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The present state of knowledge of the topochemical polymerization of diacetylenes is reviewed with 

regard to structural properties. Principles and mechanisms of topochemical reactions are described. 

Solid-state polymerization of diacetylenes utilizes the special packing properties of monomer units in 

their crystals. Rules relating reactivity in the solid-state and packing properties are given and the relation 

between reaction mechanism, molecular mobility and polymer morphology are discussed. The growth 

of the macromolecules in the monomer crystal, the molecular weight and its distribution with regard to 

the reaction kinetics and phase transitions are outlined. The electronic structure of the polydiacetylene 

chain is best represented by the acetylene resonance structure consisting of alternating double, single 

and triple bonds. 
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1 Introduction 

Many examples of solid-state reactions in organic crystals already were reported 
in the nineteenth century. Since then a great variety of examples have been found, 
e.g. dimerizations, polymerizations, cis-trans isomerizations or substituent migra- 
tions. These fascinating and, at the time of their discovery inexplicable results have 
been only recently understood using the rapid progress of x-ray structure analysis 
and spectroscopic techniques. Diacetylenes have been noted for a long time to undergo 
drastic colour changes upon storage or exposure to light although both crystal shape 
and chemical analysis apparently did not change 1-11) G. Wegner demonstrated 
in 1969 that the solid-state polymerization of diacetylenes can be characterized as 
a diffusionless, totally lattice controlled process according to 12) 

R',,,,. H2C.J ~cH2 ""R 
j c H 2  ..~ 

~,. H 2 c . , ~  

R~ H2C.~ ~cH2'''R 

~. ,2c~. ~ 

H2~9 

~,. H2C.7 

.-CH2"...~ 

Ax~ H2C ~ CH2 "'R 

R'~ H2C ~,~CH2,,,,,.R 

R',,,. H2C ~y~CH2.,,,.. R 

(1) 

The principles of such topochemical reactions have been established by G. M. J. 
Schmidt for the dimerization of cinnamic acid derivatives which represents the other 
classical organic solid-state reaction 13,14) 

Some important aspects of topochemical polymerizations can be understood by 
inspection of Eq. (1). All reactivity comes about by very specific rotations of the 
monomers and by 1,4-addition of adjacent units and an extended, fully conjugated 
polymer chain is formed. The unique feature of the topochemical polymerization 
of diacetylenes is the fact that in many cases the reaction can be carried out as a 
single phase process. This leads to macroscopic, defect-free polymer single crystals 
which cannot be obtained, in principle, by crystallization of ready-made polymers 
by conventional methods. Thus, polydiacetylenes are ideal models for the investigation 
of the behaviour of macromolecules in their perfect three dimensional crystal lattice. 

Owing to the mechanism of the topochemical reaction the polyconjugated polymer 
chain is of exceptional purity and stereochemical regularity. Polydiacetylene crystals 
are thus ideally suited to study the inherent optical and electrical properties of poly- 
conjugated chains. These unique features have attracted considerable attention and 
in recent years the topochemical polymerization of diacetylenes has developed to 
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one of the best investigated chemical reactions. It is therefore almost impossible 

to cover all developments ranging from synthetic chemistry to solid state physics. 

The following is an attempt to summarize the structural data which have been 
accumulated recently and to critically review the present state of knowledge on the 
formation and structural properties of polydiacetylenes and to point out some 
directions of future developments in the field. Other aspects have been reviewed 
recently 15-2s) and the photopotymerization and reaction kinetics as well as the 
spectroscopic identification of the reactive intermediates will be covered by H. B/issler 
and H. Sixl 107,116). 

2 Principles of Topochemical Reactions 

Reactivity in the solid-state is always connected with specific motions which allow 

the necessary contact between the reacting groups. In most cases "solid-state" 
reactions proceed by diffusion of reactions to centers of reactivity or by nucleation 
of the product phase at certain centers of disorder. This leads to the total destruction 
of the parent lattice. If the product is able to crystallize it is highly probable that 

nucleation of the crystalline product phase at the surface of the parent lattice will 
lead to oriented growth under the influence of surface tension. In such "topotactic" 
reactions certain crystallographic directions of parent and daughter phases will 
coincide. Typical examples for this behaviour are the solid-state polymerizations of 

oxacyclic compounds such as trioxane, tetroxane or [3-propiolactone 26~. 

In contrast to this behaviour a topochemical reaction can be described as a diffusion- 
less transformation of the parent crystal into the daughter crystal. All reactivity comes 
about by very specific rotations of the monomers on their lattice sites. Both crystallo- 

graphic position and symmetry of the monomer units are retained in this process 
which is schematically shown in Fig. 1. 

The principles of topochemical reactions have been worked out by G. M. J. Schmidt 

for the example of the well known 2 + 2 cycloadditions of olefins, e.g. cinnamic acid 
derivatives 13~ 

As it was mentioned above the centers of  the reacting molecules ideally remain 

fixed in topochemical reactions. As a consequence the reaction mode which requires 
the smallest atom displacements will prevail (least motion principle). Reactivity is 

7 

- - - - 2  & 

Fig. 1. Scheme of a topochemical 
polymerization. Transformation of a 
monomer single crystal into the poly- 
mer single crystal 
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Fig. 2. Crystal structures of SzN 2 and (SN)~. The arrows m the monomer structure 
displacements 

indicate atom 

only observed if the separation of the reaction atoms is less than a limiting distance 
of approximately 4 A 22 -25). The new chemical bonds are all oriented along a specific 

crystallographic direction. For the case of a topochemical polymerization this means 

that extended chain polymers are formed. 
The symmetry of the monomer packing determines the symmetry of the products, 

e.g. cinnamic acids will form only one of the various possible dimers, the symmetry 
of which is present in the monomer crystal ~3). Even absolute asymmetric syntheses 
are possible utilizing the symmetry relationships of topochemical reactions 27-29j 

Topochemical reactions can be regarded as special phase transitions. If the crystal 

symmetry is changed during the reaction this leads, depending on the cooperativity 
of the molecular motion, to order-disorder structures, twinning or phase separation. 
A good example where this uniqueness criterion is violated is the synthesis of (SN)x. 

The rings of the precursor S2N 2 are arranged in a way that two reaction modes are 
equally possible (Fig. 2). As a consequence, the polymer obtained consists of fibrils 
with typical diameters of 200/~ 3o). 

Apart from the uniqueness of the reaction the morphology of the product depends 
substantially on the distribution of the reaction centers in the crystal. Two limiting 

cases can be considered. In the case of a heterogeneous topochemical process the 
reaction starts preferentially at specific defect sites and proceeds with nucleation 
of product phases. This mechanism eventually leads to the destruction of the mother 
crystal since the coherence between the various nuclei is lost under the influence of 

iilii!i  --i,- ° 
& 

¥--=--Yc---- 

" ' - - S  . . . . .  ; ' - -  

• - -  ¢ - - - -  - -  . ;-- ~ - - - -  - -~ - -  

. . . . . .  

