oxidation peak3afresults from
electronic communication between two adjacent triphenylamine
units through the connecting phosphorus. This interpretation is
supported by investigation of model compouti?h The first
oxidation potential ofLl2a (0.33 V) is between that da and
11aas one might expect for a single polymer repeat unit. Both
8a and 12acontain two nitrogens connected by-¢—CgHs—
P—C¢H4—)— linkage. If the linkage between triphenylamine
fragments contains a bisphosphine linkagé—CgsHe—P—
CeHs—P—CgHs—)— (9a) or the triphenylamine units are not
connected as i10g the first oxidation peak is observed at a
significantly higher potential (0.50 and 0.60 V vs Fcffc
respectively). The electrochemical propertie8atind12aare
unique and observed only when there is a single-CeHs—
P—C¢Hs—)— linkage between nitrogen centers. Related unique
properties are observed for B\Wis—NIR spectra of8a as
discussed below.

Cyclic Voltammetry of PPPP Oxide—PANI Copolymers
and Model Compounds. The electrochemical properties of
PPPP oxide PANI copolymers were investigated with cyclic
voltammetry (CV). Oxidation potentials of PPPP oxicd@ANI

copolymers and model compounds are summarized in Table 1.

Cyclic voltammetry of6b reveals two reversible oxidations
at 0.36 and 0.73 V vs Fc/Ec The first two oxidations fo6b
occur at slightly higher oxidation potentials théa and are
similar to polymer model compountilb (0.29 and 0.66 V vs
Fc/Fc"). The electrochemical oxidations 6b are assigned to
the loss of electrons from thephenylene diamine fragments.

The electrochemical properties &th and9b differ from those
of 6b and are consistent with the absence pgphenylene
diamine units. Quasi-reversible oxidations are observe@iior
and 9b at 0.67 and 0.63 V vs Fc/F¢ respectively. Polymer
model compoundObis structurally related to polyme8gb and
9b containing a triarylamine substituted by twophenyl
phosphine oxides. Alternatively, polymer model compoad
contains a phosphine oxide substituted by two arylamines. The
reversible oxidations ofLOb (0.67 V vs Fc/F¢) and 12b
(0.62 V vs Fc/Ft) are analogous t8b and9b. The equivalence
of the oxidation potentials foB8b, 9b, 10b, and 12b and
similarity to related substituted triarylamines supports oxidation
of electronically isolated triarylamine fragments in polymers
8b and 9b. The loss of the difference in oxidation potentials
between8a and 9a upon conversion to the phosphine oxides
8b and9b is consistent with a loss of electronic delocalization
in 8a upon conversion t@b.

UV —Vis—NIR Spectroscopy of PPPP-PANI Copolymers.
UV —vis absorption spectra of neutral polymées 8a, and9a
are similar, containing absorption maxima at 319, 335, and
338 nm, respectively. The absorptions are assigned-ta*
transitions characteristic of aromatic compounds. Upon chemical
oxidation of polymer$a, 8a, and9a with NOBF, the spectral
properties retain many similarities. The UVis—NIR absorp-
tions are summarized in Table 2. The chemical oxidations
require an excess amount of oxidant to remove sequential
electrons from the polymer chain. The oxidation potential of

Table 2. UV—Vis—NIR Data for the Chemical Oxidation of
PPPP—PANI Copolymers and Polymer Model Compounds

neutral® first oxidation® second oxidation®
6a 319 30 275 12 419 14
417 16 669 7.7
929 14
8a 335 19 295 12 275 13
356 20 353 13
833 1.0 670 2.0
725 2.0
9a 302 30 287 20 277 22
338 32 357 29 355 22
836 2.0 654 3.0
727 3.0
10a 336 33 353 25
798 10
11a 324 41 372 13 422 13
419 20 663 23
954 18 810 8.0
12a 314 34 336 29 358 24
809 2.0 668 5.0
751 10
13a 277 28 285 20
350 5.0
670 1.0
739 1.0

a2 The wavelength maximum and apparent extinction coefficient per unit
of polymer max x 1073) are provided for each major absorpti®The
spectral characteristic of the first new species generated upon stepwise
chemical oxidation® The spectral characteristic of the second new species
generated upon stepwise chemical oxidation.

