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Abstract 

Various heterocyclic five-membered ring donors have been shown to be completely or partially oxidized within the cavities of the 
three-dimensional host polymer [(Me,Pb),Fe”‘(CNl& to give polymeric intercalated or charge transfer complexes respectively. 
The structure and physical properties of these complexes depend on the type of the heterocyclic species, the time of the reaction, 
the exposure to light, atmospheric oxygen or moisture and the degree of grinding. Pyrrole, N-methylpyrrole, 2,5-dimethylpyrrole 
and pyrrolidine polymerize within the cavity of the host polymer to form the corresponding neutral semiconducting diamagnetic 
polymeric intercalated complexes, the host network being fully reduced to its anionic homologue [(MesPb),Fe”(CN);J_,. However, 
if the reaction mixture is treated with a few drops of water, there is a large increase in conductivity, and the complexes become 
good semiconductors. In contrast, thiazole and thiophene do not polymerize under these conditions, but give paramagnetic charge 
transfer complexes. 

Key words: Lead; Iron; Cyanide; Polymer; Pyrrole 

1. Introduction 

The electronic and structural characterization of the 
novel three-dimensional coordination polymers of the 
type [(R3M)3dM111(cN)6]m = [d~*n(~-C~-~3~- 
NC),], cdM = Fe, Co or Ru; M = Sn or Pb; R = methyl 
or butyl) have recently been investigated [l-4]. These 
complexes are zeolite-like coordination polymers and 
can oxidize e.g. metallocenes, metal iodides and am- 
monium iodides [5-71. Furthermore these polymeric 
complexes behave towards some organic donors [8,9] 
like e.g. iron(II1) oxychloride and dichalcogenides con- 
taining adjacent layers held together by van der Waals 
forces [lo-121. 

The non-superimposable three-dimensional net- 
works of these intercalated polymeric complexes in- 
volve Me,M(NC), units of trigonal-bipyramidal config- 
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uration and remarkably wide, almost parallel channels 
whose walls are internally coated by the Me groups of 
the Iipophilic Me,M units [S]. They are also character- 
ized by the presence of three crystallographically non- 

equivalent chains tdg-CaN-k-N=C+ in 
their lattices. 

Much work has recently been devoted to the synthe- 
sis of new conducting or semiconducting organic poly- 
mers [13,14], which have a wide range of applications, 
such as in microelectronic, display or photovoltaic de- 
vices, and chemical sensors [15-171. One of the most 
interesting aspects in that area is the electrochemical 
oxidation of various heterocycles such as pyrrole, thio- 
phene, fur-an, indole and azulene, which leads to the 
formation of organic conducting polymers with conduc- 
tivities ranging from 5 x 10e3 to lo+* R-’ cm-’ [18]. 

We report here the interaction of some heterocyclic 
five-membered ring donors as guest materials with 
[(Me,Pb),Fe(CN),l, (1) as the three-dimensional host 
polymer to give a new class of conducting intercalated 
polymers. To the best of our knowledge, there has 
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been no previous report of the oxidative polymeriza- 
tion and conductivity of pyrrole derivatives. 

2. Experimental details 

The orange precipitate of the host polymer 1 was 
obtained by mixing aqueous solutions of Me,PbCl and 
K,Fe(CN), in 3 : 1 molar ratio under nitrogen in the 
dark, washing the product with water and CH,Cl, and 
drying it under vacuum at room temperature. The 
purity and identity of 1 were checked by elemental 
analysis, and IR and UV spectroscopy (Tables 1 and 2). 
The guest-host intercalated complexes were prepared 
under strictly anhydrous conditions by adding the dry 
freshly prepared 1 to an excess of the neat doubly 
distilled heterocyclic compound, namely pyrrole, N- 

methylpyrrole, 2,5dimethylpyrrole, pyrrolidine, thio- 
phene, thiazole or furan, in the dark under nitrogen 
with continuous grinding at room temperature. The 
reaction rate was greatly increased by addition of a few 
drops of water. The colour and the composition of the 
intercalated complexes depended on the reaction time. 
The coloured products of the intercalated complexes 
were isolated, washed with ethanol and dried in vac- 
uum, and their compositions (2-8) were checked by 
elemental analysis (Table 1). 

