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Chemical nature of the nitrogens in polypyrrole
and nitrogen-substituted polypyrrole: a
comparative study by X-ray photoelectron
spectroscopy
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The chemical nature of the nitrogens in polypyrrole (PPY) and poly(N-methylpyrrole)
(PMPY) has been critically compared using X-ray photoelectron spectroscopy as a primary
tool. Treatment of PPY /perchlorate complex with NaOH results in a deprotonation process
which gives rise to a PPY base (DP-PPY) having an intrinsic oxidation state consisting of
25% oxidized imine-like (=N-) structure, similar to that observed in the 50% oxidized
emeraldine state of polyaniline. This intrinsic oxidation state, however, does not exist in the
nitrogen-substituted PPY. As a result, the charge-transfer (CT) mechanisms involving the two
base polymers and the various oxidants and electron acceptors are vastly different. The PMPY
base undergoes strong CT interactions with metal oxidants, such as Cu(Cl0,),, but interacts

only weakly with organic electron acceptors, such as the halobenzoquinones and
cyanobenzoquinones. The reverse is true for DP-PPY. Both polymer complexes also exhibit

different thermal degradation behaviour.

1. Introduction

The synthesis and characterization of electroactive
polymers have become one of the most important
research areas in polymer science (e.g. [1]). Of these
polymers, the polyheterocycles, such as polypyrrole
(PPY) and its derivatives [2], are of particular interest
because of their high electrical conductivity, environ-
mental stability and interesting redox properties asso-
ciated with the chain heteroatoms. A large number of
studies using X-ray photoelectron spectroscopy (XPS)
has been devoted to the chemically and electrochem-
ically synthesized PPY complexes [3-11]. However,
little attempt has been made to compare directly
the chemical nature of the nitrogens in PPY and its
nitrogen-substituted derivatives, although it is ex-
pected that the heteroatoms will have a significant
bearing on the physicochemical properties of each
polymer. For example, our recent study [12] has
indicated that the electrical conductivity and thermal
stability of the pyrrole-N-methylpyrrole copolymers
are strongly influenced by the copolymer composi-
tions. Accordingly, this study is devoted to the com-
parison of the chemical nature of nitrogens in PPY
and its nitrogen-substituted derivative, such as
poly(N-methylpyrrole) (PMPY), using XPS as a prim-
ary tool. Pyrrole and some of its nitrogen-substi-
tuted derivatives have been known to undergo
chemical polymerization and oxidation in the pres-
ence of a large number of oxidants, such as the trans-
ition metal salts [13, 14] halogens [15] and organic
electron acceptors [16].
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2. Experimental procedure

The monomers, pyrrole and N-methylpyrrole, were
obtained commercially. Polypyrrole (PPY) and
poly(N-methylpyrrole) (PMPY) complexes were pre-
pared via the simultaneous polymerization and oxida-
tion of the respective monomers by Cu(ClO,),-6H,0
in acetonitrile and under a nitrogen atmosphere [14].
It was found that changes in the reactant (oxidant/
monomer) mole ratios between 0.24 and 4.0 did not
cause either a significant variation in the final complex
composition, in particular the CI/N ratio, or a signific-
ant variation in the electrical conductivity of the
complex. All samples were washed thoroughly with
copious amounts of acetonitrile before being dried by
pumping under reduced pressure. The PPY /perchlor-
ate and PMPY/perchlorate complexes so produced
had the typical bulk compesitions of C,H; ,N; 4Oy 4
(C104)0.35-0.41 and CsHs 3Ny 400 4 (Cl04)0 24— 0.26-
Part of each oxidized polymer complex was then
treated with excess 0.5 NaOH. The polymer bases so
obtained were then treated with protonic acids, ex-
posed to oxidants, such as Cu(ClO,),-6H,0, or
treated with electron acceptors, such as o-chloranii
and 2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ)
in acetonitrile solutions.

