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The strong colour of polydiacetylene polymer crystals is due to the backbone exciton. The energy of the 
exciton is strongly affected by Coulombic interactions with the surrounding crystalline environment. X-ray 
diffraction and optical absorption measurements of the blue phase polymer crystals of 4BCMU show that 
a change in the energy of the polydiacetylene backbone exciton can be related to a change in the 
inter-backbone spacing within the crystals. Over the range of inter-backbone spacings measured, this 
variation is in very good agreement with Coulombic screening theory. It is calculated from these results 
that inter-backbone Coulombic screening lowers the value of the exciton energy in the blue phase polymer 
crystals of 4BCMU by -0.362eV, which is 15.4% of the total exciton energy. Coulombic screening is 
shown to have an important effect on the optical absorption properties of other polydiacetylene derivatives. 
Calculations and resonant Raman spectroscopy measurements show that a combination of a low level of 
Coulombic screening and strain in the crystal lattice accounts for the red colour of the polymer crystals 
of PTS- 12 and TCDU. 

(Keywords: polydiacetylene; polymer crystal; thermal lattice expansion) 

INTRODUCTION 

Polydiacetylenes are highly conjugated polymers which 
can be produced by the thermal, ultra-violet or gamma- 
ray initiated polymerization of diacetylene single crystals’. 
Langmuir-Blodgett films’, liquid crystals or isotropic 
melts”.“. High quality chain extended polymer crystals 
can be formed by the solid state topochemical polymer- 
ization (Fiyure I) of macroscopically sized single monomer 
crystals’. Polydiacetylenes are strongly absorbing in the 
visible region of the spectrum due to their highly 
delocalized n-bonding system which extends along the 
whole length of the backbone. A whole range of different 
coloured polydiacetylenes can be produced both in the 
solid state and in solution’.5.6. The lowest energy TC to 
7r* transition in polydiacetylenes is excitonic in nature, 
where the energy of the exciton E as measured by optical 
absorption spectroscopy varies between about 2.0eV in 
the blue phase polymer crystals to about 2.7eV in the 
yellow polymer solutions’.*. These variations in E are 
caused by both changes in the conformation of the 
polymer backbone and changes in the local environment 
surrounding the backbone5.h.8. 

Continuous uniform distortion of the polymer back- 
bone can cause continuous variations in the energy of 
the 71 to rr* transition. Polydiacetylene polymer crystals 
which are strained in tension along the main chain 
direction show an increase in E of 0.037eV per 1% 
applied chain strain’. Continuous shifts in E of up to 
0.6 eV are observed when partially polymerized monomer 
crystals (conversion less than 1%) are heated so that the 

*T<) whom correspondence should be addressed 

few polymer chains present are stretched or compressed 
by the thermal expansion of the monomer crystal 
lattice’“. 

Similarly, abrupt distortion or twisting of the polymer 
backbone can cause abrupt changes in the value of E. 
Soluble polydiacetylene derivatives are found to undergo 
dramatic blue to yellow and red to yellow solvatochromic 
and thermochromic transitions where E changes abruptly 
from 2.0 to 2.7 cV and from 2.3 to 2.7 eV respectively’ ‘.12. 
These transitions can be shown to involve a rigid rod to 
random coil conformational transition of the polydi- 
acetylene backbone 13.14 When heated, the fully polymer- 
ized crystals of some derivatives undergo a blue to red 
crystallographic phase transition followed by a red to 
yellow melting transition which involve similar abrupt 
changes in the value of E”-19. The crystallographic 
transition can be shown to involve the distortion of 
the backbone by the disordering of the adjacent side- 
group units, while the melting transition can be shown 
to involve the disintegration of the crystal structure 
and the release of the backbone into a more twisted 
conformation18 ‘*. 

The variation of the energy of the 71 to n* transition 
with conformation can be related to changes in the overall 
level of electron delocalization along the backbone. As 
the conformation becomes more distorted, twisted and 
non-planar, the overall level of electron delocalization 
decreases, increasing the value of E5.‘. Two different 
models have been proposed to explain this effect. The 
first envisages that deforming the backbone produces 
abrupt conformational defects such as exact 90’ bond 
rotations about the backbone single bonds, which break 
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9 
ETS: R = R’ = -CH2-O-F, V 0 CHj 

0 

PTS-I2.: R = R’ = CH3 

4BCMU: 
B 

R = R’ = -(CH2)4-O-~,-N-CH2-~;O_(CH2)4.CH3 
0 0 

InterchaIn C‘oulomhic scrccmng is lowcrlng ~hc taluc (11 

E at zero pressure b! -- 0.32 eV. Electr~>rellectancc 
mcasurcmcnt4 also suggest that (‘oulornbi~ \~rccnIn~ 
from the backbone and conJugatcd sidegrc~up unit< ~11’ 
neighbouring chains should easily cause lariations 111 i. 
which art: of the same order of magnitude ;LS those 
produced by conformational changes-. It has .I/SU been 
suggested that a decrease in the level of interchaln 
Coulombic screening is responsible for the blue to red 
colour change at the crystallographic phase transition in 
the polymer crystals of ETCD’“. 

