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CHEMICAL REACTIONS IN PEROVSKITE-TYPE LAYER 
STRUCTURES 

BERND TIEKE 
Institut fiir Makromolekulare Chemie der Uni- 
versitBt Freiburg, Hermann-Staudinger-Haus, 
Stefan-Meier-StraBe 31, D-7800 Freiburg, 
Wes t-Ge rmany 

Abstract The use of organic inorganic double 
halides as a matrix for solid state reactions 
has been investigated. It was found that un- 
saturated primary amines R-NH2 with trans, 
trans-butadiene units and butadiyne units can 
be polymerized. Highly ordered polyelectro- 
lytes are obtained, if the crystals are ex- 
posed to UV- or high energy radiation. The 
solid state polymerization is characterized 
by spectroscopic methods and by x-ray diffrac- 
tion. 

INTRODUCTION 

In the recent years a large number of polymeri- 
zation reactions in the solid state has been des- 
cribed, which in some cases lead to highly or- 
dered products with a stereospecific arrangement 
of the substituents. Among those are reactions 
in the bulk phase r 2 )  , in mono- and multilayers 
3-5) and in inclusion compounds 6'7). The solid 
state polymerization in perovskite-type layer 
structures, which are organic inorganic double 
halides by its nature, represents a novel method 
which allows us to obtain highly ordered poly- 
electrolytes. 
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120 B. TIEKE 

The perovskite-type layer structures of the 
stoichiometric composition (R-NH3I2MX4 consists 
of an alternating sequence of single layers of 
corner sharing MX6 octahedra with divalent metal 
ions M in the centers, surrounded by the halide 
ions X-, and bilayers of R-NH 
head-tail-tail-head arrangement * # ’ )  . 
organic layers can be looked at as a matrix, 
which forces the R-NH3 
patterns. Thus incorporation of photoreactive 
units into the side groups R allows for the use 
of the layer perovskites as a matrix for solid 
state reactions. 

2 +  
+ cations in a head- 

Heme the in- 

+ ions into specific packing 

Recently preliminary results on the polymeri- 
zation of aminodienes and -diynes have been repor- 
ted lo-’ 4). In the foLlowing a number of unsatu- 
rated primary amines is described, which are all 
able to form layer perovskites and which were 
investigated concerning their reactivity upon 
UV- or high energy irradiation as well as annea- 
ling. 

RESULTS AND DISCUSSION 

Previous studies on perovskite type layer struc- 
tures mainly dealt with their physical proper- 
ties. They are considered as model systems for 
the study of two-dimensional magnetic phenomena 
and of structural phase transitions as they also 
occur in lipid bilayer membranes. Thus only orga- 
nic inorganic double halides of amines with satu- 
rated unbranched alkyl chains of 1 to 18 carbon 
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CHEMICAL REACTIONS IN LAYER PEROVSKITES 121 

8 , 9 , 1 5 , 1 6 )  atoms in R were investigated in detail 
However, besides the aminoalkanes a variety 

of unsaturated amines as well as amines with fur- 
ther polar groups such as carboxy groups or ether 
and ester linkages can be crystallized in the form 
of layer perovskites (see Tab. 1 ) .  It was also 
found that a variety of p-substituted anilines or 
pyridines are able to form complex crystals of si- 
milar stoichiometries. 

Efforts to synthesize the layered complexes 
of amines containing bulky substituents such as 
anthracene moieties failed, probably due to their 
large size. The layer perovskites listed in Tab.1 
were investigated concerning their photochemical 
and thermochemical reactivities. For this purpose 
the crystals were either exposed to UV light for 
a period of 3 days using a 2 4 0  W medium high 
pressure mercury lamp, or irradiated by high ener- 
gy radiation with a maximum dose of 5 x lo7 rad 
using a 60Co-y-source, or annealed at 120°C for 
two days. Chemical reactions were detected by UV- 
and/or IR-spectroscopy. 