The electrical conductivities of the complexes were
measured using the standard collinear four-probe or
two-probe technique. X-ray photoelectron spectro-
scopy (XPS) measurements were made on a VG
ESCALAB MKII spectrometer with an MgK, X-ray
source (1253.6 eV photons). The X-ray source was
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operated at a reduced power of 120 W (12kV and
10 mA). All binding energies were referenced to the
C1s neutral carbon peak at 284.6eV. In spectral
deconvolution, the widths (full width at half maximum
or FWHW) of Gaussian peaks were maintained con-
stant for all components in a particular spectrum.
Surface elemental stoichiometries were obtained from
peak area ratios, corrected with the experimentally
calibrated sensitivity factors and might be liable to a
maximum of +10% error.

3. Results and discussion

Earlier XPS studies [3-11] have shown that the oxi-
dized PPY complexes exhibit a major N 1s core-level
spectral component at a binding energy (BE) of about
399.7 eV, characteristic of the pyrrolylium nitrogens
(-NH- structure), and a high BE tail attributable to
the positively charged nitrogens (-N*H- structure).
Fig. 1a shows the N 1s core-level spectrum of a PPY/
perchlorate complex with a surface perchlorate/
nitrogen ratio of 0.35. The fraction of the positively
charged nitrogens corresponds roughly to the dopant
level. The N 1s core-level spectrum of similar line-
shape, but with a slightly lower BE for the main
component (399.6 V) is observed for the PMPY /per-
chlorate complex prepared under similar conditions
(Fig. lc). However, the dopant level or the perchlor-
ate/nitrogen ratio in the nitrogen-substituted polymer
is reduced to about 0.25. This is accompanied by a
corresponding decrease in the proportion of the posit-
ively charged nitrogens in the complex. The electrical
conductivities of the PPY and PMPY complexes are
10 and 10”2 Scm ™ *, respectively.

Fig. 1b and d show the respective Cl2p core-level
spectra for the PPY and PMPY complex. Properly
deconvoluted Cl2p core-level spectra for the PPY
complex and, to a lesser extent, for the less-conductive
PMPY complex, suggest that the perchlorate species
can exist in at least two environments, the C12p;;, ,»
doublet at BE about 2074 eV and 2089¢V is at-
tributable to the perchlorate anion (ClO,)~ [17].
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Figure 1 N 1s and Cl2p core-level spectra of (a, b) PPY /perchlorate
complex (perchlorate/nitrogen = 0.35), (c, d} PMPY/perchlorate
complex {perchlorate/nitrogen = 0.25).
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Figure 2 N 1s core-level spectra of (a) DP-PPY, (b) PMPY base,
(c) DP-PPY alfter treatment with 1M H,SO,, (d) PMPY base after
treatment with 1M H,SO,, (e) PPY /perchlorate heated to 280°C
in nitrogen gas, and (f)- PMPY /perchlorate heated to 300°C in
nitrogen gas.

Thus, for the PPY complex, the actual (ClO,)”/
N ratio is only in the order of 0.28. The perchlorate
species whose BE is shifted by about + 1.5V sug-
gests the presence of perchlorate anmion in a more
positive environment, probably as a result of increase
in the number of positively charged nitrogens in the
polymer chain associated with the formation of polar-
ons and bi-polarons [18].

Treatment of the present PPY and PMPY com-
plexes with 0.5M NaOH results in the loss of the
perchlorate anions. In the case of PPY complex,
Fig. 2a indicates that the NaOH treatment also results
in the appearance of a low BE component at about
397.7 ¢V in the N 1s core-level spectrum. This is at-
tributable to the dehydrogenation of a certain fraction
of the pyrrolylium nitrogens [5, 8]. Thus, treatment of
oxidized PPY complex with the base gives rise to a
partially deprotonated polymer consisting of about
25% oxidized imine-like structure. In general, treat-
ments of other PPY complexes, such as the PPY/
iodide [15] or PPY/chloride [13] complexes with
NaOH also result in the appearance of 20%-25%
imine nitrogens. Similar BE shifts have also been
observed for the imine and amine nitrogens in the
emeraldine oxidation state of polyaniline [19]. 1t has
been found that the deprotonated PPY (DP-PPY) is
not completely stable. The proportion of the imine
nitrogens decreases by half when exposed to labor-
atory atmosphere for over 2 months.