Apart from the value estimated in the high-pressure 
experiments, no measurements have been made of the 
exact amount by which Coulombic screening changes the 
value of F: within polydiacetylene crystals or how this 
value varies with interchain separation. The present work 
was undertaken to make these measurements and to 
explore how Couiombic screening affects the optical 
properties of the polymer crystals of a variety of different 
polydiacetylene derivatives. 

THEORY 
F 

KlXR: R = R’ = -(CH~)~-OX;N-CH~-CHJ The energy of an exciton E in a molecular crystal with 
0 two molecules per unit cell is given by: 

E=E,,+D+W+SfL (1) 

TCDU: R = R’ = -(CH2)4-0-C;IV!@) 
0 

b 
Figure 1 Polydiacetylene structures: (a) structure of the polydiacetylene 
polymer backbone: (b) structure of the polydiacetylene sidegroups R 
and R’ attached to the backbone in (a) 

the backbone’s delocalized electronic system into a series 
of discrete but fully conjugated segments’ 1.14.23.24, The 
second model envisages that deforming the backbone 
causes it to take up a smooth and continuous curved 
conformation by slightly distorting and twisting each 
bond so that the electronic system tends to localize on 
the stronger, less distorted triple and double backbone 
bonds’.‘4,‘5,‘6. As previously discussed, experimental 
and theoretical results from the yellow polymer solutions 
favour the second modelZ7. 

Variations in E can also be caused by changes in the 
local environment surrounding the backbone5.‘.‘. The 
polydiacetylene backbone exciton will undergo polar- 
ization interactions with its surrounding environment 
which will decrease its energy. This type of Coulombic 
screening will involve interactions with its own side- 
groups, with the backbone and sidegroups of neigh- 
bouring polydiacetylene chains if in a crystal, or with 
neighbouring solvent molecules if in solution. Due to 
the extremely high polarizability of the electronic system 
on the polydiacetylene backbone and the conjugated 
units found in the sidegroups of many derivatives, 
the Coulombic screening from neighbouring chains is ex- 
pected to be considerable. High-pressure experiments’8 
on PTS polymer crystals show a continuous decrease 
in E with increasing pressure at a steady rate of 
- 0.07 eV GPa ‘. When combined with the mean linear 

compressibility of the crystals, it is estimated that 

where E,, is the excitation energy of the free molecule, D 
is the difference in the van der Waals interaction energy 
of a molecule in the ground state and the excited state, 
I,%’ arises from dispersion forces due to two electron 
excitations. and S and L arise from the exchange of 
excitations between translationally equivalent and in- 
equivalent molecules respectivelyx,‘x. W gives the lowering 
of E by the polarization of the surrounding medium and 
is usually negative. D + W is known as the gas-to-crystal 
or solvent shift, S is known as the exciton shift and 2L 
is the Davydov splitting. In polydiacetylenes the mole- 
cules are effectively of infinite length, and as a result E, 
must be described by an energy band in which it becomes 
a function of the exciton wavevector. E, must also include 
the effects of the translational symmetry along the 
polymer chain and the effects of conformational changes 
on the backbone’s electronic structure. 

In polydiacetylenes it is estimated that D <O.O12eV, 
2L < 0.005 eV, and S z Lx. Therefore, the sum of D + S + L 
should be less than 0.017 eV. The value of K’ estimated 
from the high-pressure experiments in the titerature18 is 
- 0.320 eV. The sum of D + S i- L is therefore less than 
5% of the value of l4’. As a first approximation D, S and 
L can be ignored, and equation ( 1) can be rewritten for 
polydiacetylenes as: 

E = E,, $- c+ (2) 

In polydiacetylene crystals essentially two different 
types of surrounding ‘molecule’ will provide a substantial 
contribution to w These are the highly conjugated 
polymer backbones of neighbouring chains, and any large 
conjugated units which are present in the sidegroups of 
the chain itself or in the sidegroups of neighbouring 
chains. Hence: 

w=wn+ws, (3) 

where W, is the contribution to the level of Coulombic 
screening from the surrounding polymer backbones of 
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neighbouring chains, and W,, is the contribution from 
any large conjugated sidegroup units. 

For a molecule of polarizability u,,, and an electronic 
transition of dipole moment M and energy E, W can be 
related to the polarizability of the surrounding medium 
by: 

W = i ( 1 ;‘6)x,(Ri)- ‘[Ml + (Ea,,‘4)] (4) 

where the surrounding medium consists of II other 
molecules of polarizability x, which lie at distances Ri’. 
For a polydiacetylene chain in a polymer crystal, the 
contribution to the level of Coulombic screening from the 
surrounding polymer backbones of neighbouring chains 
can be written as: 

where the polymer backbone is surrounded by m other 
backbones which lie at distances Ri. K, is a negative 
constant which is proportional to the polarizability of 
the polymer backbone. Likewise, the contribution to the 
level of Coulombic screening from any large conjugated 
sidegroup units can be written as: 

where the polymer backbone is surrounded by n large 
conjugated sidegroup units which lie at distances Rjl and 
where K,, is a negative constant which is proportlonal 
to the polarizability of the large conjugated sidegroup 
units. 

