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Figure 3. Variation in 125Xe chemical shift with the concentration of 
adsorbed xenon (T = 22 °C) in reduced Pt-NaY zeolite samples pre
viously calcined to different maximum temperatures (200, 300, and 400 
0C). The percentage of surface platinum metal determined by hydro-
gen-chemisorption experiments is shown in parentheses for each sample. 

summary, for the 400 0C reduction conditions imposed, 129Xe 
NMR data indicate that formation of Highly dispersed, NaY-
supported platinum metal requires calcination at close to 400 0C 
and progresses through a shielded precursor species following 
decomposition of the metal-tetraammine salt. 

These new 129Xe NMR experiments represent a unique means 
of investigating metal-zeolite catalyst preparation and provide 
important insight into the chemistry of the calcination process. 
The sensitivity of physisorbed xenon to the influence of the metal 
guest makes 129Xe NMR spectroscopy an important diagnostic 
probe of metal-clustering phenomena in zeolitic media. 
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We wish to communicate the potential dependence of the 
conductivity of thiophene-derived polymers I and II confined to 

(1) 

I R = CH3 

II R = H 

Pt microelectrodes, The data show a broad maximum in con
ductivity as suggested by theory which shows a finite width for 
the highest occupied electronic bands.1 The width of the region 
of high conductivity and the maximum conductivity are related 

(1) Bredas, J. L.; Elsenbaumer, R 
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L.; Chance, R. R.; Silbey, R. J. Chem. 

because the bandwidth of the highest occupied band is a measure 
of the degree of derealization in the system and can be roughly 
correlated with carrier mobility in the band.1 It is known that 
oxidation of I or II, eq 1, leads to a dramatic increase in con
ductivity.2 However, electrochemical studies of I and II2,3 failed 
to reveal maxima in conductivity, possibly because chemical 
degradation of I and II occurs at positive potentials in the media 
used. The medium used for our new studies is liquid SO2/0.1 M 
[(M-Bu)4N]PF6 at -40 0C. It has been demonstrated that liquid 
S02/electrolyte is a medium that allows observation of highly 
oxidized species.4 

Previous work in this laboratory has shown that polyaniline does 
have a potential dependent conductivity in aqueous H2SO4

5 or 
in the solid electrolyte polyvinyl alcohol/H3P04,6 showing a 
well-defined maximum in conductivity at ~+0.3 V versus SCE 
and a region of high conductivity ~0.6 V wide. Bandwidths of 
polyaniline,7 and polythiophene1,8 have been calculated, but the 
results depend strongly on the structures assumed for the polymers. 
Such theoretical calculations should give reliable trends in 
bandwidth for structurally similar polymers. The calculations1,7'8 

suggest that a large fraction of the electrons in the highest occupied 
band might be electrochemically accessible in a number of 
polymers. 

Arrays of eight individually addressable Pt microelectrodes (~2 
^m wide, ~50 fim long, and ~0.1 jjm high), separated from each 
other by ~ 1.2 /xm,3'5,9 can be coated and "connected" with I or 
II by anodic polymerization of the thiophene monomer in 
CH3CN/0.I M [(/J-Bu)4N]PF6 as described by us3 and earlier 
by others.10 Two microelectrodes connected with a redox-active 
polymer can be used to determine the potential dependence of the 
conductivity of the polymer. At a fixed potential difference (drain 
voltage, VD) between the two microelectrodes, the magnitude of 
the drain current, /D, between the electrodes changes as the po
tential of the polymer, K0, is changed.3-5,9 Thus, IQ-VQ curves 
reveal the potential dependence of the conductivity, as reflected 
by /D, of the polymer. 

Figure 1 shows the scan rate dependence for cyclic voltammetry 
of I on a Pt microelectrode array in liquid SO2/0.1 M [(«-
Bu)4N]PF6 at -40 0C. Integration of the voltammogram indicates 
reversible removal of 9 X 10~8 mol of e~'s per cm2 of area covered 
by polymer. We estimate that the oxidation process shown 
corresponds to removing one to two electrons per four repeat units 
of the polymer. At potentials negative of 0.6 V versus Ag, the 
features of the voltammogram correspond to those previously 
reported in other solvent/electrolyte systems.2t3'10 In the region 
of more positive potential, new features, anodic and cathodic peaks 
at ~ 1.2 V and ~ 1.0 V versus Ag, respectively, are observed. The 
cyclic voltammetry over the entire region shown is qualitatively 
different than previously reported. Further work is required to 
establish the nature of the chemical changes accompanying the 
reversible removal of charge. 