However, in the case of PMPY, the loss of the
perchlorate species is not accompanied by an appreci-
able degree of demethylation. This is readily suggested
by the fact that the N 1s core-level spectrum becomes
fairly symmetrical, as shown in Fig. 2b. Thus, the
nitrogens of PMPY do not exist in a number of
intrinsic oxidation states as in the case of PPY. As a
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result, unlike the DP-PPY which is readily repro-
tonated by a protonic acid such as H,SO,, to give rise
to a complex with conductivity of about 5 Sem™?, the
PMPY base cannot be reprotonated by acids. This is
readily supported by the lack of an appreciable
amount of the S 2p core-level signal and the positively
charged nitrogens in the N 1s core-level spectrum of
the latter after treatment with 1M H,SO, (Fig. 2¢c
and d).

Both the PPY/perchlorate and PMPY /perchlorate
complexes undergo thermal “undoping” upon expos-
ure to high temperature in nitrogen gas. This is readily
suggested by the loss of the perchlorate species and the
proportion of the positively charged nitrogens. The
decomposition of the perchlorate species is also ac-
companied by the formation of some covalently
bonded chlorine species. Fig. 2e and f show the re-
spective N 1s core-level spectra of the PPY and
PMPY complexes after having been heated to around
300 °C in nitrogen gas. The PPY /perchlorate complex
degrades thermally via a deprotonation process, as
suggested by the appearance of the N1s low BE
shoulder at 397.7 eV. Similar degradation behaviour is
also observed for other PPY complexes, such as the
PPY /halide complexes synthesized in the presence of
iodine or FeCl;. On the other hand, the PMPY /per-
chlorate complex degrades predominantly via the de-
composition of the perchlorate species and the N 1s
spectrum of the thermally degraded complex is not
unlike that of the NaOH-compensated PMPY com-
plex except for the formation of a small amount of
imine-like nitrogens.

The two polymer bases also exhibit distinct behavi-
our towards charge-transfer (CT) interactions with
various oxidants. Fig. 3a and b compare the N 1s core-
level spectra of the two base polymers after having
been treated with Cu(ClO,), 6H,O in acetonitrile.
Thus, treatment with the metal perchlorate has res-
ulted in the reappearance of the positively charged
nitrogens in both polymers. In the case of the
DP-PPY complex, the CT interaction occurs prefer-
entially through the imine units, as suggested by the
loss of the low BE shoulder in the N 1s spectrum. The
electrical conductivities of the resulting PPY /per-
chlorate and PMPY /perchlorate complexes are 1073
and 1072Scm™!, respectively. The perchlorate/
nitrogen ratios in the corresponding complexes are
about 0.25 and 0.35. These results suggest that the
PMPY base can be reoxidized more readily by copper
perchlorate. Furthermore, treatment of the DP-PPY
with copper perchlorate gives rise to a perchlorate
complex significantly different from the initial PPY-
/perchlorate complex. Similar CT behaviour has also
been observed recently for complexes involving cop-
per perchlorate and the emeraldine (50% =N- struc-
ture) and leucoemeraldine (all -NH- structure) oxida-
tion states of pnlyaniline [20].