Conformational changes in the physical structure of 
the backbone will cause variations in the excitation 
energy of the free molecule E,. Such conformational 
changes are normally split into a homogeneous and an 
inhomogeneous component. The homogeneous com- 
ponent is uniform strain in the polymer crystal lattice, E, 
which results in an increase or a decrease in E, when the 
backbone is respectively stretched or compressed. The 
inhomogeneous component is disorder or non-uniform 
twisting, where the displacement of backbone atoms from 
their mean positions is not identical on consecutive repeat 
units. An increase in the level of disorder or twisting 
results in an increase in E,. If each backbone atom has 
a mean position I’ in the highly ordered blue phase 
polymer crystals, then the average level of disorder or 
non-uniform twisting can be quantified in terms of an 
average displacement (Ar). Therefore, E, is a function 
of both the strain in the lattice c and the level of disorder 

Table 1 Crystal umt cell parameters of different polydiacetylene derivatives 

(Ar). Equation (2) can be combined with equation (3) and 
rewritten as: 

E=E&,(AI’))+(W,,+ K,,) (7) 

Thus, any change in the exciton energy E can be related 
to either a change in the level of uniform strain on the 
backbone c. a change in the level of disorder of the 
backbone (AI.) or a change in the level of Coulombic 
screening within the polymer crystals from the sur- 
rounding backbones W, or conjugated sidegroup units 
W,,;. 

EXPERIMENTAL PROGRAMME AND ANALYSIS 

In the high-pressure experiments on PTS polymer 
crystals no variation occurred in the value of E,, so that 
all changes in the value of E as a function of pressure 
could be ascribed to changes in the value of (W, + W,,) 
(ref. 28). However, the experimental results did not allow 
separate values of W, and W,,; to be obtained’“. 
Furthermore, no measurements could be made of the 
precise variation of the backbone to backbone distance 
or the backbone to conjugated sidegroup unit distance 
as a function of pressure, so that WB and IV,, could not 
be calculated from equations (5) and (61. 

However, in the case of the blue phase polymer crystals 
of 4BCMU it should be possible to solve these problems 
because the polymer has no large conjugated sidegroup 
units t W,, =O). and the simple arrangement of the chains 
within the crystal lattice makes it relatively easy to 
determine the variation of WH with inter-backbone 
distance R, in equation (5). 

The blue phase polymer crystals of 4BCMU have a 
monoclinic unit cell with the unit cell parameters as listed 
in Td~k 1”. Fiyurr 2 shows the 4BCMU crystal 
structure. based on the X-ray diffraction results3’, in the 
form of a projection onto the cl-h plane with the main 
chain direction (the c lattice direction) nearly normal to 
the page. The backbone and sidegroups form flat ribbons 
stabilized by inter-sidegroup hydrohen bonding which lie 
in vertical stacks forming a herring-bone like structure 
(Fi~~u~s 2 and 3). 

In this type of structure the distance between equivalent 
points on the polymer backbone within each stack 
((I =0.537 nm) is much smaller than the distance between 
the backbones in neighbouring stacks (h 2 = 2.725 nm). 
Because W, is proportional to l,‘Ri6, the contribution to 
W” from the nearest backbone in the neighbouring stack 
will only be 5.9 x IO-’ of that from the nearest backbone 
within the stack. and can be ignored. Also, the contri- 
bution from the next nearest-neighbour backbones within 

Polydiacet~lene [rlnm) h(nm) c(nm) r(degl /{(de@ Reference 

4BCMU 0.537 5.45 

PTS I .4493 0.49 10” 

PTS-12 3.013 0.61 1 

TCDIJ 0.4x9” 3.917 

FTCDtblue) I.813 0.489 

ETCDtblue) I .89 0.483” 

” Lattice direction along which polymer backbone lies 

0.489” 90 85 YO 30 

1.4936 90 118.14 90 34.35 

0.49 1 U 95.1 93.7 X8.’ 36 

0.619 90 106.3 90 39 

1.0X1 90 94 30 45 

1.089 90 91 90 15 
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b 

Figure 2 Crystal structure of the 4BCMU blue phase crystals projected on the <r-h plane with the main cham direction (the (’ lattice direction] 
nearly n<~rtnaI to the page” 

each stack which lie at a distance of 20. 3a and 4tr will 
be 1.6x IO-‘, 1.4x 10m3 and 2.4x IO-’ respectively of 
that from the nearest-neighbour backbone which lies at 
a distance of LI. Given an estimated accuracy in the 
measurement of E of 0.04% (from the error in the optical 
absorption spectroscopy results), the contribution to W’,, 
from nearest-neighbour backbones beyond 3~1 can also 
be ignored. Therefore, as the nearest-neighbour back- 
bones lie in equidistant pairs above and below each 
individual backbone in the stack, it is only necessary to 
sum equation (5) over the six nearest-neighbour back- 
bones. Thus, for the blue phase polymer crystals of 
4BCMI-J. equation (5) can be rewritten in the form: 

w;,= 1 K,(Ri)~“=2K,,(u)~h(l +(2)-“-t(3)-“) (8) 
i- I 

This means that the level of Coulombic screening, I&;,. 
produced by neighbouring backbones within the polymer 
crystals can be related by a simple equation to only one 
variable, which is the size of the unit cell lattice 
parameter LI. If a means can be found to cause variations 
in (I, such as temperature or pressure, then variations 
should occur in the value of IV,. Given that the 4BCMU 
sidegroups contain no large conjugated units, equation 
(7) has the form: 

E = E,( i:, (Ar)) + IV,, 19) 

Therefore, variations in the lattice parameter LI will result 
in variations in the exciton energy E. 