Fig. 3a and b. Heterogeneous (a) and homogeneous topochemical (b) reactions 
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the anisotropic lattice changes during the reaction 15-25,31,32). Most 2+2 cyclo- 

additions of olefins belong to this type of topochemical reactions (Fig. 3). 
In the homogeneous reaction the product is randomly distributed in the parent 

crystal forming a solid solution. This mechanism leads in ideal cases to single crystal 
transformation although in some cases large changes of lattice parameters may be 
observed. 

Homogeneous topochemical reactions are quite rare. The topochemical polymeriza- 
tion of diacetylenes and with special precautions some four center photodimeriza- 
tions 33, 34) are examples for this reaction mode. 

3 Structure and Reactivity 

3.1 Packing of Diacetylene Monomers 

The topochemical polymerization of diacetylenes proceeds by a 1,4-addition reaction 
according to: 

/ 
R 

R--C-----C--C~C--R;= =-~C~ C-~- C-- C ff 

// \R' / 

(2) 

The reaction is initiated by irradiation or by thermal annealing. The monomer 
units are arranged in a stack so that one monomer unit can react with its two neighbors. 
The polymer backbone which is formed in this process is oriented along a well defined 
lattice direction. A model of the monomer packing is schematically shown in Fig. 4. 
It can be characterized by the stacking distance d of the monomers in the array and 
by the angle q~ between the diacetylene rod and the stacking axis. In this model the 

d I 

~ ~ ° N  R 

~ x .  R 

9 

L 
v 

R 

R R 

R R 

I 

I ~,91 1 

Fig. 4. Model for the packing of diacetylene monomers 
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approach of neighboring units is restricted by the van der Waals distance Rv. The 

polymer chain repeat distance of 4.91 A as well as the bond lengths and angles of 
the polymer backbone are nearly constant for all cases studied to date (cf. Table 4). 
It should be emphasized at this point that there is normally a mismatch between the 

monomer stacking d and the polymer repeat. The consequences of the mismatch on 

the reaction kinetics will be discussed later. 
In order to assess the relative reactivity of different diacetylene monomers the 

packing parameters can be analysed in terms of a reaction along a least motion 
reaction path, i.e. the molecules simultaneously rotate and translate along the stacking 
direction 2z, 23). In this model maximal reactivity is expected for d ~ 5 A and ~ - 45 °. 

In Fig. 5 the values of the packing parameters d and • are plotted for constant separa- 
tions R between the reacting atoms C 1 and C4'. The relevance of the model considera- 

tions can be tested using crystal structure data, which have become available recently 
for a number of reactive and unreactive diacetylene monomers. Reactivity is only 

observed in a small area of the map. The distribution of the points for highly reactive 
structures suggest the criterion for which the separation R should be less than 4 A 
to be a more critical condition than the requirement of a least motion pathway as 
calculated by Baughman 17, zz, 23). Figure 5 shows that all but one reactive diacetylene 

structure fulfill the 4 A criterion. The exception DCH (cf. Table 1) is a special case 

where the reaction is connected with a phase transition. This will be discussed in 

detail later. 
The dependence of the solid-state reactivity of diacetytenes on the packing para- 

meters d and • are summarized in Table 1. 
Crystallographic data of some monomers where the full crystal structure analysis 

has not been carried out are given in Table 2. 
The experimental data qualitatively confirm the geometrical model presented in 

Fig. 4. The reactivity is controlled by the monomer packing and not by the chemical 
nature of the substituents. In many cases different modifications of a specific monomer 
can be obtained which exhibit drastic differences in reactivity 31). However, it should 

be emphasized at this point that the packing parameters give no absolute scale for 

90 ° ./. 2 o o o o 

~ o 

£~ '~  ~ "o,.. o 

60 ° , ~  . 

30 ° - " ~ " - ~ - .  ~,,=3.z,,& 
\ \ \ 

\ ,., \ N 

\ \ \ \ 
• -, \ \ 

R:3.5 4.0 ~,.s .5.0~ 
d / A  

Fig. 5. Plot o f  d vs. ~.  The broken lines are lines of  constant  distance R between C1 and C4'. © :  

inactive structui'es, • : reactive structures 



Structural Aspects of the Topochemical Polymerization of Diacetylenes 103 

the reaction rate. Monomers with virtually identical packing can show large reactivity 

differences. Some cases will be discussed in detail below. 

3.2 Crystal Structure Analysis of Diacetylene Monomers 

Until 1977 no crystal structure analyses were known for highly reactive diacetylene 

monomers. Polymerization in the primary x-ray beam proceeds in these cases so 

rapidly that data collection on the monomer crystal is impossible. This experimental 

difficulty was overcome by carrying out the data collection at low temperatures. 

At 110 K the polymerization rate is sufficiently low to maintain a polymer content 

at below 5 percent during the time necessary to collect the data for an average structure. 

The first monomer crystal structure which was solved using this technique was PTS 

(R = R/=--CH20S02--~--/~-CH3, cf. Xabte 1) which is regarded in many respects as 
K _ . , . . . 2 g  

a model for the whole class of  diacetylenes 34, 35). A projection of  the monomer and 
polymer crystal structures on a common plane is shown in Fig. 6 78, 79) 

Stereoscopic views of the packing in both structures are shown in Fig. 7. 

The experimental result is in agreement with the simple geometrical model presented 

in Fig. 4. The packing parameters are in the range where high reactivity is expected. 

In a first approximation the side group packing can be considered to remain unchanged 

and all molecular motions are restricted to the center of the molecule. This is necessary 

for the formation of a solid solution of growing polymer chains in the monomer 

matrix. The crystallographic data given in Table 3 show that monomer and polymer 

crystal structures are indeed isomorphous although considerable lattice changes are 

involved in the reaction. These will be analysed in detail below. 

5.11A 

Fig, 6. Projection of the PTS monomer and polymer crystal structures on the plane of the polymer 
backbone 
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S F 9  

J 

Y 

dry/ 
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b 

/ :  S S  S 
Fig, 7a and b. Stereoscopic projections of the packing of PTS monomer (above) and polymer (below) 
at 120 K. a is horizontal and b vertical 

3.3 Molecular Motions Connected with the Topochemical Polymerization 

of Diacetylenes 

The simple geometrical model of the least motion principle neglects the contributions 
of the side group packing, which is thought to remain constant during the reaction. 

PTS is in many respects a model compound where this ideal condition is nearly 
satisfied. In many other cases, however, side group packing and mobility play a 

dominant role in polymerization. The cyclic monomer BPG is an example where the 
reactivity is restricted by the side group packing. Despite of favourable monomer 
packing (d = 4.93 A~, ~ = 46 °, Fig. 8) BPG cannot be polymerized quantitatively. 
At a gamma-ray dosage of  60 Mrad a limiting conversion of appro×imately 35 percent 
is reached ,3.4~). This unexpectedly, low reactivity can be qualitatively understood 

by the fact that the large cyclic side group is directly attached to the reactive triple 
bond system. This restricts the side group mobility which is necessary in addition to 
favourable monomer packing. Tables 1 and 2 show that in order to attain high 
reactivity the diacetylene group and the side group must be separated by at least a 
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J 
J 
J 

S 
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S 
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4 . 9 3 . ~  

C 

~ 1  t'-asA 

Fig. 8. Projection of BPG 
monomer and polymer on the 
plane of the polymer chain 

methylene group acting as a mobile spacer. This empirical rule holds with very few 
exceptions. 