Reactivity upon UV- or y-irradiation was 
found for various derivatives, as indicated in 
the last column of Tab. 1 and described in detail 
below. Thermal reactivity except decomposition 
at termperatures above 4 5 0  K was found for none 
of the derivatives. D
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122 B. TIEKE 

TABLE I List of unsaturated compounds forming 
organic inorganic double halides * I  

orpanic comDoun4 
reactivity upon UV- 

m a t r i x M X Z  or 60~0-y - r a d w  

HCtC-CH2NH CdC12,CdBr2 (+I 
HCrC-CH2D-CO-ICHZ),0-NH2 " ,CuC12 - 
H C = C Q H ~ ~ - ~ H ~  - 
H c w- CH 2~e~~2 - 
n-C H -C-C-C=C-(CHJ9-NH2 CUCl2 

CdCL 
12 25 

L 
n-C H -CIC-CIC-ICH -NH2 MnC12 

n-C H -C=C-C=C - ( C H 2 ) 9 - 0 0 N H 2  CdC12 
1 9  2 3  

12 25 

HZC=CH-LH2NH2 
H C= CH-CHPCH- CH2NH2 
C ~ ~ - C H = C H - C H = C H - C H ~ N H ~  

ROOC- CH=CH-CHs CH-CH2 NH2 
w i t h R - H  

H 

CH(CH$2 
CH2CH(CH$2 
n- C1H9 

CH3 

CdC$ 

CdCI2,MnCI2, FeC12 
CuC12,CdEr2 
CdC12 

CdC12,CdBr2 

- H O O C - C H = C H ~ N H ~  C d CI2 

~ C H = C H - C H  2 2  NH CdC12,CuCL2 

+high reactivity, (+ ) low react iv i ty  

Besides these derivatives also p-anino benzo- 
phenone and p-aminoacetophenone were found to 
form complex crystals with CdC12 in a 2:l 
stoichiometry 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

1:
18

 2
1 

Fe
br

ua
ry

 2
01

3 



CHEMICAL REACTIONS IN LAYER PEROVSKITES 123 

REACTIONS OF THE ACETYLENE AND DIACETYLENE DERI- 
VAT IVES 

In the series of the acetylene derivatives - -  1-4 

only - 1 exhibits chemical reactivity. While the 
CdC12- and CdBr2-complexes remain unchanged upon 
UV irradiation, as previously reported by Day and 
Ledsham ' 4, , they turn golden-brown and finally 
black upon y-ray doses higher than 5 x lo6 rad 
(Fig. la). 

However, a polymerization of the triple bonds 
with formation of a polyene structure fCH=CRj 
with R=CH2NH3 could not be detected, neither 
changes in the infrared spectra nor in the melting 
behaviour or in the y-ray powder patterns. Thus the 
colour changes can only be due to the formation 
of traces ofapolyene structure or to different 
radiochemical processes. 

X + 

In general, the diacetylene derivatives - -  5-7  

are photoreactive, as can be easily detected by 
the purple or red colour of the crystals, which 
immediately appears upon UV- or y-irradiation of 
the crystals. This indicates a 1,4-addition of ad- 
jacent diacetylene units under formation of a ful- 
ly conjugated polymer backbone with alternating 
double and triple bonds, as described for various 

2) disubstituted diacetylenes in the literature . 
However, the coloration of the cadmium com- 

lex of 5 occurs much slower as that of the corres- 
pending copper complex. 'This indicates a control 
of the reactivity by the nature of the inorganic 
octahedra layers, in agreement with previous 

- 
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124 B. TIEKE 

300 LOO 500 600 
WAVELENGTH[nml 

1 500 600 700 
WAVELENGTH I nm I 

F I G U R E  1. Diffuse reflection spectra of (a) the 
CdCl -complex of 1 
compf'ex of 1 (---T, after exposure bo 
a pray dose of 1 .5x107 rad, and of (b) 
the CdCl -complex of - 7 after various 
UV- irr ad$a t i o n  times 

(-),and the CdBr2- 
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CHEMICAL REACTIONS IN LAYER PEROVSKITES 125 

observations 10,13,14). A diffuse reflection spec- 
trum of the UV-polymerization of the CdC12-complex 
of - 7 is shown in Fig. Ib. The reactivity of this 
derivative is fairly low. After exposure to a 
y-ray dose of 2 x lo7 rad less than ten percent 
of the monomer are converted into insoluble poly- 
mer. 