Results”’ from PTS show that in polydiacetylene 

Figure 3 Stacking arrangement within the cryatal struc(urc of the flat 
hydrogen-bonded ribbons formed by the 4BCMU backbone and 
Gdcgroups. The ribbons lie in \ertlcal stacka along the (I lattice direction. 
The main chain dlrrction lies along the c’ lattvx direction”’ 

polymer crystals the linear thermal expansion coetlicient 
along the main chain direction is only 0.31 x IO 5’ c’. 
Thus, if the 4BCMU polymer crystals are heated the 
resultant change in temperature would be expected to 
have a negligible effect on the magnitude of E,,. Hence. 
equation (9) can be rewritten and combined with 
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equation (8) to give: 

E=E,+2K,(a))6(l +(2)-6+(3)-“) (10) 

where both E, and K, are constant. 
If the 4BCMU polymer crystals are heated and the 

thermal expansion coefficient along the c( lattice direction 
is sufficiently large, then E should increase with tempera- 
ture due to the decrease in the level of inter-backbone 
Coulombic screening as the lattice undergoes thermal 
expansion. E can be measured using optical absorption 
spectroscopy and II can be measured using X-ray 
diffraction. If both the variation of E with temperature 
and the variation of (I with temperature can be measured, 
then the two results can be combined to give the variation 
of E with tl. Then it should be possible to see whether 
the results obey equation (10). and if they do, the 
magnitudes of E, and K, can be calculated. 

Furthermore, if the value of K, can be determined, 
then the level of inter-backbone Coulombic screening, 
W,, can be calculated for the polymer crystals of other 
polydiacetylene derivatives. This is especially important 
for PTS since the combined value of ( W, + IV,,) is already 
known and hence would allow the calculation of the 
magnitudes of W,, and K,, for the phenyl units which 
lie at the end of the PTS sidegroups. 

As various other polydiacetylene derivatives (PTS-12 
and TCDU) have phenyl units which lie at the end of 
their sidegroups, (I&‘; + W,,) could then be calculated for 
these. The effect of strain in the lattice and backbone 
disorder on the magnitude of E, can be measured using 
resonant Raman spectroscopy (TCDU) or calculated 
from results in the literature (PTS-12). This should make 
it possible to determine how the different effects of strain. 
disorder and Coulombic screening produce the particular 
values of E for the polymer crystals of a variety of different 
derivatives. 

It is for these purposes that the crystals described belou 
were prepared and used in the optical absorption 
spectroscopy, X-ray diffraction and resonant Raman 
spectroscopy experiments. 

EXPERIMENTAl, 

To investigate the effect of interchain Coulombic screening 
polydiacetylene polymer crystals of 4BCMU and TCDU 
were synthesized and polymerized as described in 
the litcrature3”.““. Polymerization was achieved using 
45 Mrad of ;‘-ray (‘“Co) irradiation. The 4BCMU optical 
absorption spectroscopy samples were prepared by 
evaporating drops of filtered lo-’ M monomer solution 
in acetone onto a glass slide until a thin layer was formed 
covering an area of about 2 cm x 2 cm. The samples were 
then immediately placed in an oven and melted at 80°C 
(4BCMU monomer r, = 73’ C). The samples were then 
allowed to recrystallize at 10 C below T, for 20 h before 
being cooled to room temperature and polymerized. The 
resultant film had a dark green-gold colour which under 
the transmission optical microscope consisted of thin grey 
crystals of uniform thickness with average dimensions of 
100 /Irn x 200 pm x I Ltm. The 4BCMU sample used in the 
X-ray diffraction and resonant Raman spectroscopy 
experiments was crystallized by evaporating a lo-‘M 
monomer solution in acetone and hexane at room 
temperature to form dark green-gold coloured crystals 

with average dimensions of 1 mm x 0.5 mm x 0.1 mm. The 
TCDLJ sample was crystallized by evaporating a low2 M 
monomer solution in acetone and ethyl acetate at room 
temperature to form dark red coloured crystals with 
average dimensions of 5 mm x 2 mm x 2 mm. 

Optical absorption spectroscopy was used to determine 
the variation of E with temperature. E is inversely 
proportional to the wavelength of the peak maximum in 
the optical absorption spectrum. i,,,,. The optical 
absorption spectra were recorded at GEC Marconi 
Research at Chelmsford, UK using a Perkin-Elmer 
Lambda 9 LJV VIS:‘NIR Spectrophotometer operated 
bctwecn 700 and 400 nm. i.,,, was measured at the point 
of maximum intensity of the main peak (see Fiyzrrr 4). 

could bc measured to an accuracy of t 0.25 nm. The 
&?MU sample was heated in a purposebuilt hot-cell 
which was filled with nitrogen to stop oxidation. The 
glass slides upon which the optical absorption spectro- 
scopy samples were prepared were stained brown due to 
the production of trap centres by the ;‘-ray radiation 
during polymerrzation. The spectrum of the trap centres 
remains unchanged below 130 C. :tnd was subtracted 
from the sample spectrum by placing an identical glass 
slide which had been exposed to the same level of 
radiation in the reference beam of the spectrophotometer. 

