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Introduction

Polyaniline has attracted much attention as a promising material for electrodes of
batteries ), electric and optical devices?, and electrochromic displays®. Recent
studies on polyaniline revealed several molecular structures of the polymer depend-
ing on the oxidation state and on the degree of protonation; they include leuco-
emeraldine base -C¢H,—NH-3;, (abbreviated as PLM), emeraldine base
(-CH,—NH—CH,—NH—/—CH,—~N=CH,=N-—), (abbreviated as PEM),
and their salts with acids?.

In spite of the extensive studies on the chemical and physical properties of
polyanilines, clear assignment of 'H NMR signals of the polyanilines has not been
made presumably due to the low solubility of the polymers in usual '"H NMR solvents
and overlapping of the signals of NH and aromatic protons. Recently preparation of
highly soluble polyaniline has been reported > and it has become possible to assign the
signal of the NH hydrogen of PLM by using the highly soluble polyaniline and by using
an H-D exchange technique between PLM and D,0. We now report upon (a) the
assignment of the signal of the NH proton in PLM by this method and (b) the rapid
exchange of the NH proton with H,O on the NMR time scale.

Experimental part
Materials

Aniline, iron(I1) sulfate and iron(III) chloride were purchased from Koso Chemical Co. Ltd.,
diphenylamine and H,0, (31% aq.) were purchased from Tokyo Kasei Kogyo Co. Ltd. and
Mitsubishi Gas Chemical Co. Inc., respectively. All reagents were reagent grade and used without
further purification. Dimethyl sulfoxide (DMSO)-d¢ (99,8% D) was purchased from Euriso-top
Group and dried with calcium hydride, and D,0 (99,8%) was purchased from Cea-Oris.

Polymerization experiments
Emeraldine base was synthesized according to the previously reported method®. Leuco-

emeraldine base was prepared by modifying the method of Green and Woodhead 3,

Measurements

The '"H NMR spectra were recorded on a Jeol INM-FX 100 NMR spectrometer using DMSO-
dg as solvent at various temperatures.
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Results and discussion

Fig. 1 shows the temperature-dependent 'H NMR spectrum of PLM in dimethyl
sulfoxide-d;, (DMSO-d,) which contains a small amount of water. Chen and
Jenekhe® took 'H NMR spectra of analogues of PLM in DMSO-d, and assigned
signals in the range J = 4,88—5,66 to the NH protons of the polymers. Actually, the
signal of the NH proton of diphenylamine (DPA) C;H,NHCH;, a low-mole-
cular-weight model compound of PLM, appears at § = 5,42 in CDCI, as reported in
the literature?.

{a) 30°C DMSO
Water
(b} 50°C \
{c) 60°C
(d) 70°C
(e) 80°C
Fig. 1. Temperature-de-
pendent 100 MHz 'H
NMR spectrum of PLM
[TVUTTUUE TOUIT UV FOUUT TUUUS FUVTTUVUS FUUIY TUUNY FUUUTTOVIN FUVUCTUUEN FUUSN PUVN PUUUS TV RUUOT in DMSO-d;
10 8 6 4 2

However, DPA gives rise to a 'H NMR signal at much different position in DMSO-
d,. As shown in Fig. 2, the 'H NMR spectrum of DPA exhibits a peak at about § =
8,0 in DMSO-d,, and this peak is assigned to the NH proton since this peak
disappears almost completely on addition of D,O to the DPA/DMSO-d; solution

(Fig. 3(a)).
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{a) 30°C
DMSO
Water
{b) 50°C

i S

{c} 70°C
—/AN\MI 80°C '
le) 90°C
Fig. 2. Temperature-dependent 100
MHz 'H NMR spectrum of diphenyl-
i 1 1 1 1 1 1 1 1 1 1 1 Il 1 ) I 1 I
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amine in DMSO-d¢

6 in ppm

Comparison of the 'H NMR spectrum of DPA (Fig. 2(a)) with that of PLM (Fig.
1 (a)) suggests that a somewhat broad signal at about § = 7,4 in Fig. 1(a) is assigned
to the NH proton of PLM whereas a band at higher magnetic field (about 6 = 6,8 in
Fig. 1 (a)) is assigned to the p-phenylene protons of PLM. The peak at about § = 7,4
in Fig. 1(a) is actually extinguished by the exchange with D of D,0 (Fig. 3(b)). These
data clearly indicate that the signal at about § = 7,4 in Fig. 1(a) is assignable to the
NH proton®.