Even if this condition is fulfilled the reactivity can be restricted by the mutual 
sidegroup motions. TCDU and 3BCMU (cf. Table 1) are examples for this behaviour. 
TCDU can be obtained in two different modifications in which monomer stacks 
with almost identical packing parameters are packed together in different ways 50, 51~. 
Stereoscopic projections of the crystal structures are shown in Fig. 9, pertinent crystal- 
lographic data are summarized in Table 3. 

, /  
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Fig. 9a-c. Stereoscopic projections of the packing in TCDU structures, a) TCDU-1 monomer, b) 
TCDU-1 polymer, h is vertical and e horizontal, e) TCDU-2 monomer, a is vertical and e horizontal 

TCDU-1 can be polymerized with 6°Co 7 radiation to an almost complete conver- 

sion. However, the reaction is accompanied by unusually large rotations of  the entire 
side chain which is evidenced by the large change of the b axis (13%, Table 3) in 
going from monomer to polymer. This introduces some disorder which can be detected 
in unusual bond lengths in the polymer structure and large thermal parameters 8 3 ) .  

Although TCDU-1 and TCDU-2 have very similar packing parameters TCDU-2 

is much less reactive, e.g. at a dosage of 50 Mrad the stacking axis b is decreased to 
4.95 A. From this value a conversion of about 60 percent can be calculated using the 

known conversion dependence of the stacking distance in other reactive diacetylenes. 
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At this point the crystals already have suffered from radiation damage or other 
disorder introduced by the reaction. Higher order reflections, especially those with 
1 > 3 begin to vanish indicating some disorder along the c-axis which roughly corres- 
ponds to the orientation of the side chain. Attempts to solve the crystal structure 

of the polymer with the limited available data have failed 82). The differences in the 

reactivity of both modifications can be qualitatively explained by the mutual side 
group motions. In TCDU-2 neighboring monomer arrays are related along the c-axis 

by a glide plane. As a consequence of this "antiparallel" orientation, alternating 

sheets of molecules perform movements in opposite directions which may be the 

cause for the limited reactivity and the disorder introduced during the reaction. 
Similar observations have been made with 3BCMU 66) 

4 Polymer Growth in the Monomer Matrix  

4.1 Structural Investigations 

PTS can be regarded in many respects as a model for the whole class of diacetylenes. 

The monomer can be easily prepared and obtained as large and perfect single crystals. 
Thermal polymerization occurs even at room temperature so that the reaction can 
be carried out under very mild conditions s0, s6). Time conversion curves for three 

different polymerization temperatures are shown in Fig. t0. The polymerization is 
characterized by a slow induction period followed by a rapid reaction to complete 
conversion. Both reaction regimes show apparent first order kinetics with identical 
thermal activation energies of 92 kJ/mol 87-9o) 

The conversion dependence of the lattice parameters of PTS is plotted in Fig. 11. 
Over the entire conversion range the lattice parameters change gradually from their 
initial to their final values 3s~. Although polymerization proceeds with quite large 

changes of some lattice parameters no phase separation is observed and the high 
crystal quality is retained in all conversions. A wide range of experimental techniques 

100 

t -  
O 

"~ 50 

0 

0 

• ! 

i 7 j 

2'0 
t(h) 

3'0 10 

Fig. 10. Time conversion curves 
for the thermal polymerization 
of PTS. 0 : 6 0  °C, A:  70 °C, 
• :  80 °C 
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Fig. 11. Dependence of the lattice 
parameters determined at 110 K for 
PTS on the conversion. © : b, [] : c, 
/X : a. The values plotted refer to the 
high temperature cell 

have been used in studies of  PTS polymerization. All experimental results indicate 

that the thermal polymerization of PTS is very close to the limiting case of  an ideal 

homogeneous topochemical reaction. The randomly distributed polymer chains can 

be regarded as one-dimensional defects giving rise to diffuse sheets in x-ray and neutron 

scattering experiments which are oriented perpendicular to the chain direction 91-95) 

The width of the sheets can be used for a rough estimate of  the average chain length 

as a function of conversion. In the initial stages of  polymerization the intensity of  

diffuse scattering increases. At higher conversions the correlations between chains 

become increasingly important and are visible as intensity modulations, and finally 

the diffuse scattering vanishes when complete conversion is reached. 

Similar results have been obtained by measuring the Raman spectra of partially 

polymerized crystals and by other spectroscopic techniques. Here, the vibrational 

frequency of the polymer chain can be used as a probe for the lattice strain in the 
vicinity of  the dispersed macromolecules 96,97) It should be noted that monomer 

and polymer are not strictly isomorphous. The mismatch between monomer stacking 

and polymer repeat of 0.2 A per addition step has to be accounted for by the monomer 

matrix. The raman frequencies shift accordingly to the lattice changes (cf. Fig. 11) 

in agreement with the random chain distribution. 

A polymerizing diacetytene crystal can be considered as a composite material 

with large differences in the mechanical properties of  both components. In such a 

material the mechanical properties will not only depend on the relative amount of 

the components but also very strongly on the geometrical arrangements of the struct- 
ural elements 98-loo). Two limiting cases can be considered: The first model consists 

of infinite rods of the high modulus material (polymer chain) embedded randomly 
in the soft monomer matrix and aligned in direction of the strain. This model of  a 
reinforced material has been treated by Voigt 98). Here, the elastic constant c depends 

linearly on the volume fraction vp of the polymer according to: 

c = (1 - -  vp) cm + VpCp (3) 

cm and % being the elastic constants of  the monomer and polymer, respectively. 



The other limiting case (Reuss model) of a two component material is a sandwich 

structure of alternating layers of high and low modulus materials loaded perpendicular 
to the layer plane 9 9 )  In this case the stress is uniformly distributed within the sample. 

The resulting modulus is given by: 

1 1 -- Vp Vp 
- - =  - -  + - -  ( 4 )  

C C m C p  

The two theoretical curves are plotted in Fig. 12 as a function of conversion together 

with the experimental values of the elastic constant c22 of PTS in chain direction which 
have been obtained by Brillouin scattering as, 101). At higher conversions the experi- 

mental data are very well represented by the Voigt model. The deviation at low con- 
versions can be explained by the limited length of the polymer chains and have been 

used to assess the average degree of polymerization. 

5.0 

4.0 

i 1 t "1 1 i i i ! 