The UV spectra were recorded on a Cary 17 spec- 
trophotometer and the IR spectra on a Perkin-Elmer 
FT-IR-1720 spectrophotometer as KE4r discs. The ele- 
mental analysis was performed with a Heraeus elemen- 
tal analyser. The magnetic susceptibility was deter- 
mined with a Johnson-Matthey susceptometer devised 

TABLE 1. Elemental analysis data, composition and other properties of 1 and the intercalated complexes 2-7 

Corn- Donor 
pound 

Composition of 
the intercalated 
complexes 

Colour Time and Decomposition Analysis: found (calculated) 
conditions temperature C H N 
of the (“Cl 
reaction 

1 

2a 

2b 

2c 

Pyrrole 

Pyrrole 

Pyrrole 

[(Me,Pb),Fe(CN),l, 

KC,H,N,H+Wl, 

KC,H,Nl,H+(111,2H,G 

KC,H,Nl,H+Wl, 

3a N-methylpyrrole 
3b N-methylpyrrole 

KC,H,N)H+(l)l, 

4a b 2,5dimethylpyrrole [(C,H,N),,sH+(11], 
4b b 2,5dimethylpyrrole ’ [(CsH9N1H+(1!], 
4c c 2,5dimethylpyrrole [(C,H,N)H+(ll], 

4d ’ 2,5dimethylpyrrole [(C,H,N)H+(l)], 
4ec 2,5-dimethylpyrrole [(C,H,N),.,H+(l)], 

5 

6s 
6b 
6c 

Pyrrolidine l(C,H,N),H+(lll, 

Thiophene KC,H‘&,,W1, 
Thiophene [(C4H4S),,&Il.,, 
Thiophene KC~H&,s(l)ImH~O 

7 

8 

Thiazole KC,H,NSXlll, 

Furan (no reaction) KMesPblsFe(CN),J, 

Orange In dark 

Black At once 

Black 

Black 

+H,O; 
at once 
1 day 
in dark 

Black 
Black 

1 day 
4 days 
in dark 

Deep red 1 day 
Black-grey 4 days 
Black-grey 10 days 

in dark 
Black-grey 14 days 
Brown +H,O; 

few hours 
Greenish- 1 day 
yellow 

Faint yellow 4 days 
Yellow 12 days 
Greenish- +H,O; 
yellow 12 days 

Yellow 1 day 

Orange 1 month 

154 ‘-273 

Stable up 
to 350 
Stable up 
to 350 
Stable up 
to 350 

301 

280 
287 
285 

285 
290 

293 

170 a 
281 
270 

212 a-305 

154 a-273 

18.24 (18.58) 3.02 (2.79) 8.34 (8.67) 

27.86 (27.70) 3.49 (3.59) 10.74 (10.77) 

27.11(27.061 3.8lc3.281 10.21 (10.521 

27.78 (27.701 3.54 (3.59) 10.66 (10.52) 

23.43 (22.861 3.52 (3.24) 9.06 (9.34) 
23.40 (22.861 3.93 (3.24) 9.12 (9.34) 

21.87 (21.27) 3.47 (3.12) 8.82 (8.95) 
23.92 (23.70) 3.62 (3.41) 9.48 (9.211 
23.85 (23.70) 3.92 (3.41) 9.53 (9.211 

23.70 (23.70) 4.21 (3.41) 9.63 (9.211 
26.54 (25.93) 3.63 (3.67) 9.77 (9.451 

25.40 (24.86) 4.08 (4.08) 10.82 (10.08) 

18.81 (18.92) 3.04 (2.82) 8.57 (8.591 
19.38 (19.41) 3.00 (2.85) 8.40 (8.481 
19.96 (19.94) 3.06 (2.84) 8.21 (8.16) 

20.31 (20.50) 2.66 (2.85) 11.04 (9.30) 

18.36 (18.58) 3.00 (2.79) 8.39 (8.67) 

a These compounds undergo colour change under heating. 
b 4a and 4b: 1 + excess neat doubly distilled 2,5-dimethylpyrrole - deep red precipitate after 1 day @al which turned black after 4 days 