NO has been reported to be between $1Gd 1.282 V vs
Fc/Fc", suggesting that NOBFis a strong enough oxidant to
fully oxidize 6a, 8a, and9a. While we do not have a full
understanding of the requirement for excess oxidant, the
oxidations are reproducible; similar results were observed using
different oxidants and correlate well with the cyclic voltammetry
data.

Stepwise titration o6awith the one-electron oxidant NOBF
in CH.CI; results in the appearance of a narrow band at
417 nm and a very broad absorption in the NIR centered at
approximately 929 nm (Figure 1). The NIR absorption is
typically attributed to intramolecular charge transfer in
p-phenylenediamine®. Continued addition of NOBFresults
in a gradual transition to new absorptions at 419 and 669 nm
(Figure 1). Similar results are obtained for the chemical
oxidation of the polymer model compourida Addition of
NOBF; provides a new broad absorption centered at 954 nm,
while further addition of oxidant shifts the absorption to shorter
wavelength {max = 868 nm). Continued addition of NOBF
results in a further shift of the absorptions to 663 nm. The
absorptions are consistent with stepwise oxidation of the
1,4-phenylene diamine fragment to forr—NCgHsN—)—" and
—(—NCgH4N—)—"2. Similar absorptions have been reported for
the radical cation and dication of TPPandN,N,N,N-tetrap-
methoxyphenyl-1,4-phenylenediamitfé.

Chemical oxidation oBa provides related spectral changes
to those observed fdia. Stepwise titration of CKCl, solutions

(31) Encyclopedia of Electrochemistry of the ElemeBt&rd, A. J., Ed.; Marcel
Dekker: New York, 1973; Vol. VII, p 325.

(32) Castellano, C. E.; Calandra, A. J.; Arvia, A.Electrochim. Actal974
19, 701-712.

(33) (a) Cornil, J.; Gruhn, N. E.; dos Santos, D. A.; Malagoli, M.; Lee, P. A.;
Barlow, S.; Thayumanavan, S.; Marder, S. R.; Armstrong, N. R.; Bredas,
J. L. J. Phys. Chem. 001, 105 5206-5211. (b) Low, P. J.; Paterson,
M. A. J.; Puschmann, H.; Goeta, A. E.; Howard, J. A. K.; Lambert, C.;
Cherryman, J. C.; Tackley, D. R.; Leeming, S.; Brown,@hem. Eur. J.
2004 10, 83—-91.
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Figure 1. UV-—vis spectra of the chemical oxidation of polyméa
(3.5 x 10°° M) with NOBF,4 (0.6 equiv per aliquot). (Top) Addition of
0.0—9.6 equiv of NOBE. (Bottom) Addition of 9.6-19.2 equiv of NOBE. Wavelength (nm)

Figure 2. UV—vis spectra of the chemical oxidation of polym8a
of 8a with NOBF, is consistent with the appearance of two (2.3 x 10-® M) with NOBF, (0.75 equiv per aliquot). (Top) Addition of
species (Figure 2). The addition of low concentrations of NQBF 0-0-6.0 equiv of NOBE. (Bottom) Addition of 6.6-13.5 equiv of NOBE:

results in the appearance of a sharp band at 353 nm and a broad ) o
band centered at 833 nm (Figure 2). The change in absorptionThe resul_ts strongly support electronic comr_nunlcatlon_between
spectra upon oxidation is accompanied by isosbestic points atthe two nitrogen centers through a phosphme.cenltslamnd

12a The proposed structure of the different oxidation states of

250 and 360 nm, consistent with the presence of two species.~“° ! s -
Continued addition of NOBFcauses the disappearance of the 8ais depicted in Scheme 7. An explanation for these observa-

absorption at 833 nm and appearance of new absorptions at 35610NS is provided below. .
670, and 725 nm (Figure 2). While the chemical oxidation of The spectral propernes_ &l are S|_m|lar to those r(_eported
polymer 8a is similar to model compound2a, it is quite for 8a. Sequential chemical oxidation &a results in the

different than the chemical oxidation of model compofc formatiqn of tvyo new species. The fir§t species contain;
Stepwise oxidation of2aresults in the appearance of a sharp 2PSOrption maxima at 357 and 836 nm, while the second species
absorption at 336 nm and broad absorption at 809 nm. FurtherP0SS€sses absorption maxima at 355, 654, and 727 nm.
addition of oxidant results in disappearance of the bands at 336C°NVersion to each new oxidation species is accompanied by
and 809 nm along with appearance of new bands at 358, 668,ISO_Sbe.StIC points, supporting the presence of two different
and 751 nm. Isosbestic points were observed, supporting theomdayon sFatefs oba ) . .