(2) (a) Tourillon, G. In Handbook of Conducting Polymers; Skotheim, T. 
A„ Ed.; Marcel Dekker: New York, 1986; Vol. 1, Chapter 9. (b) Chandler, 
G. K.; Pletcher, D. In Electrochemistry; Pletcher, D., Ed.; Royal Society of 
Chemistry: London, 1985; Vol. 10, Chapter 3. 

(3) Thackeray, J. W.; White, H. S.; Wrighton, M. S. J. Phys. Chem. 1985, 
89, 5133. 

(4) (a) Miller, L. L.; Mayeda, E. A. J. Am. Chem. Soc. 1970, 92, 5218. 
(b) Tinker, L. A.; Bard, A. J. J. Am. Chem. Soc. 1979, 101, 2316. 

(5) Paul, E. W.; Ricco, A. J.; Wrighton, M. S. J. Phys. Chem. 1985, 89, 
1441. 

(6) Chao, S.; Wrighton, M. S. J. Am. Chem. Soc. 1987, 109, 6627. 
(7) (a) Boudreaux, D. S.; Chance, R. R.; Wolf, J. F.; Shacklette, L. W.; 

Bredas, J. L.; Themans, B.; Andre, J. M.; Silbey, R. J. Chem. Phys. 1986, 
85, 4584. (b) Stafstrom, S.; Bredas, J. L. Synth. Met. 1986, 14, 297. 

(8) (a) Themans, B.; Andre, J. M.; Bredas, J. L. Synth. Met. 1987, 21, 149. 
(b) Riga, J.; Snauwaert, Ph.; De Pryck, A.; Lazzaroni, R.; Boutique, J. P.; 
Verbist, J. J.; Bredas, J. L.; Andre, J. M.; Taliani, C. Synth. Met. 1987, 21, 
223. 

(9) (a) Kittlesen, G. P.; White, H. S.; Wrighton, M. S. J. Am. Chem. Soc. 
1984, 106, 7389. (b) White, H. S.; Kittlesen, G. P.; Wrighton, M. S. / . Am. 
Chem. Soc. 1984, 106, 5375. 

(10) (a) Tourillon, G.; Gamier, F. J. Electroanal. Chem. 1982, 135, 173. 
(b) Tourillon, G.; Gamier, F. J. Electroanal. Chem. 1983, 148, 299. (c) 
Waltman, R. J.; Bargon, J.; Diaz, A. F. J. Phys. Chem. 1983, 87, 1459. 

0002-7863/88/1510-4467S01.50/0 © 1988 American Chemical Society 



4468 J. Am. Chem. Soc. 1988, 110, 4468-4470 

50 

4 0 

30 

20 

10 

0 

- I 0 

- 20 

- 3 0 

- 4 0 

100 

T—r—I—|—i—I—i—I—r—r 
Pt /po ly (3-methylthiophene) 

- SO2 / 0 . IMHn-Bu) 4NJPF 6 l,000mV/sec -

poly (3-methylthiophene) transistor at 
500mV/sec 

SOj/O.IMCtn-Bul^NJPFs VH=25mV 

< 
4. 80 -

Z 60 

U 
c 4 0 

20 

J__j L 
- 0 . 4 0 0.4 0.8 1.2 1.6 

Gate P o t e n t i a l , V vs. Ag wire 
2.0 

Figure 1. Top: Scan rate dependence for cyclic voltammetry of I on 
three adjacent Pt microelectrodes in S02/O.l M [(M-Bu)4N]PF6. Bottom: 
/D-K0 characteristic for an adjacent pair of the microelectrodes coated 
with I for which cyclic voltammetry is shown. In the region of maximum 
/D, the current is partially limited by the significant resistance of the 
microelectrode leads (~200 Q). AU data are for solutions at -40 0C. 