(4bl. in dark 
’ 4c: 1 + 2,5_dimethylpyrrole - red precipitate which turned to deep red and to black after 10 days. 

under N, 

d 4d: 1 + oxygen-free 2,5-dimethylpyrrole in red precipitate which turned to deep red and to black after 14 days. 

e 4e: 1 + 2,5-dimethylpyrrole Sk brown precipitate after a few hours. 
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by D.F. Evans. The electrical conductivity at 300 K was (Table 2). In this case the host polymer 1 is reduced to 
measured with a Super Megohmeter model 170, as the isostructural but anionic homologue [(Me,Pb),- 
previously described [81. Fe”(CN); I__. 

3. Results and discussion 

The five-membered heterocyclic guest molecules in- 
tercalate the host polymer 1 to give intercalated poly- 
meric-charge transfer (CT) complexes: 

[(Me,Pb),Fe”‘(CN),]_ - 

1, orange 

[(D+).(MesPb),Fe~*Fe%CN),]_ (I) 

2-7, yellow-black (0 Q x d 1) 

where x is the number of the donor molecules interca- 
lated within the cavity of the host polymer 1. 

The host polymer oxidized the heterocyclic guest 
donors partially or completely, to give yellow to black 
intercalated polymeric-CI complexes depending on 
the degree of CT, the type of the heterocyclic species 
and the conditions used (Table 1). The CT character of 
these complexes was supported by the appearance of 
new absorption bands at around 430 and 720 nm, 
corresponding to intermolecular CT transitions, and 
the disappearance (partially or completely) of the band 
at 420 nm corresponding to (Fe”‘(CN),) transitions 

The IR spectrum of the host polymer 1 exhibits 
strong bands at 2120 and 2116 cm-’ due to v(CN) and 
a medium band at 410 cm-’ due to v._,,,, for the Fe-C 
bond of the (Fe”‘(CN),) system, in addition to a band 
at 495 cm- ’ due to v__,, of the Pb-C bond. The first 
two of these bands undergo changes on intercalation 
with the heterocyclic donor, whereas the v,,,(Pb-C) 
band does not show any significant change (Table 2). 
The IR spectra of the intercalated complexes 2a-2c, 
3a, 3b, 4b-4d and 5 reveal intense bands at 2094,2071, 
2058 and 2013 cm-’ and a medium band at 450 cm-‘, 
corresponding to the vibrations of the resulting 
(-Fe”(CN),) system and indicating the absence of 
Fe”’ ions (Fig. 1). In these cases, complete CT occurs 
and p = 1. On the contrary, the IR spectra of the 
intercalated complexes 4a, 6 and 7 show bands below 
and above 2100 cm-‘, indicating partial reduction of 
Fe”’ ions and consequently partial CT with p < 1 (Fig. 
2). This is also supported by magnetic measurements 
(Table 2), the intercalated 2a-2c, 3a, 3b, 4b-4d and 5 
having diamagnetic properties, and the complexes 4a, 6 
and 7 paramagnetic properties [19]. 

It was previously suggested [19] that pyrrole under- 
goes spontaneous oligomerization-polymerization 
when treated with tris-(trimethyltin)hexacyanoferrate. 

TABLE 2. Spectral, magnetic and conductivity data for 1 and the intercalated complexes 2-7 

Compound Absorption spectra 
as KRr disc 

(nm) 

IR spectra (cm-‘) 

[-Fe”(CN),] [-Fe”‘(CN),] 

v(c-0) 
(cm-‘) 

Peff 

W 
oatT=3OOK 
U-’ cm-l) 

1 305,320,420 

2a 
2b 300, ,700a 
2c 

3a 300, ,720 a 

3b 300, ,720 a 

4a 300,420,550 
4b 300, 700 
4c 305, 700 a 
4d 300, 710 a 
4e 305, 710 

5 300, 670 = 

6a 305,410, 
6b 300,400,430 
6c 300,400 a, 440 

7 305,400,430 

a Weak intensity. 