presence of two different species. The stepwise oxidation of ~R€investigation of the stepwise chemical oxidation of PPPP
10aresults in the appearance of two absorptions at 353 and°MoPolymeri3awas also conductett. Stepwise addition of
798 nm. The oxidation product ofOa has similar spectral ~ NOBFa to CH.Clz solutions of13aresulted in the appearance
characteristics to the second oxidation stat@axind12a Broad ~ ©f NéW absorption bands at 350, 670, and 739 nm. The two
absorptions above 800 nm are only observegdand12abut new absorption bands at 670 and 739 nm upon oxidation of
not 10a The lack of the low-energy absorption at low 13aoccur at similar wavelengths to those observedlzaand
concentrations of oxidant far0asuggests that the presence of N second oxidation state 84, 9a, and12a The similarity of

two nitrogen centers connected by-§—CsHa—P—CeHa—)— these absorption bands suggests that chemical oxidation of
linkage is a requirement for observation of this species. While Phosphine and amine centers in PP##ANI copolymers and

aromatie-NO™ complexes have been characterized, the presencemOdel compounds cannot be distipguished by H_ W-NIR
of the absorption band at 833 nm at low concentrations of spectroscopy. Therefore, observation of absorption bands be-

oxidant for8a and 12aand absence of a similar band fbda tween 650 and 800 nm i8a and 9a can be attributed to
are inconsistent with an aromatic or phosphine'N@mplex3 concurrent amine and phosphine oxidations. Related chemical
oxidations of triphenylphosphine provided a new absorption at

(34) Kim, E.; Kochi, J. K.J. Am. Chem. S0d.991, 113 4962-4974, 336 but no absorption above 400 nm. The different spectroscopic
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Scheme 7 Table 3. UV—Vis—NIR Absorption Data for 6b and 8—13b
r neutral® first oxidation® second oxidation®
348 15
724 1.0
[0x] 6b 316 30 415 17
935 14 652 24
\r Ar Tmp 9b 342 32 278 21
| ! 340 23
+e n 10b 339 33 354 24
714 12
X
i [0x 11b 315 41 416 24 668 49
898 19

A Tmp Ar Trop 12b 326 36 364 23
LA
+e +o n 751 14

13b 243 31

e transfer

aThe wavelength maximum and extinction coefficieatngx x 1073)
are provided for each major absorptiéThe spectral characteristic of the

Tmp first new species generated upon stepwise chemical oxidétidre spectral
characteristic of the second new species generated upon stepwise chemical
+° + . oxidation.

06 —
Ar mp Ar Tmp ¢
+{ )N P——< =N— )P+ |
+ n

properties ofl3a and triphenylphosphine provides additional
support for electronic delocalization of potyphenylene phos-
phine)s. Addition of a large excess amount of oxidan8#&p

9a, 104 123, or 13aor storage of the oxidized species for over

1 h results in decomposition of the oxidized species, as
evidenced by the appearance of new absorptions between 300
and 650 nm. While the new species appear to be stable, we 250 750 1250
have been unable to isolate or characterize the decomposition
products.

UV —Vis—NIR Spectroscopy of PPPP Oxide-PANI Co-
polymers and Model Compounds The spectroscopic proper-
ties of PPPP oxidePANI copolymersgb, 8b, and9b and the
polymer model compoundslb, 11b, and12bwere investigated
by UV—vis—NIR spectroscopy. The U¥vis—NIR spectral data
is summarized in Table 3.