REACTIONS OF THE BUTADIENE DERIVATIVES 

All butadiene derivatives - -  9-15 exhibit chemical 
reactions, if exposed to y-irradiation. Infrared 
spectra of the CdC12-complexes of 2, 10, 11 and 
- 15 are shown in Fig. 2, for example, either as 
monomers or after exposure to a y-ray dose of 
3 x 10 rad. In addition, the compounds 11-15 
are reactive on exposure to UV-light. This is 
caused by their strong US7 absorption band near 
260 nm, originating from the butadiene chromophor, 
which is extended by the C=O unit. 

Typical spectral changes observed for all 

7 

derivatives are the decrease of the C=C wagging 
mode intensity at about 1000 cm-’ and the appea- 
rance of a new mode at 960-980 cm”, which can be 
attributed to an isolated trans C=C bond, indica- 
ting a reaction of the butadiene unit. The C=C 
stretching modes at 1650 and 1620 cm” , which are 
very intense for 11 and - 15, disappear as well( see 
Figs. 2c and d) . 

The reaction product of - 11 is soluble in 
strong bases such as IN KOH or 2.5 % aqueous 
N(CH3140H, and can be characterized by I3C-NMR- 
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126 B. TIEKE 

3 4 

3500 2500 

3 4 

3500 2500 

WAVELENGTH p n  
6 7 8 9 10 12 14 

0 

li00 1600 1400 1200 1000 800 
WAVENUMBER 

WAVELENGTH Frn 
6 7 8 9 10 12 14 

1800 1600 1400 1200 1000 800 
WAVENUMBER 

FIGURE 2.  I n f r a r e d  s p e c t r a  of t h e  CdCl 
l e x e s  of (a)  compound 9 and ? ~ ~ o ~ ~ m -  
pound 10 as monomers and polymers 
( a f t e r  exposure t o  a y-ray dose 
of 3x1O7 r a d ) .  
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CHEMICAL REACTIONS IN LAYER PEROVSKITES 127 

WAVELENGTH p 

3500 2500 

FIGURE 2. 

i eoo  MOO 11.00 1200 1000 800 
WAVENUMBER 

(continued) Infrared spectra of the 
CdCl -complexes of (c) compound 1 1  
and fd) compound 15 as monomers and 
polymers (after exposure to a y-ray 
dose of 3x107 rad). 
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128 B. TIEKE 

spectra. As recently demonstrated 
tra indicate the formation of a 1,4-polybutadiene 
structure with the trans C=C unit (6=135.4 and 
134,2), and the aliphatic carbon atoms, created 
upon the reaction (6=49.8 and 45.2). The signals 
of the carboxylic and aminomethyl end groups 
occur at 6=184.2 and 59.2. The corresponding spec- 
trum of the monomer exhibits signals of the buta- 
diene unit (6=143.8, 143.6, 130.6 and 129.3), 
the carboxylic and the aminomethyl group at 
6=178.7 and 44.9. There was no evidence for the 
formation of cyclobutane units, which would in- 
dicate a four-center type dimerization that has 
been described for a large number of trans, trans- 
butadiene derivatives 

2, , the spec- 

17) 

Conversion vs. dose curves of various deri- 
vatives are shown in Fig. 3 .  The conversion has 
been determined by an evaluation of the intensity 
of the 960-980 cm” trans C=C wagging mode of the 
reaction product. 
Fig. 3a shows the influence of the substituent R 
of various butadiene derivatives R-CH=CH-CH=CH- 
CH2NH3 
pound - 9 (R=H) exhibits the highest reaction rate, 
whereas compounds - I 1  and - 12 with R=COOH and COOCH3, 
respectively, are less reactive. However, in all 
cases a nearly complete conversion to polymer 
is observed. 

+ on the polymerization properties. Com- 
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CHEMICAL REACTIONS IN LAYER PEROVSKITES 129 

[ R w N H , l , C d C I ,  

10 20 30 40 50 [x106Radl 
y -ray-dose 

v-ray-dose 

FIGURE 3. Conversion vs. dose curves of (a) 
CdC12-complexes of butadiene deriva- 
tives with various substituents R and 
(b) various metal halide complexes of 
compound 11. 
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130 B. TIEKE 

Fig. 3b shows the influence of the transition 
metal cation 14 on the polymerization properties 
of - 11. The exchange of the cadmium ions by manga- 
nese ions,for example,strongly increases the reac- 
tion rate, whereas the copper complex is completely 
unreactive. This behaviour may have its origin in 
a Jahn-Teller distortion of the CuC16 octahedra, 
influencing the packing of the organic cations, 
and is similarly observed for the CuC12-complex 
of compound - 1 2 .  However, it should also be noted 
that the CdBr2-complex of - 11 is photoinactive as 
well. 