2120,2116,410 2.57 0.83 x 1O-9 

2094,2058,2013,447 0.48 x 1O-6 

2071,2059,2013,447 1710 Diamagnetic 0.62 x 10-l 

2092,2055,2014,448 0.62 x lO-‘j 

2071,2059,448 1700 Diamagnetic 0.12 x 10-s 

2074,2057,448 0.32 x 1O-8 

2071,2059,2013,446 2120,2116 1.86 0.56 x lo- lo 

2070,2058,2012,450 1700 Diamagnetic 0.51 x 10-s 

2070,2057,2013,453 1700 Diamagnetic 0.62 x 1O-8 

2071,2058,2014,453 Diamagnetic 0.21 x 10-r 

2071,2059,2012,448 1700 Diamagnetic 0.32 x 1O-5 

2093,2072,2029,430 Diamagnetic 0.37 x 10-6 

2061 2120,2116,410 2.42 0.81 x 1O-9 

2059,2026 2120,2117,410 2.02 0.97 x 10-s 

2070,2056,2013,450 2118,2115 1.92 0.78 x 1O-5 

2059,454 2185,2116 2.02 0.31 x 10-a 
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Fig. 1. IR spectra of the polymeric intercalated complexes 2b, 2c, 4d, 

4e and 5. 

HR-RH a [HR.-RH]+ RH,+ 
The polymerization was assumed to proceed by a free 
radical mechanism involving formation of repeated di- 
cation dimers. On the contrary, there has been a report 
of a structural form of poiypyrrole in which intercala- 
tion and polymerization of pyrrole had taken place 
within the constrained van der Waals gap of a layered 
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Fig. 2. IR spectra of the CT intercalated complexes 6c and 7. 
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inorganic solid FeOCl to form a high, electrically con- 
ducting polymeric complex; in contrast 2,5-dimethyl- 
pyrrole does not undergo intercalation into FeOCl[123. 
Our observations are consistent with polymerization of 
pyrrole, N-methylpyrrole, 2,Sdimethylpyrrole and 
pyrrolidine within the cavity of the host polymer 1. 
Thus pyrroles are chemically oxidized by the host poly- 
mer 1 to give free radical cations (RH;+), which dimer- 
ize to form an intermediate dihydro-oligomer dication 
(0, which then loses two protons to form the neutral 
oligomer. The neutral oligomer is oxidized more easily 
than the pyrrole monomers, and takes up a free radical 
cation (RH,‘+) to give an intermediate dihydro- 
oligomer dication (ii), which is prone to lose two pro- 
tons to form again neutral, more extended oligomer 
pyrroles: 

RH, -e RH;+ (2) 

2RH2*+ - [I-I&-RHJ2+ 3 HR-RH (3) 

[HR-RH-RH212+ -2Ht HR-R-RH (4) 

(9 

(ii) 
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The overall polymerization reaction can be represented dark under anhydrous conditions in a nitrogen atmo- 
as follows [13,14]: sphere (Fig. 1). 

(x+2)RH,-- 

HR-(R).-RH + (2x + 2)H++ (2x + 2)e- (5) 

The IR spectra of the intercalated complexes 2-4 
exhibit bands at around 1700 cm-i corresponding to 
the stretching vibrations of a carbonyl group. This band 
is absent from the IR spectra of the immediately 
formed intercalated complex of pyrrole and from that 
of the complex prepared under nitrogen in strictly dry 
conditions. This band becomes more intense when a 
few drops of water are added to the reaction mixture. 
These observations and the results of the conductivity 
measurements reveal the occurrence of side reactions 
when atmospheric oxygen and water molecules are 
involved in the polymerization process and give rise to 
carbonyl-substituted polymers. These findings are in 
agreement with those previously reached on the basis 
of X-ray photoelectron spectroscopy (XPS) and Fourier 
transform IR spectroscopy studies [13]. 

The low conductivity of the intercalated complexes 
2-5 reveals that polypyrrole and its derivatives are 
present in the neutral form within the cavity of the host 
polymer 1 and that the side reactions reduce to some 
extent the conductivity of the polymers [13]. In this 
case, the charge on the host polymer 1 can be compen- 
sated by the protons formed in the reaction. The low 
conductivity is also reflected in the absence of the 
metallic absorption around 1040 mn in the electronic 
absorption spectra of these intercalated complexes. 
Thus these polymeric intercalated complexes behave as 
weak semiconductors. However, on the addition of a 
few drops of water to the reaction mixture, a large 
increase in conductivity occurs, and the polymeric in- 
tercalated complexes become good semiconductors 
(Table 2). Under these conditions the conductivity of 2 
increases by six orders of magnitude and those of 4 and 
6 by three and four orders of magnitude respectively. 

