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Topochemical Reactions in Langmuir-Blodgett 
Mu It i layers 
Bernd Tieke, Volker Enkelmann, Harald Kapp, 
Gunter Lieser, and Gerhard Wegner 

Institut fur Makromolekulare Chemie 
der Universitat Freiburg 
Hermann-Staudinger-Haus 
Stefan-Meier-StraBe 31 
D-7800 Freiburg i. Br. (F.R.G.) 

ABSTRACT 

The topochemical polymerization of diacetylenes 
and.the dimerization of cinnamic acid derivatives 
have been studied in Langmuir-Blodgett-multilayers. 
The resulting polymer films are of controlled 
thickness and morphology and exhibit excellent 
stability. Structure, morphology and phase changes 
occuring in monomer and polymer films have been 
investigated using spectroscopic methods, electron 
and x-ray diffraction. Possible applications of  
the polymer films are discussed. 

INTRODUCTION 

Reactions in monomolecular layers or in multilayers 
built up by the Langmuir-Blodgett technique ( I )  
have recently become of interest because of  the 
orientational effects obtainable in these structures. 
Polymerizations, in particular, have been 
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1046 TIEKE ET AL. 

demonstrated t o  be a way t o  e f f ec t ive ly  s t a b i l i z e  
these normally qu i t e  unstable  molecular assemblies 

O f  spec ia l  i n t e r e s t  a r e  topochemical, i . e .  s t r i c t l y  
l a t t i c e  control led reac t ions  where minimal s t r u c t u r a l  
disorder  i s  introduced by t h e  r eac t ion  and t h e  
molecular packing i s  re ta ined  ( 5 , 6 ) .  Polymer f i l m s  
prepared by t h i s  technique could be e f f ec t ive ly  
u t i l i z e d  a s  s t a b l e  u l t r a t h i n  coat ings o r  membranes 
o f  cont ro l led  thickness  i n  a v a r i e t y  o f  i n d u s t r i a l  
o r  biomedical appl icat ions.  
The topochemical reac t ions  s tudied i n  built-up multi- 
l ayers  were the  so l id - s t a t e  polymerization of di-  

acetylenes and t h e  four-center-type dimerization o f  
cinnamic acid der iva t ives  ( 5 , 6 ) .  The monomers used 
i n  t h i s  inves t iga t ion  were unsaturated long chain 
f a t t y  acids  of  t h e  general  s t ruc tu re  

(2-4). 

‘mH2m+ I -CEC-C~C-(CH~)~-COOH 

with m = 9 (I), rn = I 0  (2) and m = 12 (z), which 
polymerize upon u l t r a v i o l e t  r ad ia t ion  i n  a 1,4- 
addi t ion reac t ion  t o  form a p lanar ,  conjugated 
polymer backbone o f  t h e  general  s t r u c t u r e  

R ’  * %  / 

it ’ 
c-csc-c *.* 

and long chain e the r  and e s t e r  der iva t ives  o f  t he  
4-hydroxy-cinnamic ac id  which dimerize according t o  

H H  
-COOiI 

-COOH 
2 RO- 0 -CH=CH-COOH 

f l o - 0 -  , I 
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LANGMiJIR-BLODGETT MULTILAYERS 104 7 

Both reactions have i n  common t h a t  they a re  s t r i c t l y  
l a t t i c e  controlled,  i . e .  both the  r eac t iv i ty  and the  
symmetry of t h e  products a re  determined by the  mono- 
mer packing. All r eac t iv i ty  comes about from very 
spec i f ic  ro ta t ions  of the  monomer molecules on t h e i r  
l a t t i c e  sites. Since these reactions take only place 
i n  the  per fec t ly  packed c rys t a l l i ne  s t a t e  they o f fe r  
an excellent opportunity t o  study the  s t a t e  of order 
i n  mono- and multi layers.  

EXPERIMENTAL 

Chemi c a1 s 
Diacetylene monocarbonic acids were prepared as  
described previously (7) .  Ether der ivat ives  o f  the  
cinnamic acids were prepared according t o  t he  method 
described by Cray and Jones (8). 

