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A new class of optically pure, chirai, soluble polydiacetylenes have been synthesized. These show both 
solvato- and thermo-chromism, with behaviours similar to those reported for the well-studied analogous 
achiral m-butoxycarbonylmethylurethane (mBCMU) class of polydiacetylenes. Although it is now generally 
agreed that this chromic behaviour is a direct result of the order-disorder transformation of the dissolved 
polymer, there still remains disagreement about the conformation and state of aggregation of the various 
forms. The chiral structure of these new polymers allows these general questions to be addressed through 
the use of circular dichroism spectroscopy. We report measurements obtained on both solution and thin 
film samples. These have allowed us to characterize more precisely the various states involved. 
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I N T R O D U C T I O N  

Many disubstituted diacetylenes undergo solid state 
(topochemical) polymerization under the influence of 
heat, pressure, light or ionizing radiation to form highly 
perfect, macroscopic, polymer single crystals 1'2 accord- 
ing to Scheme 1. However, owing to the insolubility of 
most polydiacetylenes (PDAs) in common organic 
solvents, attempts to study their solution properties 
remained unsuccessful until 1978 when the appropriate 
choice of sidegroups led to the synthesis of the first class 
of soluble PDAs. A number of different series of soluble 
polymers now exist, but of these, the class (I) containing 
the symmetrically substituted butoxycarbonylmethyl- 
urethane (BCMU) side group, first reported by Patel 3, 
has been most extensively studied. 

R - - C ~ C - - C ~ C - - R '  f it , - - C = C  - 

Scheme 1 

I R = R' =-(-CH2)raO.CO.NH.CH 2.CO.O.(CH2)3CH 3 

mBCMU, where m = 2, 3, 4, 6, 9 

The solvato- and thermo-chromism displayed by these 
soluble polymers, however, has continued to attract a 
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considerable amount of research effort and controversy. 
While there is now general agreement that this chromism 
is a direct feature of the order-disorder transformation 
of the dissolved polymer, the nature of the polymer 
conformation and state of aggregation in these phases 
still encourages active debate 4'5. 

In good solvents, e.g. chloroform, a yellow solution is 
obtained 6. The chain structure has in this case been 
described either as a random coil containing sharp 
discontinuities between linear sequences of the polymer 
backbone 7 or a worm like chain with only gradual 
changes in backbone orientation s. On addition of a poor 
solvent, e.g. hexane, or cooling, either a red or a blue 
polymer is obtained 6. This transition has been associated 
with formation of extended polymer chains either as a 
single chain phenomenon 4 or as a result of aggregation 9. 
It has been shown that red and blue forms can exist for 
a single polymer and that in this instance the red form 
has disordered side groups 1°. This implies that the red 
form has an extended but non-planar backbone while 
the blue form is extended and planar. 

As part of a programme to design new organic 
materials with potentially useful non-linear optical 
properties a new class of soluble PDAs containing the 
symmetrically substituted methylbenzylurethane (MBU) 
chiral side group (lI) has recently been synthesized 11. 
These optically pure, soluble polymers show both 
solvato- and thermo-chromism, with features similar to 
those previously reported for the achiral mBCMU 
analogues. However, the chiral structure of these new 
PDAs gives us the opportunity to further investigate the 
nature of the conformational states of the polymers by 
the use of circular dichroism (c.d.) spectroscopy. In this 
present work, we have carried out a detailed chiroptical 
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/ 

II R = R ' = - -  ( CH2)~O.CO.NH--~*--Ph 

*R-(+)-; S-(-)- 

R-( + )-/R-( + )-; mRMBU series'~ where 
m = 2 ,  3, 4, 6, 9 ( 

S-( -  )-/S-(- )-; mSMBU seriesj 

spectroscopic investigation of all of the polymers 
currently available, and subsequent analysis of the results 
obtained, for both solution and thin film samples, has 
enabled us to identify and characterize more precisely 
the various states involved. Selected results are presented 
in this paper. A preliminary account of this work has 
already been reported 12. 

EXPERIMENTAL 

Synthesis 
The various urethane monomers were prepared by a 

condensation reaction between either the R-(+)- or 
S-( -  )- methylbenzyl isocyanate with a suitable diacetylene 
diol, by a method similar to that used by Patel 3 to 
produce the related mBCMU diacetylenes. A modification 
of the method of Hay 13, involving the oxidative coupling 
reaction of terminal acetylenic alcohols, was used to first 
produce the necessary diols. The polymers were obtained 
by 7-ray (6°Co) irradiation of the respective monomers, 
using doses of 50 Mrad at room temperature. Unreacted, 
i.e. residual, monomer was extracted by repeated washing 
with acetone, the polymer being totally insoluble in this 
solvent; yields of over 90% conversion to polymer were 
achieved for a number of the members of this series. 

Optical spectroscopy 
Circular dichroism spectra were recorded using a 

JASCO J4OCS CD spectrometer. Ordinary absorption 
and linear dichroism (I.d.) measurements were made with 
a Varian 2390 spectrophotometer. A calcite prism 
polarizer was employed for the I.d. studies. 