S-ray diffraction was used to determine the variation 
of the lattice parameter (I with temperature. The X-ray 
diffraction results were recorded at the (Jniversity of 
London X-Ray Facility at Birkbcck Collcgc. UK using 
Cu K/, and KY) radiation (average i~avelength of 

400 500 600 7 

A 1 nm 

0 

Figure 4 Optical absorption spectra of the 4BCM I-1 blue phase crystals 
heated between 21 and 90 C. The five individual spectra are recorded 
at temperaturea of 21. 42. 58, 76 and 90 C The wavelength of the 
peak maximum. ;.,,,,,, moves to shorter wavelengths with increasing 
temper‘iture 
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0. I54 I X4 nm) from an X-ray tube operated at 30 mA:‘40 k\l 
by a Siemens K 7 10 generator and mounted on a standard 
Siemens D-500 goniometer with a specially designed 
O-circle containing a high temperature rotating stage and 
fittings allowing it to accommodate a high temperature 
environmental cell. The diffractometer was controlled 
and the results analysed using a Siemens Difrac-11 
Fortran Software System for X-Ray Diffraction. The cell 
was filled with nitrogen to avoid oxidation of the samples 
during heating. The temperatures of the X-ray diffraction 
experiments were calibrated relative to the optical 
absorption spectroscopy experiments using the starting 
temperature and the temperature of the blue to red/yellow 
crystallographic phase transition, which occurs in the 

*‘03 r---YJY 
2.02- 

*.*,- j/jl_i 
. 

EieV 

2.00 
. 

1.99 

Y 

1.981 
20 40 60 80 100 

T: C 

Figure 5 Exciton energy E (calculated from i,,,) as a functlon of 
temperature for the 4BCMU blue phase crystals 

50000 

40000 

30000 

10000 

a 

4BCML: polymer crystals at a temperature oi 95 (.‘ ;I\ 
measured by optical absorption spectroscop!. 

Resonant Raman spectroscopy was used to measure 
the molecular conformation and the level (11’ lattice strain 
and backbone disorder in TCDU. from which the 
magnitude of 15, could be calculated. The resonant 
Raman spectroscopy results were recorded using an 
air-cooled HeNe laser with an output at ! 5808cm ’ 
(6323nm) and a Spex 1401 double-grating mono- 
chromator attached to a RCA 3 1034 A photomultiplier. 
Spectra were recorded between 600 and 17OOcm I and 
between 2040 and 22OOcm ‘. Power levels were kept 
below 2mW at the sample. 

RESULTS AND DISCUSSION 

Fiquw 4 shows the optical absorption spectrum of the 
blue phase polymer crystals of 4BCMU recorded at five 
different temperatures as the crystals are heated between 
21 and 90 C. The main transition peak in the absorption 
spectrum at 620nm is due to the creation of the 
polydiacetylene backbone exciton, which at 2 1 C has an 
energy of 1.989&-0.001 eV. In the spectrum recorded at 
90-C the increase in the absorption of the region between 
500 and 400nm and the decrease in the absorption of 
the main transition peak is due to the onset of the blue to 
red/yellow crystallographic phase transition which occurs 

in the optical absorption experiments at 95-C19. The 
main transition peak shows a continuous shift to shorter 
wavelengths (&,ax decreases) as the temperature increases. 
This shift is fully reversible if the polymer crystals are 
cooled 

‘x2 

Figure 6 X-ray diffraction spectrum from 4BCMU blue phase crystals between 20 values of 2.0- and 30.0 
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Figure 5 shows the shift in the main transition peak 
with temperature in terms of the exciton energy E, which 
shows a continuous and steady increase with increasing 
temperature at a rate of 6.03 x 10m4 eV/“C. This increase 
in E with increasing temperature is exactly what would 
be expected if thermal expansion was increasing the 
interchain spacing and therefore lowering the level of 
Coulombic screening within the 4BCMIJ polymer 
crystals. 

Figure 6 shows the complete X-ray diffraction spectrum 
of the 4BCMU polymer crystals between 2B values of 
2.0” and 30.0’. The intensity scale on the y-axis of the 
figure corresponds to the lower curve. The upper curve 
is identical except that the intensity has been multiplied 
by 12 to show the small peaks which occur in the 
spectrum at the relatively larger values of 28. The peaks 
at about 20.9’ and 28.5’ (peaks XI and X2) are from the 
silicon sample holder. Tuble Z shows a complete list of 
the 28. d-spacing and intensity values of all of the 
diffraction peaks in Figure 6 which can be identified as 
being from the blue phase polymer crystals of 4BCMU. 
These were indexed using the unit cell parameters found 
in the literature3’ and the resultant (hkl) values are listed 
in Tuble 1. Three small peaks in Figure 6 at 2.978 . 
5.929’-’ and 8.802 can be identified as the (020), (040) 
and (060) peaks from the 4BCMU red/yellow phase. 
which is sometimes produced on the surface of the blue 
phase polymer crystals when they are washed in acetone 
to remove any residual monomer immediately after 
polymerization l9 These three peaks are not listed in 
Tuble ,7. 