Mono-and Multilayer Formation 
A commercially available Langmuir trough equipped 
with a f i l m  balance (MGW Lauda) w a s  used. Monolayers 
were obtained by spreading the  acid solut ions i n  
CHC13 (spectroscopic grade, concentration 1 mg/ml) 
on a subphase of t r i p l y  d i s t i l l e d  water (pH 5,9 - 
6 , l )  o r  a molar CdC12-solution. pH-variations 
were carr ied out by addition of 0, l  n H C 1  o r  NaOH, 
respectively . 
Multilayers were b u i l t  up by the  Langmuir-Blodgett- 
technique (1). Transfer o f  the  monolayers onto 
quartz- o r  germanium p la t e s  was performed a t  a 
surface pressure o f  20 mN/m. 

Polymerization 
Diacetylene der ivat ives  were polymerized using a 
medium-high-pressure mercury lamp (Heraeus Hanau Q 
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1048 TIEKE ET AL. 

300). Cinnamic ac id  der iva t ives  were polymerized 
using a 150 W Xe-lamp. 

Multi layer Character izat ion 
The UV-spectra were recorded from mul t i layers  
deposited on quartz p l a t e s  (24 x 12 x 1 mm) us ing 
a Perkin-Elmer Hitachi 200 spectrometer. 
S t ruc ture  inves t iga t ions  were performed by SAXS 
using a Phi l ips  powder diffractometer  and e l ec t ron  
d i f f r a c t i o n  using a Ph i l ip s  EM 400 e l ec t ron  micro- 
scope. Deta i l s  o f  sample prepara t ion  have been 
described previously (9,lO). 

MONOLAYER PROPERTIES 

The monolayer p rope r t i e s  o f  t h e  der iva t ives  1-6 
have been s tudied by measuring the  sur face  pressure- 
area-isotherms. Isotherms of 1-2 have been described 
previously (11,12), those o f  3-g a r e  shown in Fig.1. 
In  general ,  the  s t a b i l i t y  increases  with increasing 
chain length and is maximal when the  subphase 
contains counterions such a s  Cd2+, which allow 
a s a l t  formation o f  t he  po la r  head groups. 
As it i s  known that  the pH of  t h e  subphase has  a 
marked e f f e c t  on the  sal t  formation i n  t h e  mono- 
l aye r s  (13), it w a s  necessary t o  study t h e  con- 
d i t i o n s  o f  t he  Cd-salt formation more i n  d e t a i l .  The 
r e s u l t s  o f  such s tudies  a r e  shown i n  Fig. 2 f o r  3. 
If t h e  col lapse pressure of t he  monolayer i s  p l o t t e d  
as a funct ion of t he  pH i n  the  subphase, t h e  s a l t  
formation seems t o  be e s s e n t i a l l y  complete a t  a pH 
of  6,5. 
More d i r ec t  evidence for a sa l t  formation i s  ob- 
ta ined  by means of ATR-IR-spectroscopy (9,10,14). I n  
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LANGMUIR-BLODGETT MULTILAYERS 1049 

F [mN/ml 

1 . . . . .  t 

area per motecute[21 

Fig.?. Surface pressure-area-isotherms of 4-5 on a 
molar CdC12-solution, T=2I0C, pH=6,5. 
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Fig.2. Percentage of free acid 2 in the multilayers 
(full line) and collapse pressure (broken line) as 

3 a function of the pH of the subphase; subphase 70- 
molar CdC12-solution, T=20°C. 
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1050 TIEKE ET AL. 

t h e  IR-spectra t h e  C=O valence band o f  t h e  f ree  ac id  
group occurs a t  1710 cm” while t h e  presence of an 
ionized carboxylate group gives  r i s e  t o  a s t rong band 
a t  1550 cm-’. Thus t h e  r e l a t i v e  amount o f  ac id  t o  
carboxylate groups can be derived from the  r e l a t i v e  
i n t e n s i t i e s  of t he  two bands. The pe r t inen t  r e s u l t s  
obtained f o r  2 a r e  a l so  shown i n  Fig.2. They a r e  i n  
good agreement with the  data  derived from the surface 
pressure-area-isotherms ind ica t ing  t h a t  about 95% o f  
a l l  ac id  groups are i n  an ionized s ta te  a t  a pH of 
6 , 5 .  