Interesting CT interactions arc also observed
between DP-PPY (and to a lesser extent the PMPY
base) with various organic electron acceptors.
Fig. 4a—d show the respective N 1s and Cl2p core-
level spectra for a DP-PPY/o-chloranil and a
DP-PPY/DDQ complex. The electrical conduct-
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Figure 3 N 1s core-level spectra of (a) DD-PPY, and (b) PMPY
base after treatment with Cu(ClO,), 6H,0 in acetonitrile.
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Figure 4 N'1s and Cl2p core-level spectra of (a, b) DP-PPY/
o-chloranil complex (acceptor/monomer = 0.26), and (c, d)
DP-PPY/DDQ complex (acceptor/monomer = 0.20).

ivities of the respective complexes are 107! and
1072Scm™!. The Cl2p core-level spectrum of the
o-chloranil complex reveals the presence of both ionic
and covalent species, with the Cl2p,, BE of the
respective species at about 196.8 and 2004 eV. Fur-
thermore, the CT interaction between the polymer
and the acceptor occurs preferentially through the
imine units, as suggested by the disapperance of the
low BE shoulder in the N 1s spectrum. To account for
the formation of chloride anions and pyrrolylium
cations, and the disappearance of the imine units,



cleavage of some of the C—Cl bonds of the acceptor,
accompanied by the formation of linkages between the
acceptor and the deprotonated pyrrolylium nitrogens
through the cleavage sites must have occurred. Fur-
thermore, the linkage is probably through the C,
position of the acceptor, as this position is sterically
less hindered. This is readily supported by the fact that
for complex involving p-chloranil, the proportion of
the chloride anion is substantially lower at compar-
able acceptor level. Finally, the O 1s core-level spec-
trum of the o-chloranil complex reveals the presence of
a low and a high BE component of about equal size
located at about 1.5 eV on either side of the carbonyl
peak at about 532.5¢V. The two components are
attributable, respectively, to the benzoquinone anions
and oxygen bonded to an electron withdrawing group
or the positively charged pyrrolylium nitrogens.
Again, the linkage is through the deprotonated pyrrol-
ylium nitrogens.

In the case of DP-PPY/DDQ complex the BE of
the nitrogens of the neutral cyano group of the accept-
or overlaps that of the neutral pyrrolylium nitrogens.
The carefully deconvoluted N 1s spectrum of the com-
plex reveals the appearance of the positively charged
nitrogens and the displacement of the =N- peak com-
ponent at 397.7eV by a new component at about
398.2 eV. The latter, which is shifted by only about

—1.5 eV from the neutral nitrogen species at 399.7 eV,

must be attributable to the formation of the cyano
anions. In other CT complexes involving organic
cyano radical anions, such as TCNQ anions [21], a
negative chemical shift of about 1.1-1.2 eV from the
neutral nitrogen peak has also been observed. In
addition, both the CI2p and O 1s core-level spectra
reveal the presence of anionic species, as in the case of
the chloranil complexes. However, the proportion of
the chloride anions in the present DDQ complex is
substantially lower than that of o-chloranil complex at
comparable acceptor loading. This is consistent with
the effect of steric hindrance proposed earlier.

The lack of imine-like nitrogens in PMPY base
precludes the type of interactions observed between
DP-PPY and the halobenzoquinones. As a result,
only limited CT between PMPY and the halobenzo-
quinones exists, as suggested by the lack of an appreci-
able amount of the positively charged nitrogens or the
halogen anions. This behaviour also differs signific-
antly from the strong CT interactions observed be-
tween the amine nitrogens in the leucoemeraldine
oxidation state of polyaniline and the organic accept-
ors [22]. However, in the presence of a strong accept-
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Figure 5 (a) N'1s (b) Cl2p core-level spectra of a PMPY/DDQ
complex (acceptor/monomer = 0.16).

or, such as DDQ [23], the extent of CT interaction is
discernible from the properly deconvoluted N 1s core-
level spectrum of the PMPY complex. The N 1s and
Cl12p core-level spectra of a DMPY/DDQ complex
are shown, respectively, in Fig. 5a and b. The N ls
core-level spectrum agajn suggests the presence of
cyano radical anions at a BE of about 398.1 ¢V and a
proportional amount of the positively charged nitro-
gens. Furthermore, the chlorine functional group of
the acceptor probably does not contribute signific-
antly to the CT process.