UV—vis absorption spectra of polymeSb and model
compoundllb are nearly identical with strong absorptions in
the ultraviolet region Amax = 315 and 316 nm, respectively).
Stepwise chemical oxidation 6b via addition of NOBE results
in the appearance of new absorption bands centered at 415 and
935 nm (Figure 3). The broad band at 935 nm is similar to Wavelength (nm)
absorptions observed for other phenylene diamines upon figure 3. Chemical oxidation of polymesb (1.8 x 10-5 M) with NOBF;
removal of a single electron, generating a radical calforhe (1.25 equiv per aliquot). (Top) Addition of 0:06.25 equiv of NOBE.
presence of an isosbestic point at 370 nm supports the presenc&ottom) Addition of 6.25-16.25 equiv of NOBE:
of two distinct species. Further addition of NOB&lters the The absorption spectra of polyme8s and 9b and model
spectral properties db. The absorptions at 415 and 935 nm compoundd0bandl12bare also similarAmax= 339, 342, 339,
decrease, while absorptions at 426 and 652 nm increase (Figureand 324 nm, respectively). Upon stepwise chemical oxidation
3). The new absorptions are similar to those reported for of 8b with NOBF; new absorptions centered at 348 and
dicationic p-phenylene diamine¥. Polymer model compound 724 nm appear, consistent with the formation of arylamine
11bhas comparable spectral properties upon oxidation, generat-radical cations (Figure 4f. Similar absorptions are observed

Absorbance

Absorbance

ing spectral properties consistent with radical catiohg{(= for 8b (Amax = 340 and 721 nmPb (Amax= 354 and 714 nm),
416 and 898 nm) at low concentrations of NQB¥Rd a dication and 12b (Amax = 374 and 751 nm) upon chemical oxidation.
at high concentrations of oxidantn{ax = 436 and 668 nm). Interestingly, the broad absorptions observed ar(Amax =

The UV—vis—NIR spectra of6éb and 11b are dominated by 833 nm),9a (Amax = 836 nm), andL2a (Lmax = 809 nm) at low
the p-phenylene diamine fragments and show little evidence of concentrations of oxidant are not observeddby9b, and12b.
electronic delocalization along the polymer chair6im The lack of low-energy absorptions at low concentrations of
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0.89 the oxidation potentials o8a and 12a Surprisingly, polymer
0.79 8a has the lowest first oxidation potential of all PPPRANI
0.69 copolymers (0.09 V). The first oxidation potential 8& is
o 059 60 mV lower than that oféa. While this can be partially
% 0.49 explained by different substltgents on_nltrogpm-butylphenyl
£ vs p-methoxyphenyl, electronic donation of themethoxyphe-
§ 0.39 nyl substituent cannot fully explain the extremely low oxidation
< 029 potential of8a. A correspondingly low oxidation potential is
0.19 observed for model compountRa (0.33 V). The oxidation
0.09 potential of12ais 270 mV lower than that af0aand 240 mV
001 - , ; , ; higher than that 08a. Assuming that electronic delocalization
250 450 650 850 1050 is negligible in10a one could assume thaPahas about one-
half of the delocalization oba. This is fully consistent with
Wavelength (nm) strong electronic delocalization between adjacent nitrogen
Figure 4. Chemical oxidation of polymeBb (4.6 x 10-5 M) with NOBF;4 centers through & (—CgHs—P—CgHs—)— linkage.12acontains
(0.5 equiv per aliquot). Addition of 0:01.5 equiv of NOBE. a single—(—N—CeH4—P—C6H4—N—)— unit, while 8a has a

—(—N—CgHs—P—CgHs—)n— repeat unit in the polymer back-
bone. Related changes in the the oxidation potentials of oligo-
: ; Y ) SN ¢ and polyN-arylanilines have been reported in support of
Flnally, relnvggtlgatlon of the cheml_cal oxidation b8b via electronic delocalizatioh’1® Further support of electronic
stepwise addition of NOBfresulted in no observed spectral  g|qc4jization through phosphorus is provided upon conversion
changes, as expected due to a lack of nonbonding electrons ON)t PPPP-PANI copolymers to PPPP oxig®ANI copolymers

hosph irL3b. ) L .
PhoSphoTuS 1 Comparison of the oxidation potentials of PPHPANI
Discussion copolymersba, 8a,and9awith PPPP oxide PANI copolymers

The synthetic, spectroscopic, and electrochemical investiga—6b' 8b, and9b suggests changes in the electronic structure upon

tion of PPPP-PANI copolymers and related model compounds modification .(Table 1). The first oxidation peak shifts to a higher

provides strong evidence for involvement of the lone pair of electrochemical potential for all PPPP 0xideANI copolymgr;

electrons on phosphorus in extended electronic delocalization.(6P. 8b, and 9b), as expected for more glectron-deﬂuent
Cyclic voltammetry of PPPPPANI copolymers a, 8a, and compounds. In addition, one less oxidation is observed for all