2 The 500 MHz 'H NMR spectrum of PLM indicates that the peak at about & = 7,4 assigned
to the NH proton is overlapped with a broad unidentified absorption band.
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DMSO

Water

{b)

Fig. 3. (a) 100 MHz 'H
NMR spectrum of diphenyl-
amine in a mixture of
DMSO-d; (ca. 0,4 cm®) and
D,0 (ca. 20 uL) at 25°C;
(b) 100 MHz 'H NMR
spectrum of PLM in a
mixture of DMSO-d

A JU L (0,4 cm?) and D,0 (15 uL)

[FOUUCTUUN IUUUTTOU FUUVTTUUUE SUUTTUDUR FUUTTIUUIN FVUTTVIVN FUPIS TUTN FUUIT TV TV TN | at 25°C

6 in ppm

The temperature dependence of the 'H NMR spectra of PLM (Fig. 1) and DPA
(Fig. 2) clearly shows broadening of the NH signals and signal of water in DMSO-d
at elevated temperature®, Besides the broadening of the peaks of H,O and NH
hydrogens, the shift of the H,O signal (possibly that of the NH signal also) to higher
magnetic field is observed on raising the temperature (by about Aé = 0,07 and 0,10
from 30°C to, 70 °C for PLM and DPA, respectively). The reason for this shift is not
clear at the moment. The H,O signal in DMSO containing H,O as impurity also
shows a similar temperature-dependent shift of the J value.

The temperature-dependent broadening of the NH and H,O signals shown in Figs.
1 and 2 is reasonably accounted for by assuming the following rapid exchange of
hydrogen between the NH hydrogen and hydrogen of water on the NMR time scale:
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H® H®
| k i
—N— + H°HO —».H —N— + H*HO 1)

(PLM or DPA)

In contrast to the broadening of the —NH— and H,O signals, the signals of the
aromatic hydrogens of PLM and DPA as well as that of DMSO-dg become rather
sharper on raising the temperature presumably for physical reasons such as the decrease
in viscosity of the solvent.

It is difficult to determine an accurate ratio between the amount of H in the —NH—
group of PLM and that in water from Fig. 1, since separation of the NH signal and
determination of its area is not so easy. However, if we assume the ratio is 1, the life
time 7 of H? in —NH— (Eq. 1) is equa! to that of H® and the t value can be easily
obtained from the half-width of the H,O signal.

When the H,O hydrogen does not undergo such exchange as in H,O ir DMSO-d,
which does not contain PLM or DPA, the half-width of the H,O signal in DMSO-d,
is about 1,7 Hz as measured with DMSO-d, containing only H,O as impurity. On the
other hand, the half-width of the H,O signal in Fig. 1(a)—1(d) is estimated as 16 Hz,
20 Hz, 22 Hz and 29 Hz, respectively. From the half-width, the values o/ the life time
of H? at 30°C, 50°C, 60°C and 70°C are estimated as 0,070 s, 0,055 s, 0,049 s, and
0,040 s; the life time indicates the —NH— hydrogen exchanges vith the H,O
hydrogen, for example, at about 14 times per second at 30 °C. If the exchange (Eq. 1)
follows the second-order rate equation, R = K[—NH—][H,0], the lif time of H* 7
corresponds to a value calculated according to the following equation, 7 =
[-NH—}/R = 1/k[H,0].