4. Conclusion

XPS data suggest that the chemical nature of the
nitrogens in polypyrrole (PPY) and nitrogen-substi-
tuted PPY, such as poly(N-methylpyrrole) (PMPY) is
distinctly different. The nitrogens of PPY, but not
PMPY, can exist in a number of intrinsic oxidation
states, ranging from that consisting of at least 25%
oxidized imine-like structure, obtained through the
deprotonation of the PPY/anion complex by a base.
As a result, the nitrogens of the two polymer bases
exhibit different charge-transfer behaviour towards
various oxidants and electron acceptors. The two
polymer complexes also degrade thermally by dis-
tinctively different mechanisms.

References

1. T.SKOTHEIM (Ed.), “Handbook of Conducting Polymers”,
Vols I and II (Marcel Dekker, New York, 1986).

2. A.F. DIAZ and K. K. KANASAWA, in “Extended Linear
Chain Compounds”, Vol. 3, edited by J. S. Miller (Plenum
Press, New York, 1983).

3. W. R. SALANECK, R. ERLANDSSON, J. PREJZA, 1.
LUNDSTROM and O. INGANAS, Synth. Metals 5 (1983)
125.

4. P. PFLUGER and G. B. STREET, J. Chem. Phys. 80 (1984)
544,

S. T. A. SKOTHEIM, M. I. FLORIT, A. MOLO and W. E.
O’GRADY, Phys. Rev. B30 {1984) 4846.

6. R. ERLANDSSON, O. INGANAS, I. LUNDSTROM and
W. R. SALANECK, Synth. Metals 10 (1985) 303.

7. J. G. EAVES, H. S. MUNRO and D. PARKER, Polym.
Commun. 28 (1987) 38.

8 M. V. ZELLER and S. J. HAHN, Surf. Interface Anal. 11
(1988) 327.

9. E.T.KANG, H.C. Tland K. G. NEOH, Polym. J. 20 (1988)
845.

10. K.L.TAN,B.T.G.TAN, E. T. KANG, K. G. NEOH and
Y. K. ONG, Phys. Rev. B42 (1990) 7564.

11. K.L.TAN,B.T.G.TAN, E. T. KANG and K. G. NEOH,
J. Mater. Sci. 25 (1990) 805.

12. K. G.NEOH, E. T. KANG and K. L. TAN, J. Appl. Polym.
Sci. 38 (1989) 2009.

13. S.RAPI, V.BOCCHI!Iand G. P. GARDINI, Synth. Metals 24
(1988) 217.

14. M. M. CASTILLO-ORTEGA, M. B. TNOUE and M.
INOUE, ibid. 28 {1989) C63.

15. K.G.NEOH, E. T. KANG and T. C. TAN, J. 4ppl. Polym.
Sci. 37 (1989) 2169.

16. E.T.KANG,K.G.NEOH and K. L. TAN, Molec. Cryst. Lig.
Cryst. 173 (1989) 141.

17. G. E. MUILENBERG (Ed.), “Handbook of X-ray Photo-
electron Spectroscopy” (Perkin—Elmer, MN, 1977) p. 58.

18. J. L. BREDAS, B. THEMANS, J. M. ANDRE, R. R.
CHANCE and R. SIBLEY, Synth. Metals 9 (1984) 265.

4059



20.

21.

22.

E. T. KANG, K. G. NEOH, S. H. KHOR, K. L. TAN and
B. T. G. TAN, J. Chem. Soc. Chem. Commun. 11 (1989) 695.
K. G. NEOH, E. T. KANG and K. L. TAN, J. Polym. Sci.
Polym. Chem. Ed. 29 (1991) 759.

1. IKEMOTO, K. KIKUCHI, K. YAKUSHI and H. KUR-
ODA, Sol. Stat. Commun. 42 (1982) 257.

E. T. KANG, K. G. NEOH, T. C. TAN, §. H. KHOR and
K. L. TAN, Macromolecules 23 (1990) 2918.

4060

23, J. R. FERRARO and J. M. WILLIAMS, “Introduction to
Synthetic Electrical Conductors” (Academic Press, New York,
1987) p. 22.

Received 26 March
and accepted 1 July 1991