In spite of much evidence that polymerization of 
pyrroles involves reactions at the (Y- and oL’-carbon 
atoms, 2,5_dimethylpyrrole is polymerized within the 
cavity of the host polymer 1. The hypothesis of o-o’ 
polymerization of pyrroles has been supported by ox- 
idative degradation studies of chemically prepared 
polypyrroles or pyrrole blacks, which lead predomi- 
nantly to pyrrole-2,5dicarboxylic acid [20], and by the 
fact that 2-substituted pyrroles do not undergo elec- 
tropolymerization [21]. Nuclear magnetic resonance 
(NMR) studies [22] also point to o,ol’-linked poly- 
pyrroles. However, more recent XPS studies [23] have 
shown that as many as one in three pyrrole rings is 
affected by structural disorder, part of which may be 
attributed to non-o& linkages, the non-regular link- 
age leading to poor crystallinity of polypyrrole. Also, 
INDO calculations predict that monomer radical 
cations could in principle undergo radical coupling 
reactions at either the (Y or the l3 positions of these 
oligomeric radical cations [ 141. Furthermore, oxidation 
of 2,5-diphenylpyrrole gives a mixture of products in- 
volving a dimeric product linked via the S position [24]. 
In view of these facts, and the observation that the 
polymeric intercalated complexes 4b-4e are black and 
show the same features in the IR and UV spectra as 
the polymeric intercalated complexes 2 and 3, as well 
as the same diamagnetic and conductivity characteris- 
tics, it can be concluded that polymerization of 2,5-di- 
methylpyrrole occurs within the cavities of the host 
polymer 1. 

The reaction of 2,5_dimethylpyrrole with 1 involves 
stepwise formation of the polymeric intercalated com- 
plex (Table 1). The IR spectra and the magnetic mea- 
surements indicate partial reduction of iron(II1) ions in 
the red CT intercalated complex 4a, and complete 
reduction to the iron(H) ions in the black polymeric 
intercalated complexes 4b-4d. The degree of CT is 
increased by increasing the reaction time or by expo- 
sure to moisture, light or atmospheric oxygen, and also 
by grinding. The addition of water promotes the reac- 
tion in which the iron(II1) ions are reduced simulta- 
neously to iron(R) ions; the IR carbonyl band appears 
at 1700 cm-‘. The carbonyl band is absent from the IR 
spectrum of the intercalated complex prepared in the 

In the case of pyrrolidine, there have been no previ- 
ous reports of its chemical or electrochemical polymer- 
ization. It is assumed that it must be partially oxidized 
by the iron(II1) ions of the host polymer 1. However, 
complete CT occurs, to give a greenish-yellow precipi- 
tate, which adheres strongly to the glass surface, is 
diamagnetic and has a conductivity more or less equal 
to that of 2. These results, as well as elemental analy- 
sis, support the view that polymerization of pyrrolidine 
occurs within the cavities of the host polymer 1. The 
polymeric intercalated complex 5 seems to be more 
stable towards atmospheric oxygen than do complexes 
2-4. The band due to Y(C=O) does not appear in the 
IR spectrum of 5, and the greenish-yellow colour re- 
sembles that of films of neutral polypyrrole prepared in 
a dry-box, which turn black after exposure to oxygen 
for a few minutes. 

In contrast, thiazole and thiophene do not undergo 
polymerization within the cavities of 1 under the exper- 
imental conditions used owing to their high oxidation 
potentials which are 1.45 and 1.60 V (with respect to a 
saturated calomel electrode (SCE)) respectively, com- 
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pared with the 0.8 V(SCE) for pyrrole. They form CT 
intercalated complexes. Furan fails to interact with 1 
because it has a higher oxidation potential of 1.85 
WCE) [ 181. 
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