'E 3.o 
.E 

Z 

...&" 

2.0 

1.0 

110 v, Enkelmann 

0 | i t J i t , t t 

0 10 20 30 40 50 60 70 80 90 100 

Conversion (%) 

Fig. 12. Dependence of the elastic 
constant c22 in chain direction on 
the conversion in partly poly- 
merized PTS crystals. The black 
square is the theoretically ex- 
pected value for the pure polymer. 
The curves marked (V) and (R) 
are calculated according to Eq. (3) 
and (4), respectively 

4.2 The  Crystal  Strain Theory  

A theory of the polymerization kinetics of diacetylenes has been developed by Baugh- 
man 102) on the basis of these findings, i.e. that the polymer is formed in the monomer 
lattice which it does not match. The resulting strain plays a crucial role in the theory. 

The following assumptions have been made: 
1) In all conversion monomer and polymer units form a solid solution, The separation 

d in chain direction between lattice sites is conversion dependent, 

2) Initiation is constant and conversion dependent. 
3) The propagation rate is given by the product of the conversion independent life 
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time x of the active chain end and the conversion dependent kinetic chain length 

Ln: 

kp = Lnz (5) 

4) The conversion dependence of L n can be split into two parts. First, the probability 
of termination by a previously formed chain in the same stack or lattice defects 
will increase with conversion. Secondly, the activation energy for the addition of 
one monomer unit can be approximated by: 

Ea(X) = D(d(X) --  dp) 2 (6) 

where D is the force constant in stacking direction and d(X) and dp the stacking 
distances at a conversion X and in the pure polymer, respectively. 

In a system described by a Voigt model (refer to Eq. 3) Eq. (6) can be rewritten as: 

[( x  -l)J 
E~(X) = (dm - d p )  2 c m 1 + ~ \era/ 

The theory was used to calculate kinetic curves for the polymerization of PTS 

deducing the ratio cm/c p from the known conversion dependence of the lattice para- 
meters. Time conversion curves normalized with respect to the time necessary to 

reach 50 percent conversion can be calculated for different values of  the lattice mis- 
match using the crystal strain theory. For PTS a satisfactory fit of  the experimental 
data of  the thermal and 7-ray polymerization can be obtained. However, further studies 

of the kinetics of the solid-state polymerization of PTS and other monomers provided 
results which cannot be explained by the theory. 

First, the thermal polymerization of PTS is strongly affected by isotope substitu- 
tion ss, sg). Deuterated and partially deuterated samples show an unusually large 
inverse isotope effect, i.e. during the induction period the reaction rate is increased 

by a factor up to 3.5. In the rapid reaction regime, however, a small normal isotope 
effect, i.e. a small decrease of the polymerization rate is observed. The magnitude 
of the isotope effect is largest if the units adjacent to the diacetylene group are sub- 

stituted. Even substitution of the methylene spacer group with 13C has a marked 

effect on the kinetics. Lattice parameters and thermal activation energies are in all 
cases uneffected by the isotope substitution. Secondly, the induction period can be 
suppressed by moderate hydrostatic pressure so that the overall pol3anerization kinetics 
becomes nearly first order lo3). The analysis of this effect shows that both the decrease 
of the induction period and acceleration of the rapid reaction are larger than predicted 
with the elastic strain theory using the known lattice parameters and elastic con- 
stants ~o4~ 

Finally, there is experimental evidence that the thermal pob~erizat ion of some 
monomers with mismatches comparable to PTS cannot be described by the elastic 
strain theory 105,106) 

The polymerization kinetics of diacetylenes is discussed in detail elsewhere 107) 
Some of the failures of the theory may be due to the assumptions and approximations 
made in the calculations. Baughman and Chance have tried to explain some of the 
above mentioned effects by introducing a chain-terminating impurity 108). The con- 
centration of this impurity, however, cannot be independently determined and must 
be fitted according to the experimental results. 
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4.3 Reaction Kinetics and Molecular Weight Distribution 

One of the shortcomings of the elastic strain theory which leaves room for further 
improvements is the fact that assumptions must be made about the individual initia- 

tion, propagation and termination steps which cannot be observed independently 
but are calculated from the overall reaction rate. 

A deeper insight into the reaction mechanism may elucidate the conversion depend- 
ence of the molecular weight and its distribution. Owing to the extreme insolubility 

of the better investigated polydiacetylenes like PTS, however, only very limited 
experimental data have been available until recently from indirect determinations, 
e.g. from mechanical properties or diffuse scattering of partially polymerized crystals. 

Since Patel discovered in 1978 that poly3BCMU (R = R' = ~-(CH2) 3 - O C O N H -  

CH2--COO--(CH2)3CH 3, cf. Table 1) is a readily soluble polymer the study of the 
solution properties of polydiacetylenes attracted increasing interest 66,109-115). With 

such samples the molecular weight and its distribution can be determined using 
standard techniques and related to the conversion and other experimental parameters. 
This analysis has been carried out in great detail for PTS-12 

(R = R/= - -  ( C H 2 ) z . - - O S O 2 ~ / ~ C H  3) by G. Wenz t~5). 

The dosage conversion curve for the polymerization of PTS-t2 by 6°Co radiation 

is plotted in Fig. 13 for two temperatures. It is characterized by an induction period 
followed by a rapid reaction leading to complete conversion which is reached at about 

15 Mrad. The onset of the rapid reaction is connected with a phase transition which 

will be discussed later. 
The development of the molecular weight distribution with increasing conversion 

as determined by gel permeation chromatography is shown in Fig. 14. During the 

40- 

30- 

20. 
,4 

X 

10. 

0 
0 

l / 

0°c  

0.5 1,0 1.5 
DiMrad ) 

Fig. 13. Dosage conversion curves for the 

polymerization of PTS-12 at 0 °C and 30 °C 
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Fig. 14a-e. Molecular weight 
distribution of PTS-12 at three 
different stages of polymeriza- 
tion. a) initial stage, b) inter- 
mediate stage, e) final stage 

induction period short chains with an average degree of  polymerization P,  = 60 

are formed. At higher conversions the maximum rapidly shifts to higher values. 

Three distribution curves with maxima at Pn = 60, 200 and 800 can be fitted to the 

experimental chromatograms. This is evident for the intermediate conversion range. 

Above approximately 20 percent conversion only the high molecular weight product  

is formed. 
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Analysis of the kinetic data shows that the chain initiation rate is constant at 

k i = 6.25- 10 -4 Mrad -1 [G = 1.2 (100 eV)-t]. Therefore, the sudden increase of  

the overall reaction rate in the rapid reaction regime must be attributed to an increase 

of the kinetic chain length. 

It is interesting to note that the short chains formed initially remain intact. This 

means that there is no re-initiation of "dead" chain ends and no combination of an 

active chain with a dead polymer present in the same stack. Consequently, two different 

termination reactions must be considered. In the "free" termination an active chain 

end is deactivated by a limited life time or some unknown chemical reaction. At higher 

conversions, however, the "enforced" termination becomes increasingly important; 

a growing chain is blocked by an already existing polymer. In this kinetic scheme 

the kinetic chain length L is given by the ratio of the propagation and initiation rates. 