2+ 

STRUCTURAL CHANGES DURING POLYMERIZATION 

The complex crystals of the butadiyne derivatives 
- -  5-7 could only be obtained as microcrystalline 
powders, whereas the butadiene derivatives form 
single crystals of a size up to 0.1 x 0.2 x 0.02 
mm, as shown in Fig. 4 .  The crystals are typical- 
ly obtained as platelets exhibiting a layered 
structure and a characteristical twinning. 

Structural changes during the solid state 
polymerization were investigated by x-ray diffrac- 
tion methods. Fig. 5 shows Debye powder patterns 
of the CdC12 complexes of 11, - 13 and - 15, as mono- 
mers and after exposure to a y-ray dose of 

7 3 x 10 rad. Forall examples crystalline products 
are obtained. 
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CHEMICAL REACTIONS IN LAYER PEROVSKCI'ES 

FIGURE 4. 

As Fig. 4 inc 

131 

Polymeric layer perovskites. Crystals 
of the CdC12-complex of 1 1  after7ex- 
posure to a y-ray dose o r 3  x 10 
rad. 

icates, crystals of the CdC12-complex 
of - 11 actually remain unchanged in their appea- 
ranee. This is mainly due to the relatively small 
dimensional changes, as the unit cell parameters 
indicate and as listed in Tab. 2. 
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132 B. TIEKE 

3 
R=CH 

FIGURE 5. Effect of y-ray polymerization on 
the x-ray diffraction patterns of the 
CdCl2-complex of variouf! compounds 

(a )  monomers and (b? palyyers (after 
a y-ray dose of 3.5 x 10 rad) 

ROOC-CH=CH-CH=CH-CH NH . D
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CHEMICAL REACTIONS IN LAYER PEROVSKITES 133 

TABLE I1 Crystallographic data of the CdC12- 
complex of - 11 

monomer 

a [A1 ia52 9.67 
b \ A l  lo& 10.70 
CIA] 17.03 17.79 
a 89.1 O 93.30 
P 89.0' 90.00 
Y 87,5O 90,oo 

polymer --- (y-dose 2,5x107 rod) 

V [A3] 1939.7 1837.7 
D,[ghn31 1.75 1.84 
Z 4 4 

triclinic, space group c i  triclinic. space group c i  

The interlayer spacing (c-axis) increases by 
0.8 8, as similarly observed for most of the bu- 
tadiene derivatives 1 2 ) .  The a-axis shortens by 
about 0 -9 8.Its final value of 9.67 2 agrees 
very well with twice the repeat unit of poly- 
trans-butadiene 18), which is a strong indica- 
tion that the polymer chains are extended in this 
direction, thus implying a one-dimensional chain 
growth. 

Structural models in two different projec- 
tions are shown in Fig. 6. As the 001-projection 
onto the plane of the inorganic octahedra layer 
indicates, the polymer chains are most likely 
extended in the direction diagonal to the edges 
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134 B. TIEKE 

of the MX6 octahedra (Fig. 6a). In this direction 
the distance between adjacent monomer units is 
about 5 8, which agrees very well with the d i s -  
tance that is required for the observed photo- 
reactions of either the butadiene or butadiyne 
derivatives 2,181 