As shown by equation (8) variations in the level of 
inter-backbone Coulombic screening W, will be due to 
changes in the magnitude of the lattice parameter n. It 
is not possible to calculate a directly from a single X-ray 
diffraction peak, but it is possible to calculate u from a 
combination of peaks which are present in Figurr 6. The 
d-spacing values of a monoclinic unit cell can be 
calculated using: 

1,,1l~=h’i(tr,sin/1)‘+k’lb~ +I’/(c.sinfi)’ 
+ 2hl.cos p/(clc.(sin j)‘) (11) 

For reflections where h = 1 and I = 0 equation ( 11) can be 
rewritten as: 

Ld’= l/(a.sinp)“+k”/b’ (12) 

Therefore, by calculating b from the (OkO) series of peaks 
(peaks 1. 2, 3, 4. 5. 10 and 11 in Figure 6 and Table 3 

Table 2 N-ray diffractton peak data for peaha in F;cqrr~ d 

Peak 211 t/(nm) 
Intensity 
(counts s 1 I (/I k I) 

I 1’31 ._. 2.732 ‘02 040 (020) 
2 

; 
6.474 1.364 158 370 (040) 
9.72s 0.908? 9615 (060) 

4 16.275 0.54413 13710 (0 100) 
5 19.541 0.4539 2530 (0 120) 
6 31.0X3 0.402 950 (190) 
7 23.198 0.383 I ‘65 (1 100) 
X 24.404 0.3644 375 (1 110) 
9 ‘5.648 0.3470 420 (1 120) 

IO 26.160 0.3404 2280 (0 160) 
II 29.61 I 0.3014 710 (0 180) 

5.51 

. 
5504 ,/ . 

549: 
. //.‘/ 

546- / . 
b’nm 

5.47- 

5.44 
20 40 60 80 100 

T/ C 

Figure 7 Variatton of the magnitude of the h latttce parameter with 
temperature for the 4BCMU blue phase crystals. calculated from the 
change with temperature of the d-spacing values of the (010) (a) and 
(040) (HI peaks in the X-ray diffraction results 

3.9 _1 

dinm WY 

3.8 1 

3,7r--_ 
3.64 1 1 I 

20 40 60 80 100 

T.‘aC 

Figure 8 Variation of the magnitude of the d-spacings of the (190) 
I 0 L (1 100) (0) and (1 110) (A) peaks with temperature for the 4BCMU 
blue phase crystals 

and by measuring the d-spacing values of any one of the 
(1 k0) peaks (peaks 6, 7, 8 and 9) using equation (12) it 
is possible to calculate the value of a. 

The 20 values of the (020) and (040) diffraction peaks 
(peaks 1 and 2) were recorded at four different tempera- 
tures between 24°C and 90°C. The resultant values of b 
calculated from the d-spacings of the two peaks using 
equation (11) are plotted against temperature in Figure 7. 
The results give a linear thermal expansion coefficient 
for the 4BCMU blue phase polymer crystals in the b 
lattice direction of 1.45 x 10~4/“C, which is about three 
times as large as that found in PTS polymer crystals 
perpendicular to the main chain direction31. The 28 
values of the (190X (1 100) and (1 110) diffraction peaks 
(peaks 6.7 and 8) were also recorded at three or four 
different temperatures between 25°C and 93°C and the 
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Figure 9 Variation of the magnitude of the u lattice parameter with 
temperature for the 4BCMU blue phase crystals for each of the (190) 
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Figure 10 Variation of the exciton energy E with the inverse sixth- 
power of the magnitude of the u lattice parameter according to equation 
(101 for the 4BCMU blue phase crystals 

t/-spacing values for the three peaks are plotted against 
temperature in Figure 8. Straight line least mean squares 
fits to the different results shown in Figures 7 and 8 
produce four equations giving the magnitude of the h 
lattice parameter and the d-spacing values of the (190). 
(1 100) and (1 I1 0) peaks at any given temperature 
between 21 C and 90-C. Using these equations and 
equation 12, a value for CI is calculated for each of the 
( I 90), (1 100) and (1 110) peaks at each of the five different 
temperatures at which the optical absorption spectra 
shown in Figure 4 were recorded. The results are plotted 
in Figure 9. This gives a linear thermal expansion 
coefficient in the u direction of 2.93 x 10-4/iC, which is 
about six times as large as that found for PTS31. 

The values of a obtained are plotted against the values 
of E from the optical absorption spectroscopy experiment 
in the form of equation (10) (i.e. E L:ersus (a)-‘). This is 
shown in Figure 10. The results lie on a straight line with 
a correlation coefficient of 0.988. Thus, over the range of 
interchain spacings explored, within the blue phase 
polymer crystals of 4BCMU, the Coulombic screening 
theory explains well the observed variation in the 
magnitude of E with temperature. 

I:,, = T.351 cv i T) 

K,,r= - 3.305 N IO ’ t’v nm ” I I-II 

for the blue phase polymer crystals of 4BCML. In the 
4BCMU crystals at room temperature f,. .y I .980 cl’. 
Hence. at room temperature and atmospheric pressure: 

M. = C!;, = 0.361 cL f 15) 

Coulombic screening therefore lowers the total value of 
E by 15.4% (ratio of W to E,,) in the blue phase polymer 
crystals of 4BCMU. 