In Fig. 15 L is compared with the momentaneous degree of polymerization P, which 

can be independently determined from difference distributions. Within the experi- 

mental error both L and P, follow the same conversion dependence. 

The propagation rate is strongly temperature dependent as already obvious from 

Fig. 13. In Fig. 16 molecular weight distributions after irradiation with 0.05 Mrad 

are compared at three different temperatures. 

All distribution curves are bimodal with maxima at P, = 60 and 400. At lower 

temperatures longer chains are formed. Since there is no gradual shift of the maximum 

with temperature it must be assumed that the chain grows by at least two different 

active chain ends, the population of which is strongly temperature dependent. The 

chemical nature of these chain ends cannot be deduced by the kinetic data. However, 

it seems reasonable to infer that we are dealing with the same carbene and radical 

intermediates which have been identified in the photopolymerization of diacetylenes 

at tow temperatures by Sixl and coworkers 116~ 

6001 

500. 

400. 
. J  

# 300 

200. 

Ioo, 

o 
o 

1 

:.'f'g', h'. , !' j ' k' t' m'. \ 

20 40 60 80 100 
X (%) 

Fig. 15. Comparison of the conversion dependence of the kinetic chain length L (0) and the momen- 
taneous degree of polymerization P, (11) of PTS-12 
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I- 

O- 
101 

30°C 

10 z 10 3 10 L, 
P ~  

Fig. 16. Temperature dependence of the mole- 
cular weight distribution of PTS-12 after irradia- 
tion with 0.05 Mrad 

The following reaction scheme for the polymerization of PTS-12 can be proposed: 

2- k~ 

/ Ikt 
M M 2 

/, kp = M* .... kp = M* kp = M* 

M 3 M~ M 5 

(8) 

It appears that the reaction mechanism and the intermediates involved in the solid- 
state polymerization of diacetylenes are reasonably well understood. However, 
experimental results obtained with special monomers should not be generalized. It is 
not possible to design a monomer with desired properties. Inspection of Table 1 
shows that on the basis of the crystallographic data and the monomer packing the 
absolute reactivity and the polymerization kinetics cannot be quantitatively predicted, 

e.g. it is not possible, to date, to explain why certain diacetylenes can be polymerized 
thermally whereas others with equal packing are thermally inactive. A more realistic 
kinetic model should include the various energy transport processes and the complex 

side group motions which are connected to the reaction. 

5 Phase Transitions 

The gradual conversion of the monomer crystal into the equivalent polymer crystal 
can be considered a special type of phase transition. In some cases the topochemical 
polymerization is accompanied by an additional structural phase transition. This 
behaviour is most often observed in monomer structures with a comparatively mode- 
rate reactivity where only a partial conversion can be achieved. Here, the side group 
packing is rearranged either spontaneously or by thermal annealing. This process 
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usually leads to phase separation and nucleation of a new, more reactive monomer 
modification which is subsequently polymerized. The monomer crystal disintegrates 
in this type of transition although the deposition of the reactive monomer phase may 
be topotactic, i.e. oriented along certain crystallographic directions leading to a 
fibrous texture 26.31,49) 

In some special cases, however, both the polymerization and the side group reorien- 
tation are single phase processes. They are of special interest for understanding the 

dynamics and side group mobility in the solid-state polymerization of diacetytenes. 

5.1 Conversion Dependent Phase Transition in DCH 

1,6-Di-(N-Carbazolyl)-2,4-Ztexadiyne (DCH) represents such a limiting case for the 
topochemical polymerization. The packing parameters, d = 4.55 A and ~ = 60 ° 
are well outside the range where high reactivity is expected (cf. Fig. 5). Indeed, the 
polymerization of DCH in the x-ray beam proceeds so slowly that the data collection 
for the crystal structure analysis could be carried out at room temperature 47) 

The dosage conversion curve shown in Fig. 17 shows a distinct induction period. 
Analysis of the Brillouin scattering has demonstrated that in this range very short 
chains are formed 117~ 

At a conversion of approximately 25 percent the crystals undergo a phase transition 
which is evidenced by a sudden change of all lattice parameters (Fig. 18). Especially 
the monoclinic angle 13 abruptly changes by 14 degrees during the transition. 

Pertinent crystallographic data are summarized in Table 3 and projections of the 
monomer and polymer structures are shown in Fig. 19 and Fig. 20. 

Below the critical conversion the polymer forms a solid solution in the monomer 

phase. In this state the mismatch is exceptionally large and the polymer chains are 
contracted by 8 percent. After the transition the situation is reversed and the residual 

monomer occupies lattice sites within the polymer structure. Here, the packing is 
much more favourable for the polymerization, which proceeds with large speed. 

100 I" 

o 75 t 

¢... 

"~ 50- 
> 

0 

25- 

0 
0 10 t5 

Dosage (Mrad) 
20 

Fig. 17. Dosage conversion curve for the 
polymerization of DCH 
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In Fig. 18 it can be seen that the carbazole rings retain their stacking distance of 
3.35 A during the transition. This is only possible by a large rotation of the rings about 
the N-C3 bond. The large shearing of the lattice results from this side group reorienta- 
tion. It should be emphasized that although we are dealing with a displacive phase 
transition it proceeds homogeneously throughout the crystal in y-ray polymerization 
introducing only little disorder. During the transition the crystal shape changes 
according to the microscopic changes of unit cell dimensions, i.e. the crystals expand 
by 8 percent along b and are sheared according to the change of 13. 
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"~ 13.30 
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"<~ I,.70 .a 
4.50 
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15 16 16.5 

r" 

-c _ :  r;_ - 8"7  

"7 0 

2'5 7s 
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' t110 ° 

100= l 

90 ,~- 

100 

Fig. 18. Conversion dependence of 
the lattice parameters of DCH 

b 

A 

b 

B 

4.91 ~I 

Fig. 19. Projection of the DCH monomer and polymer crystal structures on the plane of the polymer 
chain 
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It is interesting to note that  in contrast  to these results the thermal polymerizat ion 

of  D C H  always proceeds heterogeneously with nucleation of  separate polymer 

domains.  The thermal  polymer is polycrystall ine with a fibrous texture. Lattice 

parameters  are identical with those of  the polymer  obtained by irradiation. Observa- 

t ion of  thermally polymerizing D C H  crystals shows that  the reaction starts at crystal 

c b c 

Fig. 20a and b. DCH monomer (a) and polymer (b) crystal structures 

P 

Fig. 21a and b. Thermal poly- 
merization of DCH. a DCH 
monomer; b after 20 hours at 
120 °C 
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edges or other visible defects. Phase separation then continues by growth of several 
separate daughter phases inside the monomer crystal. This eventually leads to the 
destruction of the monomer crystal. 

In Fig. 21 DCH crystals are shown before polymerization and at an intermediate 
conversion. It is typical for the thermal reaction that more perfect monomer crystals 
require longer reaction times than defect-rich crystals. There is evidence that in the 
radiation polymerization of DCH the polymer crystal perfection increases with 
decreasing temperature, i.e., the nucleation process requires a rather high thermal 
activation energy. 