Fig. 6b schematically represents the 1 ,4 -  

addition reaction o f  the butadiene derivatives. 
Similarly to the solid state polymerization of 
disubstituted butadiynes 2, the polymerization 
proceeds under formation of extended polymer 
chains in a one-dimensional chain growth. As a 
consequence, the polymeric layer perovskites are 
cleavable only along the crystal axis parallel 
to the polymer chain direction (a-axis). This is 
demonstrated in Fig. 7, The electron diffraction 
pattern of such a fiber, shown as an insert of 
Fig. 7, demonstrates its crystalline perfection. 
The position of the reflections allows the con- 
clusion that the polymer chain direction coin- 
cides with the fiber axis. 
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CHEMICAL REACTIONS IN LAYER PEROVSKITES 135 

polymer chain 
direction 

F I G U R E  6. Schematic representation of the poly- 
merization in layer perovskites. (a) 
Model of the 001-projection onto the 
inorganic MX octahedra layer. 49) Mo- 
de3,of the-070-projection ( M = M n  , 
Cd , X=C1 , R see Tab. 1) 
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136 B. TIEKE 

FIGURE 7. Fibrous structure of polymeric layer 
perovskites, as obtained upon clea- 
vage of the crystals shown in Fig.4. 
Insert: Electron diffraction pattern 
of a polymeric fiber. 

STEREORGEULARITY AND CHIRALITY OF THE POLYBU- 
TADIENES 

In principle, 1,4-disubstituted butadienes may 
crystallize in two different stacks, which are 
symmetry-related by a mirror plane, as shown in 
Fig. 9. As a consequence, in both stacksagrowing 
chain end will attack the next monomer unit from 
different sides. This causes the formation of 
two different polymer chains, which are again 
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CHEMICAL REACTIONS IN LAYER PEROVSKITES 137 

H,N- R' 
crystallization as 
organic- i nor g anic 
double hat ide 

FIGURE 8. Schematic representation of the two 
polymeric enantiomers as formed upon 
a topochemical reaction without con- 
formational changes during the chain 
growth. The formation of the enantio- 
mrs depends on the stacking of the 
monomer units (for R' see Tab. 1). 
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138 B. TIEKE 

symmetry-related to each other by a mirror plane. 
Since the polymerization induces two centers of 
chirality per monomer unit the two polymer chains 
are enantiomeric with regard to each other. 

of the layer perovskites both types of chains are 
actually formed and a racemat is obtained. Con- 
sequently solutions of the polymer do not show 
optical activity. 

The formation of non-centrosymmetric crystals 
by the use of chiral monomers may therefore offer 
a possibility for obtaining one of the enantiomers 
in excess. 

Provided that the polymerization proceeds 
without conformational changes of the substituents, 
the polymer must exhibit an erythro-diisotactic 
arrangemeht of the substituents, as bhown in 
Fig. 8.  

Due to the centrosymmetry of the unit cells 

THERMAL PROPERTIES 

In Tab. 3 the thermal stabilities of various or- 
ganic inorganic double halides are summarized, as 
determined by DSC. The layer perovskites usually 
melt under decomposition in the temperature range 
between 450 and 550 K. Melting anddecomposition 
of the copper complexes usually occurs 50 to 80° 
below that of the cadmium complexes. Many of the 
complex crystals exhibit phase transitions in the 
temperature range between 2 7 0  K and their decom- 
position point. However, in case of the butadiene 
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CHEMICAL REACTIONS IN LAYER PEROVSKITES 139 

derivatives, neither the monomers nor the polymers 
show any transitions. 
The polymerization of the butadiene derivatives 
increases their melting and decomposition points 
to temperatures higher than 600 K, as shown for 
the CdCl2-cornplexes of - 11 and 12 in Fig. 9. The 
polymers are fairly high temperature stable mate- 
rials, due to their high crystallinity and the 
inorganic matrix, in which they are embedded. 

dt 
502 [ IH,COOCWCH~NH,I,~~J 

decomp 

614 

-90% polymer 

500 550 600 650 

heating rate: ZO'lmin 
- T ( K l  4 

F I G U R E  9. DSC-diagrams of monomeric and poly- 
meric layer perovskites 
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140 B. TIEKE 

TABLE I11 Melting behaviour of various layer 
perovskites 

organic inorganic phase transition melting and 
compound compound temp. in I K 1 decomp. in IKI 

CdC12 
CdBr 
CdCl 
CdC12 
CUCl 
CdCl 
CdC12 
CdC12 
CdCl 
CUCl 
CdCl 
CdCl 
CdCl 
CdCl 
CdCl 