9a) and model compoundslQa 1la and 128 provides PPF_’P oxide PANI copolymers. This oxidation is primarily
evidence for multiple oxidations. In all cases the first oxidation 2SSigned to removal of an electron from a phosphorus-centered
is consistent with removal of an electron for an aromatic amine. ©rbital. The absence of this oxidation wave is consistent with

The first oxidation potentials have the following ordeda > conver_sion qf nqnbonded_electrons toa bpnding pair. The _shift
9a > 12a > 1la > 6a > 8a There are several interesting of the first oxidation potential upon conversion of the phosphines
aspects of the ordering of the oxidation potentials. Model to phosphine oxides is relatively small for model compounds
compoundLOa has the highest oxidation potential. This is not 10 (70 mV) and 1la (80 mV). Slightly larger shifts are
surprising since 10a is an aromatic amine with two ©OPserved for PPPPPANI copolymers6a (210 mV) and9a

p-diphenylphosphine substituents. While there is potential for (120 mV). While the small shifts in oxidation potentials for
delocalization of the nitrogen-based radical cation onto the 102 and1laare consistent with a change in electron density
p-diphenylphosphines, the high oxidation potential, comparable from €lectron-donating phosphines to electron-withdrawing
to tri-p-anisylamine (0.67 V vs Fc/F3, suggests insignificant ~ Phosphine oxides, the larger shifts #aand9asuggest a loss
electronic delocalization. SincDaand9a are both anisidines ~ Of the weak electronic delocalization through thé—CeHa—
containing—(—P—CgH4—N—CeH,—P—)— linkages, one would P_CG'_"4_)_ or —(—CeHs—P—CgHs—P—CeHs—)— linkages as
anticipate that in the absence of electronic delocalization the described above
oxidation potentials would be very similar. The oxidation The large shift in oxidation potentials &a and 12a upon
potential of polymePais 100 mV lower than that cf0a While conversion tBb and12b cannot be explained by a change in
the difference in oxidation potentials could be attributed to the the electron density of the phosphorus center. The first oxidation
different substituents on phosphorus, we suggest that it is thepotentials of8a and 12a are shifted by 580 and 290 mV,
result of weak electronic delocalization between adjacent respectively, upon conversion t8b and 12b. The large
nitrogen centers via the-(—CgHs—P—CeHs—P—CgHs—)— difference in the first oxidation potential 8a relative to8b is
linkage. Further support for this assignment is discussed below. consistent with a significant change in electronic delocalization.
Polymer 6a and model compoundlla have low first The dramatically lower oxidation potential &a (0.09 V)
oxidation potentials (0.15 and 0.21 V vs Fcif-cespectively) compared talOa (0.60 V) is attributed to electronic delocal-
and a low second oxidation potential, as expected for ization between two adjacent nitrogen centers through the
p-phenylene diamines. However, the first oxidation potential connecting phenyl phosphine linkage. However, upon conver-
for 6ais 60 mV lower than that of1a While this difference sion of phosphines to phosphine oxides the oxidation potential
is small, it is consistent with weak electronic delocalization of 8b is identical to that ofLOb (0.67 V), which is consistent
between p-phenylene diamine units via a(—CgHs—P— with a loss of delocalization. Conversion of the phosphorus-
CeHs—)— linkage. However, the strongest evidence for elec- (lll) centers in8a to phosphorus(V) centers i8b results in
tronic delocalization of the lone pair on phosphorus is found in elimination of unshared electrons on phosphorus and coincides

oxidant for8b and9b provides additional support for electronic
delocalization through phosphorus in polyme¥a and 9a
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with a dramatic increase in oxidation potential. This strongly to the initial site of oxidation. While one might anticipate that
suggests that the lone pair of electrons on phosphorBa.is phosphine oxidations would occur at higher potential than amine
delocalized in an extended-conjugated system along the oxidations, the anaerobic oxidation potentials for triphenyl-
polymer backbone. Related differences in the electronic structureaminé® and triphenylphosphiriein acetonitrile ¢-0.98 vs SCE

of 8aandl12aare observed by UVvis—NIR spectroscopy as  and-+0.830 vs Ag/0.1 M AgN@, respectively) are similar. The
described below. quinoidal resonance form &=2" (Scheme 7) is a likely source