5.2 Conversion Dependent Phase Transition in PTS-12 

Another phase transition which casts an interesting light on the side group motions 
is observed during the polymerization of PTS-12 42). The onset of the rapid reaction 
(cf. Fig. 13) is accompanied by this transition. In the monomer the b axis is doubled. 
The transition can be monitored by a continuous decrease of the intensities of all 
reflections having odd k indices. The dependence of lattice parameters on conversion 
is plotted in Fig. 22, pertinent crystallographic data are given in Table 3. The doubling 
of the monomer unit cell is explained by the fact that in contrast to the polymer 
chain the monomer unit is not centrosymmetric. Two differently oriented side chains 
are attached to the reactive triple bond system. This gives rise to a packing arrangement 
where the centers of the diacetylene groups in neighboring arrays are alternatingly 

Dosage (Mrad) 
0.5 1 3 

i i i i 

1.45- 4onomer Polymer phase 
E ~hase I 
::~ 1.l,0. I ._..._.I----- ' 
~ ~,_._o~- - ~ o ~ °  

1.35 ~ [ 

, 2 0 . 4 -  ~ ~ . . . . ~  

"~20. 2. 

20.0- I) ~ ,  
I 

11.9.12"0~ ) + _ _ . _ _ _ _ _ ~ - ~ ~ }  6. O~ 

5"10i ) l 
5.oo 1"---+.1 

0 20 40 60 80 I00 
Conversion (%) 

Fig. 22. Conversion dependence of the 
lattice parameters of PTS-12 determined 
at 110 K 
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above and below the lattice site they assume in the polymer structure. This is quite 

surprising since in addition to the rotation of the diacetylene group a translation of 

approximately 1 A is necessary for the reaction which proceeds without phase separa- 
tion or macroscopic deformation of the crystal. 

A projection of the monomer and polymer crystal structures onto a common 

plane is shown in Fig. 23. 

Fig. 23. Projection of the structures of PTS-12 monomer and polymer on a common plane 

The unexpected behaviour can be understood if it is assumed that the terminal 

p-toluenesulfonate groups retain their position during the reaction and the entire 

methylene spacer is included in the rotational and translational motions. It can be 

seen that indeed the p-toluenesulfonate groups are already pseudo-centrosymmetrically 
related in the monomer, e.g. the center between the sulfur atoms is located at a = 0.4989, 

b = 0.2453 and c = 1.0111 which is very close to the new center of symmetry in the 

polymer structure. Therefore, the additional centers of symmetry which appear 

at the phase transition are created without much change of the side group packing 

only by conformational rearrangement of the methylene spacer. It also can be seen 
in Fig. 23 that this rearrangement involves a small movement of the phenyl rings 
toward the center of the molecule which accounts for the continuous decrease of the 

a-axis in the polymer phase with increasing conversion (Fig. 22). 

5.3 The Low Temperature Phase of PTS 

In PTS monomers and polymers transitions into low temperature structures are 
observed which have attracted much attention 36, 79). This structural phase transition 

is characterized by a doubling of the unit cell as schematically shown in Fig. 24. 
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Fig. 24. Projections of the crystal structure of PTS polymer above and below the phase transition. A 
and B represent different side group orientations 

The transition is caused by the torsion of the side groups in a manner resembling 

the formation of periodic stacking faults. All phenyl rings belonging to one row of 

molecules oriented along the (102) plane of the high temperature structure rotate by 

about 8 degrees in one direction, the side groups in the neighboring rows in the 

opposite direction. This creates crystallographically different "A"  and "B" molecules 

in the unit cell. 

Since there is only little side group reorientation the transition is connected with 

small anomalies of the temperature dependence of the lattice parameters (Fig. 25). 
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Fig. 25. Temperature dependence of the 
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Fig. 26. Temperature dependence of the splitting ~ of the satellites in the modulated PTS structure 
according to Ref. 95 

Fig. 27. Phase diagram of PTS according to Ref. 81. H: high temperature phase, M: modulated 
phase, L: low temperature phase 

In a small temperature range indicated in Fig. 25 additional reflections appear and 
all bands in the spectra begin to split into two 118). It is interesting to note that within 

the experimental error the bond lengths and angles of  the polymer chain stay constant 

in the whole temperature range and are equal in the two independent chains. The 

comparatively large splitting of the optical absorption of the polymer backbone 

(,-~500 cm -1) must therefore be attributed to the small side group reorientation. 

In PTS monomer and partly polymerized crystals similar transitions are observed. 

However, in the monomer an additional incommensurable modulated structure is 
present as a precursor of the low temperature structure 81,92-95,119,120) The modu- 

lated phase is characterized by satellite reflections which appear at 0.5 a*, ~b*, 0 

in reciprocal space, i.e. the superstructure reflections of the low temperature phase 

are split into two. The splitting 6 in b* direction is temperature dependent with values 

for 5 ranging from 0.062 b* at 206 K to zero at 163 K (Fig. 26). The modulated phase 

can be described involving an occupation probability wave of the side group orienta- 

tion (molecules A and B in Fig. 24). Similar incommensurable modulated structures 

have been observed in other molecular crystals, e.g. in biphenyl 121) The wavelength 

of the modulation 5-1 increases with decreasing temperature and finally the commen- 
surate low temperature phase "locks in". It is interesting to note that the incommen- 
surable phase is absent in the polymer, probably due to the strong coupling by the 
polymer chain which is oriented along the modulation direction. With an increasing 

polymer content the temperature range in which the modulated phase is stable becomes 
increasingly smaller. Above a conversion of about 13 percent the transition proceeds 

directly from the high to the low temperature phase. The phase diagram of PTS is 
schemetically shown in Fig. 27. In the region of the low temperature transitions a pyro- 
electric effect has been observed which may be interpreted differently 122,123) The 

apparent lack of a center of symmetry stands in contrast to the space group P21/c 
which is unambigously determined by the systematic extinctions. Bloor has explained 
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these findings by local pertubations or macroscopic deformation of the crystal coming 
from the internal strain produced during polymerization 123) 

5.4 The Low Temperature Phase of DCH 

At 142 K DCH monomer undergoes a first order phase transition into an unreactive 

low temperature structure. The transition is accompanied by a sudden decrease of 

the stacking axis b. The crystallographic data are included in Table 3, projections of 
the two crystal structures are shown in Fig. 28 in comparison. 