REACTIONS IN MULTILAYERS 

Both t h e  reac t ions  are i n i t i a t e d  by u l t r a v i o l e t  
rad ia t ion  and can be detected by monitoring t h e  uv- 
and v i s i b l e  absorption spec t ra  a f t e r  various 
i r r a d i a t i o n  times. 
Fig.3a represents  t he  spec t ra  o f  t he  monomer and 
dimer der iva t ives  of t h e  cinnamic acid.  During t h e  
reac t ion  t h e  260 nm-peak’decreases. The dimer, a 
der iva t ive  o f  the(j-truximic acid,  has  a shoulder 
a t  280 nm and a maximum a t  223 nm. 
Since t h e  conjugated polymer chains reveal  a s t rong 
absorption i n  t h e  v i s i b l e  spectrum, the  diacetylene 
polymerization can be monitored more d i r e c t l y .  Fig. 
3b represents  spec t ra  which a r e  t y p i c a l  f o r  the 
compounds 1-2. During the  polymerization r eac t ion  
the  polymer absorption s h i f t s  towards shor te r  wave- 
lengths  by about 100 nm. 

MORPHOLOGY OF THE MULTILAYERS 

Invest igat ions on the  morphology were ca r r i ed  out  
using SAXS and e lec t ron  d i f f r ac t ion .  
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> 
250 300 350 A[nm] 

Fig.3a. Transmission spectra of a multilayer of 4 as 
Cd-salt before (-) and after (----) 30 min of UV- 
irradiation. 

A 

20000' 

450 550 650 

Fig.3b. Transmission spectra of a multilayer of 2 as 
Cd-salt after different UV-irradiation times. 
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1052 TIEKE ET AL. 

The x-ray measurements revealed a head-head-tail- 
t a i l  (Y-) s t ruc tu re  o f  t he  mul t i layers  (9-11). I n  
both  t h e  diacetylene and cinnamic ac id  der iva t ives  the  
Cd-Cd-long spacing increases  during the  reac t ion ,  
but t h e  l aye r  s t ruc tu re  i s  retained.  
To prevent damage t o  t he  samples most  o f  t h e  
e lec t ron  d i f f r a c t i o n  s tud ie s  were ca r r i ed  out a t  
l i q u i d  nitrogen temperature. A s  a model compound 
mult i layers  o f  2 have been studied. A t yp ica l  
d i f f r a c t i o n  pa t t e rn  i s  shown i n  Fig.4. The spots  
a r e  due t o  t he  c r y s t a l l i n e  packing of t he  a l i p h a t i c  
groups. Monomer and polymer f i l m s  cons i s t  o f  per fec t -  
c r y s t a l l i n e  domains o f  several  microns i n  diameter. 
Individual domains i n  adjacent l a y e r s  a r e  not i n  
r e g i s t e r  w i t h  each other .  The Cd-ions a r e  not 
loca ted  a t  f ixed  l a t t i c e  s i t e s  which i s  probably 
caused by inclusions of  water, due t o  a p a r t i a l  
solvat ion o f  t he  ions.  Fig.5 shows a model of t h e  
mult i layer  morphology p a r a l l e l  and perpendicular t o  
t h e  subs t ra te .  
Similar  t o  the  behaviour of sa tura ted  f a t t y  ac ids  
and pa ra f f in s  t h e  monomer and polymer f i lms  show 
various phase t r a n s i t i o n s .  Annealing above 6OoC as  
well a s  the  polymerization process i t s e l f  cause a 
t r a n s i t i o n  of  t h e  o r i g i n a l l y  orthorhombic subce l l  
(form A ) ,  a lso  known from pa ra f f in s  o r  polyethylene, 
i n t o  a t r i c l i n i c  c e l l  ( form B ) .  This i s  due t o  a 
s l i p  i n  the  s ide  chains connected w i t h  r o t a t i o n s  of  
t he  individual  p a r a f f i n  chains,  a s  shown i n  Fig.6. 