This value of W for 4BCMU is very close to the value 
at room temperature and atmospheric pressure of 
- 0.320 eV estimated from the high-pressure experiments 
on the polymer crystals of PTS”. In PTS Coulombic 
screening thus lowers the total value of E by 14% (rcfs 
8, 28). 

Although the value for W at room temperature and 
atmospheric pressure is essentially identical for the 
polymer crystals of PTS and 4BCMU, there are distinct 
differences in the way Coulombic screening affects both 
polymers. 

The polymer crystals of PTS at room temperature have 
a monoclinic unit cell with the unit cell parameters as 
listed in Trrhk /3J.“5. Figuw II shows the PTS crystal 
structure. based on the X-ray diffraction results in the 
literature”4.3” in the form of a projection onto the tl c 
plane with the main chain direction (the h lattice 
direction) normal to the page. The smallest nearest- 
neighbour inter-backbone distance in the PTS polymer 

, 
Figure 11 Crystal structure of the blue phabc PTS crystals projected 
on the (I c plane with the main chain direction (the h lattice direction) 
normal to the pa&‘.” 
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crystals lies along the c lattice direction and is equal to 
c/2 = 0.7468 nm. which is much larger than that found in 
4BCMU. 

To calculate the contribution to the level of Coulombic 
screening, W,, from the surrounding polymer backbones 
in the PTS polymer crystals, the six nearest-neighbour 
backbones are used as in the 4BCMU calculations and 
as will be used when calculating W, in the polymer 
crystals ofother polydiacetylene derivatives in this paper. 

The distances Ri from each backbone to the three 
nearest-neighbour pairs of backbones are listed in T~tbh 
3. The results for 4BCMU are also listed for comparison. 
Using these values and the value for k’, found for 
4BCMU, equation (5) is used to calculate that the level 
of Coulombic screening provided from the surrounding 
polymer backbones within the polymer crystals of PTS 
resulting in: 

M;, = - 0.052 eV (16) 

This is only 16% of the total level of Coulombic 
screening (W = -0.320eV) estimated from the high- 
pressure experiments”. 

Table 3 Distances K, and K, for the polymer crystals of different 
polydiacet>lene deri\atilc\ 

_~- 

Polydiacct~lenc R,‘(nml R,h(nm) 

4BCM II 0.537 
1.074 
1.61 1 

PTS 

PTS- I 1 

TCDI’ 

FTCD(~IWI 

ETCD (red I 

0.7468 0.434 
1.2796 0.614 
I ..I493 0.940 

0.b I I 0.702 
I.?.2 0.903 
I.833 0.963 

0.(119 0.810 
I.238 0.862 
1.x57 1.143 

0.537 
1.074 
I.01 I _ 

0.545 
1.090 
1 .b23 

“Distance from each backbone to three nearest-neighbour pairs of 
backbones 
“Distance from each backbone to three nearest-neighbour pairs of 
sidegroup phenyl rings 

The remaining contribution to the level of Coulombic 
screening, W,,. must be provided by the conjugated 
phenyl units which lie at the end of each sidegroup and 
are positioned very close to the backbone of adjacent 
chains in the PTS crystal structure (see Fiquw I I). This 
is given by: 

Ct;,,=(W- W,)= -0.320-(-0.052)= ---0.268eV (17) 

Thus, in PTS, the major contribution to the level of 
Coulombic screening is from the phenyl rings which lie 
at the end of each sidegroup. and not from the 
surrounding polymer backbones within the crystal 
structure. 

The value of E for the PTS polymer crystals at room 
temperature and atmospheric pressure is 1.996 eV (from 
the Kramers Kronig transformation of the measured 
optical reflection spectra ‘.‘). Therefore. from equation 
(3). the value of E, at room temperature and atmospheric 
pressure is 2.3 IheV. The values of E. LrE, WsG, W and 
E,, for PTS are listed in Td~lr~ 4. along with the values 
for -IBCMU and the other polydiacetylenes analysed in 
the text. 

Haking obtained a value for M& for the phenyl 
sidc!roup units in the PTS polymer crystals. it is now 
possible to calculate a value for the constant h’s, in 
equation (6) for phenyl units. As for the situation with 
the backbones. it is assumed that the six nearest- 
neighbour phenyl rings essentially provide all of the total 
taluc of W,,, the contribution from the other phenyl 
rings within the crystals being negligible. The distance 
R, from each backbone to the three nearest-neighbour 
pairs of phenyl sidegroup units (measured to the centre 
of each ring) are listed in Tub/e 3. Using these values and 
equation (6). it is calculated that for the phenyl sidegroup 
units in the polymer crystals of PTS: 

likG= -0.786x lO_“eVnm” (18) 

This is about one sixth of the value of k, found for 
4BCMU. Therefore, each phenyl sidegroup unit provides 
about one sixth of the level of Coulombic screening 
expected from a polydiacetylene backbone unit placed at 
the same distance. 