4 , s s ~  

Fig. 28a and b. Crystal struc- 
tures of DCH monomer above 
(a) and below (b) 142 K 

The phases are readily identified by the colour of polymer traces present in the 
crystal, blue above and red below 142 K lZ4). Sharp phase boundaries between the 

phases have been identified by Bloor et al. as the (031) and (041) crystallographic 
planes of the two structures. Larger crystals tend to fracture during the transition due 
to nucleation of several low temperature phases at crystal defects. The large change 
in crystal density ( ~ 4  ~)  renders the transition temperature sensitive to hydrostatic 
pressure ~_,5,126) At a pressure of about 3 • 102 MPa the critical temperature is shifted 
to room temperature. This low temperature structure is not observed in DCH polymer 
or the anthracene substituted analogs DAH and ACH. 
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6 Structure of  the Polydiacetylene Chain 

Two different reaction mechanisms have been postulated for the topochemical 
polymerization of diacetylenes involving diradical or carbene chain ends 116) The 

first mechanism leads to a butatriene structure (I), the latter to the acetylene structure 
(II) of polydiacetylene chains. 

/ // 
R--C R--C 

C C 

\\ \ 
c --R' C--R' 

R_C / : = R_C ¢ 
\\ \ 
C C 

C C 
\ 

~ - - R '  C--R' 

(9) 

I II 

The elucidation of the reaction mechanism and the identification of the reactive 

intermediates has been a matter of debate and extensive studies in several laboratories; 
it will be covered in other reviews 116) Sixl et al. have been able to demonstrate that 

the energetically favoured diradicals giving rise to the butatriene structure (I) are 
only observed for oligomers with comparatively short chain length (n < 7). In longer 
chains the higher energy of the carbene intermediates is overcompensated by the 
lower energy of the resonance structure (II) and in later stages of the reaction carbenes 

and dicarbenes can be identified to be the reactive chain ends. Therefore, the acetylene 
structure (II) is expected for the polydiacetylene chain. 

The determination of bond lengths and angles of the polymer backbone is only 
possible in cases where the polymerization can be carried out to quantitative con- 
version with retention of the crystal perfection. It has been mentioned above that this 
condition is fulfilled in varying degrees for different reactive diacetylenes. 

The experimental data for various polydiacetylenes and for two model compounds 

for the butatriene structure are compiled in Table 4. 
It should be noted that the values given in Table 4 reflect both the different qualities 

of the crystal structure analyses and of the crystals. The bond lengths are not corrected 

for anisotropic thermal vibrations. From the differences found in two independent 
structure analyses of DCH polymer it can be assumed that in some cases the standard 
deviations given may be underestimated. In all cases the quality of the analyses does 
not allow the determination of the electron density distribution along the polymer 
chain which has been possible for the two model compounds and for the resonance 
structure (I) 129,130) 

Within these limits the polydiacetylene chain seems to be best represented by the 
acetylene structure (II). This is especially true for those polymers (PTS, HDU-1, 
THD) which are obtained thermally under mild conditions. In the other cases devia- 
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tions from the expected values can be primarily explained by defects which are intro- 
duced by ),-irradiation and in other cases by pertubations of the electron density of 
the polymer chain by end groups and residual monomer units. Examples for this 
behaviour are TCDU-1 and BPG-1 which have been claimed to represent strong 
admixtures of the resonance structure (I). As it has been mentioned above the poly- 
merization of TCDU-1 is accompanied by unusually large side group rotations 
giving rise to large lattice changes (cf. Table 3). This introduces some disorder which 
is evidenced by large anisotropic thermal parameters and unusual bond lengths in 
the side chain s3) 

The second example, BPG-1, is a case of limited reactivity. The crystal structure 
analysis was carried out using a crystal containing only 35 percent polymer 44). The 
quality of the data clearly does not allow to draw conclusions on the electronic 
structure of the polymer chain. 

A similar argument can also be used for DNP which shows an unusually large 
bond length C2-C2' ("C" in Table 4). Here, the thermal polymerization is followed 
by a second thermally activated process leading to the destruction of the crystal ss). 
This has been interpreted as a disruptive phase transition 93). The unusual bond lengths 
can be attributed to defects introduced by the second reaction which competes with 
polymerization. 

Resonant raman spectroscopy has proved to be another valuable tool for the study 
of the structure of the potydiacetylene chain. Due to the resonance enhancement the 
spectra are compared to greatly simplified, infrared spectra and show as principle 
feature only the in-plane modes of the polymer chain. The correlation of the C -  C 
and C = C stretching modes and their temperature dependence have been interpreted 
as resonances between the mesomeric structures (I) and (II) ~31, ~32) However, a model 
using simple anharmonic force constants for the acetylene structure (II) is in good 
agreement with the experiment, e.g. the temperature and pressure dependence of 
the vibration frequency and the mechanical properties 133-13s) 

Many polydiacetylenes show drastic colour changes in the solid-state or in solution 
when the temperature or the solvent is changed 109-111,114,136-140). This "red-to- 

blue" transition which is shown for one example in Fig. 29 has been interpreted in 
terms of different resonance contributions or changes of planarity. 
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Fig. 29. Red-to-blue transition in a polydiacetylene 
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However, it should be emphasized at this point that despite the great effort devoted 

to the elucidation of this effect, which has been observed very early, to date there is 
no experiment which unambiguously explains the nature of the colour changes. 

Two models for the shape of the polydiacetylene chain in solution are schematically 

presented in Fig. 30. 
The first model (Kuhn chain) 141) is built up by planar segments of limited con- 

jugation length which are separated by defects, e.g. cis double bonds. The second 
concept of a "worm-like" chain (Porod-Kratky chain) 142,143) visualizes a continuous 

curvature of the chain skeleton. In this model the chain stiffness is characterized by 

the average angle between two segments or the persistence length lpe,s. Recent studies 
of the solution properties of PTS-12 have shown that all data can be readily discussed 

in terms of the concept of "worm-like" chains. 

Fig. 30. Schematic representation of the shape of poly- 
diacetylene chains. Top: planar, fully conjugated chain, 
middle: Kuhn model, bottom: worm-like chain 

The dramatic colour changes which are observed in solutions of certain poly- 

diacetylenes, e.g. poly3BCMU or poly4BCMU, when the solvent to non-solvent 

ratio or the temperature is changed, have been interpreted as single-chain coil-to-rod 
transition 109-111,144,145~. However, this is still a matter of debate and continuing 

experiments. There is experimental evidence that this transition is connected with 
an aggregation process 114.1~6) 

In conclusion it must be admitted that the spectral changes of polydiacetylene 
chains in various environments, which are intimately coupled to the electronic structure 
of the backbone, are still not fully understood and remain one of the unsolved problems 

in this field. 

7 Polymerization in Mixed Crystals 

Owing to the special principles of topochemical reactions polydiacetylene copolymers 
can only be obtained if the comonomers form mixed crystals. Apart from this obvious 
preparative aspect mixed crystals are of interest because it can be expected that the 
monomer reactivity and the polymer properties can be effectively varied by the 
crystal composition. Similar effects have been successfully demonstrated in the 

"isostructural doping" of organic charge-transfer crystals 147). In addition, it can be 
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imagined that comonomer units introduced into the host lattice can be regarded as 

well defined defect sites, These could be used as probes in order to obtain further 

insight into the complex energy transfer processes during the reaction. 