Figure 1 also shows the I0-V0 characteristic in liquid SO2/0.1 
M [(/J-Bu)4N]PF6 at -40 0C for an adjacent pair of Pt microe
lectrodes connected with I. Negative of 0.6 V versus Ag, the ZD-^G 
characteristic corresponds to that previously observed in both liquid 
and solid electrolyte systems.3,11 The new finding is that the 
conductivity of I significantly declines as the polymer is further 
oxidized, as reflected in the small values of I0 at very positive 
values of K0. The polymer resistances at -0.2, +0.9, and +2.0 
V versus Ag are >1010 fi, <100 fi, and ~ 10" Q, respectively. The 
region of high conductivity is ~1.3 V, much wider than for 
polyaniline.5,6 The hysteresis evident in the I0-VQ curve is scan 
rate independent in the range lO'-lO3 mV/s and correlates with 
hysteresis in the cyclic voltammetry. Hysteresis in the properties 
of conducting polymers upon redox cycling has been explained 
as resulting from changes in polymer structure.12 The behavior 
of II made by anodic polymerization of 2,2'-bithiophene on Pt 
microelectrodes is very similar to that of I, except that the region 
of high conductivity is more narrow (~1.0 V width), and the 

(11) Chao, S.; Wrighton, M. S. J. Am. Chem. Soc. 1987, 109, 2197. 
(12) (a) Kaufman, J. H.; Kaufer, J. W.; Heeger, A. J.; Kaner, R.; Mac-

Diarmid, A. G. Phys. Rev. B 1982, 26, 2327. (b) Chung, T.-C; Kaufman, 
J. H.; Heeger, A. J.; Wudl, F. Phys. Rev. B 1984, 30, 702. 

maximum conductivity is somewhat less. 
The observation of lowered conductivity in highly oxidized 

polythiophenes is consistent with theoretical expectations1,8 and 
is similar to observations made for polyaniline.5'6 Considering 
the data for polyaniline,5,61, and II, it does appear that the polymer 
with the greatest conductivity, I, also has the widest region of 
conductivity. Earlier, studies of the potential dependence of the 
conductivity of polypyrrole have been reported for a limited po
tential range.9,13 We are currently investigating polypyrrole and 
its derivatives over a wider potential range to determine the width 
of the region of conductivity in these cases. Our findings have 
important practical implications relating to the use of conducting 
polymers I and II as electronic materials in batteries and mi
croelectronic devices, since the polymers are shown to have a finite 
potential window where high conductivity occurs. 

Acknowledgment. We thank the Office of Naval Research, the 
Defense Advanced Research Projects Agency, and the National 
Science Foundation through the M.I.T. Materials Research 
Laboratory for partial support of this research. We thank Pro
fessor R. J. Silbey for several valuable discussions. 

(13) Feldman, B. J.; Burgmayer, P.; Murray, R. W. / . Am. Chem. Soc. 
1985, 107, 872. 

Studies of Phosphorylated Sites in Proteins Using 
1 H- 3 1 P Two-Dimensional NMR: Further Evidence for 
a Phosphodiester Link between a Seryl and a Threonyl 
Residue in Azotobacter Flavodoxin 

David H. Live*,+ and Dale E. Edmondson1 

Departments of Chemistry and Biochemistry 
Emory University, Atlanta, Georgia 30322 

Received January 25, 1988 

Elucidation of sites of phosphorylation in proteins is important 
because of the significant effects of this modification on protein 
function. Current approaches to identify sites of phosphorylation 
use degradative chemical methods, which may not be satisfactory 
due to possible migration of the phosphate group. Direct 31P NMR 
analysis provides little information on the identity of the amino 
acid residue phosphorylated since the shift value of the resonance 
can be influenced by a variety of factors. We report here the 
application of proton-detected 1H-31P multiquantum 2-dimensional 
NMR in the direct determination of the sites of phosphorylation 
in a protein. The use of these 2D techniques in proteins for 15N 
and 13C correlations (where large one-bond coupling interactions 
exist) is now established and has been recently reviewed.1 Not 
only can this 2D technique offer sensitivity enhancement over the 
heteronuclear detected 2D analogue, but it also provides the 
greatest spectral resolution in the 1H dimension where it is needed 
most. Small long-range couplings have been used to mediate 2D 
spectra of protons with other nuclei in metalloproteins2"4 and 
oligonucleotides (M7 <10 kDa).5"7 

In this study we have examined Azotobacter flavodoxin, a 
protein of about 20 kDa that is an electron carrier in the bacterial 
nitrogen fixation system.8,9 31P NMR studies have resolved two 
signals, one from a covalently bound 31P and a second from the 
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