UV —vis—NIR spectra of the chemical oxidation of PPPP  of the unique spectroscopic and electrochemical properties of
PANI copolymers and model compounds fall into three cat- 8a and12a While there is limited experimental evidence for
egories. In the first category the UWis—NIR spectra of species containing fR=CR;]" fragmentsi® as depicted in
polymer 6a and model compoundla are dominated by the  Scheme 7, there is substantial computational supportzfor
p-phenylene diamine fragmerf&The second category contains  conjugationt”
model compoundl0a which has spectra consistent with
oxidation of an isolated aromatic amifeThe third category
contains polymer8aand9aand model compounti2a These We have shown that phosphorus-containing pobayl-
compounds’ spectra contain additional features not observedaniline) (PPPP-PANI) can be prepared via palladium-catalyzed
in isolated aromatic amines. At low concentrations of oxidant carbor-phosphorus bond formation. Spectroscopic and elec-
a new species is observed, which contains a broad absorptiorirochemical investigations of PPPPANI copolymers strongly
with a maximum between 809 and 836 nm. We assign this support electronic delocalization through P(lll) centers along
feature to a charge-transfer band associated with charge transfethe polymer backbone. Conversion of phosphorus(lll) phos-
between two adjacent nitrogen centers throysgphenylene phines to phosphorus(V) phosphine oxides inhibits electronic
phosphine linkages. The presence of this new band correlateglelocalization through phosphorus, further supporting delocal-
with changes in the oxidation potentials &, 9a, and12aas ization of the lone pair of electrons on phosphorus. PPPANI
discussed above. While one might anticipate that a similar band copolymers are a new type afconjugated polymer with low
would be observed foba, the absorption occurs at a similar  oxidation potentials and electronic delocalization through
wavelength to the absorption associated with the charge-transfejphosphorus along the polymer chain.
band of thep-phenylenediamine radical cation. The extinction
coefficient of6a (12 000) is much larger than that 88, 9a,
and12a(1000-2000). Therefore, it is unlikely that one would
be able to observe the-NP—N charge-transfer band iBb.

The UV—vis—NIR spectral properties of PPPP oxieleANI
copolymers are consistent with a loss of electronic delocalization
through phosphorus upon conversion of the phosphine to
phosphine oxide. There are only two types of PPPP oxide Supporting Information Available: Experimental procedures
PANI copolymers or model compounds. While and11b have for the preparation of PPPRPANI copolymers and polymer
spectra characteristic pfphenylene diamines8b, 9b, 10a and model compounds, U¥vis spectra of the chemical oxidation
12ahave spectra characteristic of isolated aromatic amines. Theof 9a, 9b, 10a 10b, 11a 11b, 12a 12b, 135 and 13b, and
unique spectral properties assigned to charge transfer betweemryclic voltammographs o6a, 6b, 8a 8b, 9a, 9b, 105 10b,
two adjacent nitrogen centers througiphenylene phosphine  11a 11b, 125 and12b. This material is available free of charge
linkages in8a, 9a, and 12a are lost upon conversion of the via the Internet at http://pubs.acs.org.
phosphorus(Ill) phosphines to phosphorus(V) phosphine oxides.

A proposed mechanism for the oxidation & is depicted
in Scheme 7. The first oxidation removes an electron from every (35) Schiavon, G.; Zecchin, S.; Cogoni, G.; Bontempelli, G Electroanal.
other nitrogen. The broad absorption at 833 nm is characteristic 36) %;Tﬁ?@a‘c"g}rgﬁg; A Grutzmacher, H.: Pritzkow, H.: BertrandJG.
of an intramolecular charge-transfer band from an electron-rich Am. Chem. Sod.989 111, 6853-6854.
nitrogen to a nitrogen-based radical cation. The second oxidation(®7) (&) Kapp. J. Schade, C. EiNahasa, /. M.: Schieyer, P. VARgew.

; . . . . _ . Int. Ed. Engl1996 35, 2236-2238. (b) Ehrig, M.; Horn, H.;
provides radical cations at either amines or phosphines adjacent Kolmel C.; Ahlrichs, RJ. Am. Chem. S0d991, 113 3701-3704.
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