A necessary and sufficient condition for the formation of substitutional solid 

solutions of organic molecules is similarity of shape and size of the component 

molecules. For the formation of  a continuous series of solid solutions the crystal 

structures of the pure components must be isomorphous a,8) Due to the rather irregu- 

lar shape of organic molecules the principle of close packing leads to structures of 

low symmetry so that the latter requirement is not often fulfilled. Several diacetylenes 

which were found to form mixed crystals are given in Table 5. A large number of 

Table 5. Diacetylene monomers forming mixed crystals 
A: anthryl group, Cz: carbazolyl group 

M o n o m e r  1 Monomer 2 
R R t Ref. 

PTS 

PTS 

PTS 

PTS 

PTS 

PTS 

PTS 

PTS 

PTS 

- -  C H 2 O S O 2 ~ F  = R 38) 

- - C H 2 O S O 2 ~ C [  = R ~4£,1S0} 

- -  C H z O S O 2 ~ B r  = R 15o) 

- -  C D 2 O S 0 2 ~  CD3 = R 88,89) 

- -  C D 2 O S O 2 ~ C H  3 = R 88,89) 

- -  CH2 0 S 0 2 - - - ~  CD3 = R 88,89) 

t3 C H 2 O S O 2 ~ C H  3 = R 88,89} 

- -  C H 2 O S O 2 ~ O C H 3  = R 151) 

= R 
ISU 

DCH 

DCH 

HDU-1 

HDU-1 

- - C H 2 A  = R 

- - C H 2 A  __CH2Cz z~8) 

- -CH20CON H - - - ~ S , ~  = R 
1521 

- -  C H 2 O C O N H ~ C [  = R 153) 
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comonomers forming mixed crystals with PTS have been obtained by chemical 

modification of the p-toluenesulfonate side group. Of these only the various deuterated 

and 13C labelled compounds as well as PFBS form mixed crystals over the whole 

concentration range. The isotope labelled compounds form ideal solid solutions 

in the PTS matrix and consequently all properties, e.g. the kinetic isotope effects 

change accordingly to the comonomer content. 

PFBS ( R = --CH2--OSO2--~'---~[~--F } crystallizes in a structure which is isomorphous 

to PTS and exhibits virtually identical packing parameters. However, thermal 

polymerization proceeds much slower and by changing the crystal composition 
the reactivity can be changed by a factor of 8 38,154~. Time conversion curves are 

shown in Fig. 31. The PFBS comonomer acts as a lattice site where the chain termina- 
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Fig. 31. Time conversion curves for the thermal polymerization of PTS-PFBS mixed crystals at 60 °C. 
@ : PTS, • :  PFBS, [] : 20 mole ~ PFBS, Zk : 50 mole % PFBS, • :  62 mote % PFBS 

tion probability is greatly enhanced. Since the rapid reaction regime has much higher 

kinetic chain lengths it is affected by much smaller admixture of the comonomer 

than the reaction in the induction period. The kinetic data are plotted in Fig. 32. 

The other comonomers for PTS given in Table 5 form mixed crystals only in a limited 

concentration range. In contrast to PBS the chloro and bromo derivatives PCS 

and PBS form completely unreactive triclinic structures (cf. Table 1). However, by 

crystallization of these monomers at very high supersaturations crystals of metastable 
reactive modifications are obtained which have been shown to be isomorphous to 
PTS ls°L Owing to the crystallization conditions these crystals are unfortunately 

not suited for detailed structural investigations. The metastable phases melt up to 
50 degrees below the stable modifications which spontaneously recrystallize from 

the melt. 
When PCS and PBS are cocrystallized with PTS two sorts of mixed crystals are 

formed simultaneously, i.e. active crystals in which up to 20 percent of PCS can be 

incorporated in the PTS lattice and inactive crystals where PTS is dissolved in the 
comonomer structure. The cocrystallization diagram for the system PTS-PCS is 

shown in Fig. 33. 
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Fig. 32. Dependence of the induction 
period to and the first order rate constant 
k of the rapid reaction for the data plotted 
in Fig, 31 

The dependence of  crystal reactivity is rather complicated. At small admixtures 

(Xpcs < 0.05) the induction period is decreased but at higher concentrations sub- 

stantially increased. 
It is interesting to note that the transition into the low temperature phases is inhibited 

by the replacement o f  a relatively small number o f  terminal methyl groups. It seems 

that the phase transition is mediated by interactions o f  the methyl groups. Replacement 

o f  about 10 percent of  the methyl groups by fluorine is sufficient to suppress the 

transition below 110 K although the free volume associated with the methyl group 

rotation is retained aaL In the more closely packed polymer this effect is even more 

1.00 

0.75, 

l 
R 0.50 - 

X 

I I 

0/o / 
/ °  

0 

/ 

0.:75 

0.25- f°.~.a.., ~F ' ' 4  

0 
0 0~5 0~0 

X PCS. L ' - - - - - - "  

1.00 

Fig. 33. Cocrystallization diagram for the 
crystallization of PTS-PCS mixed crys- 
tals. XpCS, L, XpCS, C are mole fractions of 
PCS in the acetone solution and in the 
mixed crystals 
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pronounced. Pure PFBS monomer and polymer show no phase transition down to 

4.2 K 1s5,156~. The other diacetylene monomer which is known to form substitutional 

mixed crystals over the whole concentration range is DCH. The anthracene rings in 

the comonomer DAH and ACH are able to replace the carbazolyl groups. This is 

demonstrated by the fact that ACH forms an order-disorder structure which is 

isomorphous to DCH and in which both side groups statistically occupy the same 

lattice sites. Owing to the closer packing DAH and ACH are completely inactive 

(cf. Table 1). 

lOO 

t 
25] ° 
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0 
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Fig.  34.  Dosage conversion curves for the ~,-ray polymerization of DCH-ACH mixed crystals. • : 

DCH, O: 1.1 mole~ ACH, IS]: 2.2 mole~o ACH, /k: 5.5 mole~ ACH 

The admixture of small amounts of anthracene containing comonomers has a 
drastic effect on the polymerization rate (Fig. 34). In crystals containing 2 percent 

ACH the induction period is more than doubled. This cannot be explained by the 

monomer packing since the lattice parameters are virtually unchanged in this com- 

position range. It is also not probable that the comonomer would act as a chain- 

terminating impurity since in the induction period the kinetic chain length is much 

smaller than the average distance between two comonomer units. 
Two explanations for this behaviour are possible. First, the anthracene rings inhibit 

phase transition which is necessary in order to bring about high reactivity. In pure 
DAH and ACH the phase transitions which have been described for DCH are absent. 

Secondly, it has been proposed that the anthryl groups act as traps for the excited 
states which are formed in the first stage of photopolymerization so that most of 
the energy is emitted as fluorescence before it is transferred to the triple bond system. 

I f  these mixed crystals are irradiated, however, at 400 nm where only the anthryl 

groups absorb a small photosensitation can be observed. Neither of the two models 

have been fully established experimentally to date. 
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