In the case of DPA, the broadening of the signal on raising tempera‘ure is obviously
observed with both the NH signal and H,O signals as shown in Fig. 2, and the life
time of the —NH— hydrogen is calculated from the half-width of the —NH— signal.
At 30°C, the exchange between the —NH— hydrogen of DPA and H,O hydrogen
seems to be not fast as judged from considerably sharp NH and H.O signals at this
temperature. Therefore, an intrinsic half-width of the —NH— signal is estimated as
about 3,2 Hz (the half-width observed at 30 °C). On raising the temgerature to 60 °C,
70°C, 80°C, and 90°C, the half-width of the —NH— signal becomes 5,8 Hz, 6,5 Hz,
8,9 Hz and 10,2 Hz, respectively; from these values the life times of the —NH—
hydrogen at 60°C, 70°C, 80°C and 90°C are estimated as 0,38 s, 0,30 s, 0,18 s, and
0,14 s, respectively. Comparison of the life time of the —NH-— hydrozen of DPA with
that of PLM reveals that the —NH— hydrogen of PLM is more easily exchanged with
the water hydrogen probably due to easier quaternization of the —NH— group
(—NH— + H,0 g—* —NHj;— + OH7) in the polymeric base PLM; the
difference in the number of phenyl or phenylene ring(s) per —NH— group between
PLM and DPA accounts for a stronger basicity of the —NH— nitrogen in PLM and
the easier quaternization for PLM.,

Fig. 4 shows the temperature dependence of the 'H NMR spectrum of PEM. The
broadening of the water hydrogen signal at 70 °C suggests that the —NH— hydrogen
of PEM is also exchangeable with the water hydrogen. However, the dzgree of the
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(a) 30°C
Water DMSO

(b) D,0 25°C

{c) 50°C
— M

{d) 70°C

M Fig. 4. Temperature-
‘_____,,//\_‘_i__//\ﬁj dependent 100 MHz
'H NMR spectrum of PEM

FIUUNN JPUNC TOUUN DUVUTTRIT FUUUS VORI FUUUS TV DUUIY DUNUL PV DUUIN JUVUN FUUTN SUUIN JUUIN POV | in DMSO-d6

6 in ppm

broadening of the water signal at 70 °C is smaller compared with that observed with
PEM. This is probably due to the lower basicity of the —NH— group of PEM than
that in PLM; the oxidized structure of PEM explains the lower basicity and this lower
basicity explains the difficulty of the exchange through the assumed quaternization of
the —NH— group by water. The 500 MHz 'H NMR spectrum of PEM shows two
broad peaks at § = 8,12 and 8,23 which disappear on the exchange with D,O and are
assigned to the —NH— hydrogen of PEM. However, the area of the peak is consider-
ably smaller compared with the proposed PEM structure® and further experiments to
assign the —NH— signal in PEM are now carried out.



'H NMR spectra of polyanilines and dynamic exchange of NH hydrogen with H,0 501

) A. G. MacDiarmid, L. S. Yang, W. S. Huang, B. P. Humphrey, Synth. Met. 18, 393 (1987);
T. Matsunaga, H. Daifuku, T. Nakajima, T. Kawagoe, Polym. Adv. Technol. 1, 33 (1990)

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

E.g., T. Kobayashi, H. Yoneyama, H. Tamura, J. Electroanal. Chem., Interfacial Electrochem.

161, 419 (1984)

4 (a) J-C. Chiang, A. G. MacDiarmid, Synth. Met. 13, 193 (1986); (b) Y. Sun, A. G.
MacDiarmid, A. J. Epstein, J Chem. Soc, Chem. Commun. 1990, 529, (1990); (c)
G. D’Aprano, M. Leclerc, G. Zotti, Macromolecules 25, 2145 (1992)

) (a) D-K. Moon, K. Osakada, T. Maruyama, T. Yamamoto, Makromol. Chem. 193, 1723
(1992)

® W.-C. Chen, S. A. Jenekhe, Macromolecules 25, 5919 (1992)

7 The Sadtler Standard Spectra; NMR data, Sadtler Research Laboratories, Inc., 1971, No 1M

8 A, Carrington, A. D. McLachlan, ““Introduction to Magnetic Resonance’, Harper & Row
Publishers, New York 1967