RESULTS* 

We report here our chiroptical spectroscopy measure- 
ments of the 9R and 9S enantiomers of the MBU series. 
Like the other chiral PDAs in this series and the achiral 
BCMU analogues, these are isolated in the form of fine 
micro-crystalline powders, by solvent extraction of 
unreacted monomer from y-irradiated material, as 
described above. The addition of solvent, i.e. chloroform, 
to either the 9R or 9S enantiomer provides a brackish 
suspension. Gentle heating encourages the formation of 
a brightly coloured, apparently clear, yellow solution. 
However, both of these states are in fact highly scattering. 
In the c.d. spectrometer strong circular intensity 
differential scattering (c.i.d.s.) is observed (Figure I ) with 

* Unless otherwise indicated, the use of the abbreviations mR or mS 
in the text, in all cases, refer to the specific polymer enantiomer under 
discussion. 

* 5E-3 

0 A0D 

- 5 E - 3  

I I I I I I I I 

750 300 
Wavetength (nm} 

Figure 1 C.d. spectra of 9RMBU polymer scattering solution in 
chloroform showing variations with position of sample along the 
instrument optic axis: A, 'near' position, 0.5cm from sample to 
photomultiplier (PM); B, 'mid' position, 10cm from PM; C, 'far' 
position, 20 cm from PM 

features inside and outside the electronic absorption 
envelope (550-300 nm) whose shape, sign and intensity 
are variable, being particularly dependent on the position 
of the sample cell along the optic axis of the 
spectrometer 14. These measurements effectively involve 
changes in the solid angle of collection of transmitted 
and scattered light, a feature characteristic of c.i.d.s. This 
phenomenon has been well characterized for large 
biological assemblies is. Membrane filtration (0.2~tm 
pore size) further clarifies the yellow solutions which now 
present no detectable circular dichroism in the 
720-340 nm region. This shows unambiguously that the 
polymer chains adopt a random conformation in the 
yellow solution. The significance of this result is discussed 
further below. 

The other chiral MBUs are also soluble in chloroform 
with differing degrees of difficulty. In consequence, we 
are able to make the general observation that the soluble 
random form does not display optical activity associated 
with the visible electronic absorption, for any of these 
polymers. We wish to emphasize at this point that c.d. 
spectroscopy provides an excellent technique to identify 
the random polymer chains expected in a true solution 
state. 

Addition of a non-solvent, e.g. hexane, to filtered 
solutions of 9R and 9S polymers in chloroform induced 
the anticipated ordinary absorption changes (Figure 2) 
as has been well established for the achiral BCMU series 
of soluble PDAs 6-1°A6. This corresponds to a yellow to 
red colour change of the solutions described above. 
Strong circular dichroism, lacking c.i.d.s, effects, is now 
observed (Figure 3) which signifies the production of a 
helical conformation of the polymer. The absence of 
c.i.d.s, effects indicates that any particles formed are much 
smaller than the wavelength of light so that filtration at 
this point would be ineffective. Similar spectra have 
been recorded for the scattering unfiltered solutions 
although in this circumstance the induced molecular c.d. 
is superposed on the c.i.d.s, as can be seen in Figure 4. 

In an attempt to improve the quality of our spectral 
data we turned our attention to studies of solid samples. 
Samples produced as nujol mulls gave c.i.d.s, spectra 
similar to those found for the scattering solutions with 
no evidence of the molecular c.d. indicative of the ordered 
state observed in the solvent mixture (chloroform- 
hexane). 
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Figure 2 Sequential absorption spectra of 9RMBU polymer in 
chloroform recorded with increasing addition of hexane: initial CHCI 3 
solution concentration ~ 1 x 10-5 mol 1-1. Spectra shown for CHCI 3 
mol fractions; ( . . . . . .  ), 0.86; ( - - ) ,  0.74; ( . . . . .  ), 0.68; ( . . . . . .  ), 
0.56 
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Figure 3 C.d. spectrum of 9RMBU polymer in a filtered chloroform 
solution (see text), after the addition of hexane to give a 50:50 mixture, 
% by volume 

Polymer films cast from chloroform solution onto glass 
microscope slides are red in colour and of good optical 
quality. These gave excellent c.d. spectra (see Figure 5a 
for the 9R species), similar to those of the polymer in 
chloroform-hexane solvent mixtures. These films did not 
scatter light, nor were they birefringent: their c.d. spectra 
were independent of their position along or about the 
optic axis 14. Similar results have now been obtained for 
all of the antipodes of the 2-, 3-, 4-, 6-, and 
9-methylbenzylurethane derivatives, and will be reported 
elsewheret 7 

As discussed below these observations are particularly 
relevant to our parallel investigations of the optical 
waveguiding properties of these films, in particular for 
the 9SMBU polymer is. Accordingly we have now 
measured the spectra of the corresponding high quality 
films produced by the controlled dipping process 19 that 
is employed in our waveguiding studies. Again, excellent 
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'pure' c.d. spectra are observed (Figure 5b) similar to 
that of the polymer in solvent-non-solvent mixtures. 