The phase change i s  accompanied by a s h i f t  o f  t he  
polymer absorption from 640 t o  540 n m ,  as shown i n  
Fig.3b. A t  t he  same time t h e  domain s i z e  i s  reduced 
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LANGMUIR-BLODGETT MULTILAY ERS 1053 

Fig.4. Electron d i f f r ac t ion  pa t te rn  o f  a s tack of 
t en  monomeric double layers ,  specimen temperature 
-1 5OoC. 
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11 

0.0 6 

0,o 4 

0,oz 

(b 1 

f o r m  A 

Fig.5. Model of a mult i layer :  a )  p a r a l l e l  and b )  
perpendicular t o  t he  subs t ra te .  

and a polycrys ta l l ine  t ex tu re  o f  very small i s l ands ,  
l e s s  than 0,l micron i n  diameter, i s  obtained (9,lO). 

Upon storage a s  monomers t h e  mul t i layers  tend t o  re- 
organize in to  microcrystals.  UV-irradiation o f  these  
samples leads t o  a green-blue polymer w i t h  an ab- 
sorpt ion maximum a t  700 nm which a l so  s h i f t s  towards 
shor te r  wavelengths during the  reac t ion  process.  
The subcel l  o f  t he  f i n a l  polymer (form C )  i s  tri- 
c l i n i c  ( F i g . 6 ) .  Fig.7 shows absorption spec t ra  o f  
mult i layers  o f  1-2 which have been uv-irradiated f o r  
5 min. a f t e r  a storage a t  2OoC f o r  t h r e e  days. The 
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p o l y m e r i z a t i o n  

d i r e c t i o n  
- 

Fig.6. Projection along the paraffin chain axes. The 
bars represent the zig-zag planes (the setting angle 
is arbitrary), 
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1056 TIEKE ET AL. 

Fig. 7. "Aging" o f  t h e  mult i layers .  Transmission 
spec t ra  of 1-2 as Cd-salts (40 l a y e r s ) .  The samples 
were s tored  a t  2OoC f o r  t h r e e  days, followed by 5 min. 
of  UV-irradiation. 

i n t e n s i t i e s  o f  t h e  700 nm-peak increase  from 2 t o  1 
ind ica t ing  t h a t  a decrease o f  t h e  length  o f  t h e  
a l ipha t i c  chain favours t h e  tendency o f  t h e  compounds 
t o  reorganize i n  form o f  rnicrocrystals.  

CONCLUSIONS 

The u l t r a t h i n  polymer f i lms  prepared by topochemical 
reac t ions  i n  built-up mult i layers  exhib i t  exce l len t  
s t a b i l i t y  and could show p o t e n t i a l l y  useful  
appl icat ions a s  coatings o r  membranes o f  cont ro l led  
thickness and morphology. It should a l so  be 
emphasized t h a t  mult i layers  a r e  i d e a l  systems f o r  
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LANGMUIR-BLODGETT MULTILAYERS 1057 

the investigation of solid-state reactions by 
spectroscopic methods. According to the special 
mechanism of multilayer deposition the number of 
monomer molecules per unit area and the number of 
layers are exactly known. The samples available by 
this technique are so thin that several problems 
arising in large, three dimensional crystals from 
inhomogeneous product distribution, effects of 
crystal optics and high extinction coefficients 
which complicate a quantitative spectroscopic in- 
vestigation of solid-state reactions can be safely 
neglected. In the multilayers conversion to polymer, 
quantum yield and the detection of phase transitions 
can be evaluated easily from the transmission spectra 
(9,10,15). 
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