370 and 410 
- 
363 
347 
347 

375 I 380 I 435 
- 
- 
- 
- 
- 
- 
4 32 
51 5 
409 

520 
444 
514 
510 
4 40 
4 90 
5 35 
562 
502 
420 
420 
510 
482 
561 
470 
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SUMMARY AND CONCLUSIONS 

+ The packing of the organic cations R-NH3 with 
butadiyne or trans, trans-butadiene units in R 

in layer perovskites was found to be suitable 
for a If4-addition polymerization. This type of 
photoreactivity has not been observed for 1,4- 

disubstituted butadienes in the crystalline state 
so far 18)  

However, unsaturated amines with isolated 
double and triple bonds, or cinnamic acid units 
were found to be photoinactive. This originates 
most likely from the 5 2 distance of the adjacent 
monomers. This distance is just favourable 
for solid state reactions of the butadiynes and 
butadienes, but is too large for the other deri- 
vat ives . 
In general, the polymerization in layer perovskites 
opens a novel method to obtain highly ordered poly- 
electrolytes. 

EXPERIMENTAL PART 

Ma ter i a1 s 

The compounds - - -  l r  8 ,  16 and - 17 are commercially 
available (Merck, Aldrich). The synthesis of the 
butadiene derivatives has been described previous- 
ly 1 .  1-Amino-5-hexyne (2) was obtained from the 
corresponding alcohol as described previously 

1 2  

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

1:
18

 2
1 

Fe
br

ua
ry

 2
01

3 



142 B. TIEKE 

for 9 
heating the corresponding acid in propargylic 
alcohol under reflux for 2 hours in a stream of 
dry gaseous HC1. The anilines - 4 and - 7 were ob- 
tained from 4-formaminophenol and the correspon- 
ding alkylbromide by heating 1 mole of either 
compounds together with 1 mole of potassium car- 
bonate in acetone under reflux for 6 hours. The 
formyl group was cleaved off by refluxing.0.05 
moles of the corresponding compounds in 150 ml 
of a 5:l mixture of ethanol and concentrated 
aqueous H C 1  for 5 hours. - 5 and - 6 were obtained 
by reduction of the corresponding acid amides with 
LiA1H4 l o ) .  The synthesis of - 18 is described in 
the literature 20) - 19 was obtained from cinna- 
my1 bromide by etherification with ethanol amine 
21 1 

and 10 12). The ester - 3 was obtained by 

The layer perovskites were obtained as des- 
cribed previously 
listed in Tab. 4. 

‘’ 2 ,  .C- and H-analyses are 

Measurements 

Infrared spectra were recorded on KBr disper- 
sions. UV/VIS spectra were obtained from 
powdered samples using a Perkin Elmer Hitachi 200 
spectrometer. DSC-measurements were performed in 
the temperature range between 270 and 650 K 
(Perkin Elmer DSC-2). Debye-Scherrer photographs 
were taken with a camera having a diameter of 
- 6o mm using Ni-f iltered Cu-K,-radiation. 

71 
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TABLE IV C and H analyses of the monomeric 
layer perovskite crystals (R-NH312MX4 
(data of the butadiene derivatives 
9-15 were described previously) 12) . - -  

Calc. Found 
C H C H R-NH2 MX2 

1 CdCl 
1 CdBr cI 
- 
- 
- 2 CdCl$ 
- 3 CdC12 
4 CdCl - 
5 CdClq - 
- 5 cuc1; 
- 6 MnC12 

8 CdC12 

- 18 CUCl2 

7 CdCl2 

- 1Z CdC12 
- 17 CdC12 
- 18 CdC12 

- 19 CdC12 

19.76 2.74 19.54 
13.37 2.35 13.24 
31.97 5.33 31.56 
45.75 7.08 45.51 
39.24 3.63 37.83 
61.56 9.56 61.46 
64.81 10.00 64.75 
50.30 6.91 49.92 
64.23 8.63 62-71 
19.65 3.28 19.55 
36.02 3.43 34.45 
37.09 3.43 36.98 
41.35 4.59 41.09 
45.62 5.07 44.37 
41.10 4.98 40.87 

3.05 
2.21 
5.22 
7.16 
3.17 
9.45 
9.74 
7.20 
7.43 
4.05 
3.57 
3.66 
4-50 
5.14 
4.98 
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