SPECTROSCOPIC ANALYSIS AND 
CONCLUSIONS 

The yellow forms of the 9R and 9S species in filtered 
chloroform solutions are characterized by a strong 
ordinary absorption at 456 nm. There is no detectable 
optical activity associated with the visible electronic 
absorption of this state. This means that the polymer 
chains must adopt a random conformation without any 
locally extended regions. If the latter were to occur they 
would give rise to c.d. spectra as observed for the red 
form of the polymer. Thus the model of a worm like 
chain rather than a sharply kinked chain is favoured by 
our results. 

750 

Figure 4 
solutions: A, in chloroform/hexane solvent mixture (50:50 mixture, % 
by volume); B, in chloroform only 
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C.d. spectra of 9RMBU polymer in scattering (unfiltered) 
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Figure 5 C.d. spectra of 9MBU cast polymer films on glass 
microscope slides: A, 9R polymer, produced by a simple evaporation 
technique; B, 9S polymer, high quality film (thickness ~ 0 . 4 # m )  
produced by a controlled dipping process 

POLYMER, 1989, Vol 30, June (Conference issue) 1065 



Chiroptical spectroscopy of PDAs: A. F. Drake et al. 

Upon the addition of the non-solvent, this absorption 
at 456 nm decreases with the 2max shifting to 488 nm and 
the emergence of absorption at 538 nm. The underlying 
c.d. spectrum has two components, but displays three 
features. A sharp positive differential absorption (for 9R) 
at 540 nm is followed by a conservative positive bisignate 
curve with maxima at 525nm and 465nm with a 
crossover close to the ordinary absorption maximum 
(488 nm). These c.d. observations are reminiscent of 
exciton coupling although one is left to query the 
non-conservative nature of the visible absorption 
manifold as a whole. It is important, therefore, to 
characterize more clearly the individual c.d. components. 

Oriented polymer films of 9R can be obtained by 
rubbing, as previously reported for the achiral BCMU 
polymers 2°. These oriented films are highly dichroic 
about the stroke axis. Dichroic rations (A I I -  A±/A fl + A±) 
in excess of 10 -2 are readily achieved. Preliminary I.d. 
studies indicate differing polarizations for the two c.d. 
components. The higher energy pair are orthogonally 
polarized as exciton coupling requires. The sharp low 
energy c.d. component does not appear to display any 
associated I.d. This suggests a different molecular origin 
for the high energy c.d. couplet and the low energy single 
c.d. band. 

This latter conclusion is reinforced by low temperature 
c.d. spectra obtained for 9R polymer solutions. On 
cooling, the sharp low energy c.d. component becomes 
intense with respect to the higher energy c.d. couplet. 
We have also noted relative intensity variations between 
the two c.d. band systems when comparing solutions and 
various films. However, the relative magnitudes of the 
two c.d. couplet components is always constant and 
conservative. 

Both the I.d. and low temperature c.d. observations 
will be reported in detail elsewhere x7. However, they do 
enable us to propose the existence of more than one 
state of order for these chiral PDAs. 

The sharp single low energy c.d. band is reminiscent 
of the J-band which is often observed with aggregated 
dye molecules in solution 21. This is said to be derived 
from an excitation to an excited state delocalized over 
the whole aggregate. This certainly explains its lack of 
I.d. The higher energy c.d. couplet we ascribe to a classical 
exciton coupling either between or within discrete 
polymer chains. 

The other members of the chiral MBU series (2-, 3-, 
4-, and 6- species) have also been studied, and all seem 
to show similar behaviours to the 9-MBU derivatives. 
There is no detectable c.d. associated with the random 
form and a multi-component c.d. spectrum associated 
with the helical form 1T. 

On the basis of these results and comparisons we 
conclude that the red polymer chains have an extended, 
helical form associated in either ordered or glassy 
aggregates. Thus the red solutions consist of either 
strongly or loosely associated polymer, i.e. particles, and 
a weak gel network. This conclusion is supported by 
recent work on neutron scattering 22 and shear flow 23. 
The former reveals particle formation, while the latter 
indicates the presence of a weakly interacting network. 
Thus the red solutions are inhomogeneous, and not a 
homogeneous solution. The loosely aggregated chains 
are able to order and form particles at lower 
temperatures, i.e. an equilibrium exists between the two 

forms at room temperature. Evidence for this has been 
found in recent studies of 9BCMU 24. Comparison of the 
ordinary absorption spectra ofchiral and achiral BCMUs 
provide additional evidence for similar behaviour in both 
classes of polymer. 

Low optical loss has been observed in 9SMBU films 
tested as slab and channel optical waveguides is. This 
indicates either a glassy morphology or a distribution of 
small ordered particles, with dimensions less than the 
wavelength of light, in a glassy matrix. The c.d. spectra 
show that the latter is correct. Thus on solidification the 
polymer films 'freeze in', to a large extent, the structure 
which exists in the inhomogeneous 'solution'. 

Thus these studies of chiral PDAs lend support to the 
view that the disorder-order transition in PDAs is from 
a worm like chain to extended chains in both strong and 
weak association. 
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