A derivative with a very similar chemical structure to 
PTS is PTS-12 (see F@m Ih). However, in the fully 
polymerized crystals of PTS-12, E has a value of 2.32eV 
(ref. 14) measured using optical absorption spectroscopy. 

Table 4 Measured and calculated values of E, E,, &. MI& and W for different polydlacetylene derivatives 

Polydlacetylene 

JBCMC 

PTS 

PTS- I2 

TCDlr 

ETCD~bluuj 

CTCD(red) 

E(eV) 
(observed) 

I.989 

1.996” 
2 q’h -.. _ 

2.29 

l.Y7U 

2.32” 

&(ev) 

-0.362 

- 0.05’ 

-0.168 

-0.156 

~ 0.349 

-0.334 

U,,; (ev I 

-0.268 

-0.010 

--0.010 

Cl’(eV) 
( iVB + w;,, ) 

--0.367 

~~0.330d 

0.178 

-0.166 

-- 0.349 

-0.334 

h,(~VI 

7.35 I 
2.316 

2.474 

2.4(17 

2.31Y 

2.31’) 

E(eV) 
(E,, + W 

2.30 

2.74 1 

I .99 

” Ref. 7 
hRef. 14 
’ Ref. 37 
,‘Ref 28 
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Figure 12 Crystal structure of the red coloured PT.%12 crystals projected on the u-h plane with the main chain directlon (the c lattice directIon) 
nearly normal to the page”’ 

This is 0.32eV below that found in the polymer crystals 
of PTS. One possible explanation is that the level of 
Coulombic screening in the PTS-12 crystals is much 
lower than that in the PTS crystals. 

The polymer crystals of PTS-12 at room temperature 
have a triclinic unit cell with the unit cell parameters as 
listed in T&e I”‘. Figure 12 shows the PTS-12 crystal 
structure, based on the X-ray diffraction results in the 
literature3’, in the form of a projection onto the n-b plane 
with the main chain direction (the c lattice direction) 
nearly normal to the page. 

Using the same method as for PTS, the values for Ri 
and Rj in Tuble 3 for PTS-12 and the values for K, and 
Ksci found for 4BCMU and PTS respectively, it is 
calculated that for the polymer crystals of PTS-12: 

W,= -0.168eV (19) 

WSG= -O.OlOeV (20) 

Therefore, the total level of Coulombic screening is: 

W=(W,+ Wsd)= -0.168+0.010= -0.178eV (21) 

The average value of E, in the 4BCMU and PTS-12 
polymer crystals is 2.334eV. If it is assumed that in the 
PTS-12 polymer crystals E, has this average value, then 
from equation (2): 

E=E,+ W=2.334-0.178=2.156eV (22) 

This is O.lXeV smaller than the experimentally measured 
value of E of 2.32eV (ref. 14). 

However. during the initial stages of polymerization 
of the PTS-12 crystals E is equal to 2.18 eV (refs 14, 36). 
When the level of conversion increases above about 25% 
the crystals undergo a crystallographic phase transition 
which abruptly shifts E discontinuously to 2.32eV (refs 
14.36). This shift is presumably due to strain in the lattice 
causing an increase in the value of E, of 0.14eV (refs 14. 

36). Therefore, in the fully polymerized polymer crystals 
of PTS-12, E, would be expected to be 0.14eV greater 
than that found in the polymer crystals of PTS. Thus, 
for PTS- 12: 

E, = 2.334 + 0.14 = 2.474 eV (33) 

If this new value of E, is then used in equation (2). then: 

E=E,+ W=2.474-0.178=3.30eV (24) 

This is much closer to the experimentally measured value 
of E of 2.32 eV (ref. 14). 

Diff fret7 f rrri doured plx~ses in TCD L: pol~mrr c,r_vst& 
Another derivative with a relatively low value of E is 

TCDU. The freshly polymerized polymer crystals are 
coloured red and have an E value of 2.29eV (averaged 
from the measured optical absorption spectra and the 
Kramers-Kronig transformation of the measured optical 
reflection spectra”3.37). 

It was originally proposed that TCDU had a butatrienic 
rather than an acetylenic backbone structure, but recent 
X-ray diffraction measurements of the backbone bond 
lengths, along with theoretical calculations and evidence 
from PTS oligomers, strongly suggest that the backbone 
structure must be acetylenic7.s.33,38.39. It has also been 
proposed from 13C n.m.r. results that the low value of E 
is due to the disordering of the backbone as occurs in 
the high temperature red phases of ETCD and 4BCMU, 
but the X-ray diffraction results show that the backbone 
and sidegroups in the freshly polymerized TCDU crystals 
are in a highly ordered state38m40. The 13C n.m.r. results 
are probably produced by a disordered phase of TCDU, 
but this is almost certainly another red phase, normally 
occurring at higher temperatures in other derivatives, 
which has been produced during the preparation of the 
polymer crystals. The appearance of this ‘high tempera- 
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Figure 13 Resonant Raman spectrum from: (a) blue phase 4BCMU crystals: (b) red coloured TCDU crystals 

ture’ disordered red phase is known to sometimes occur 
in the preparation of 4BCMU, and it would explain the 
reported difficulties in obtaining high quality TCDU 
crystals in the recent X-ray diffraction experiments’9,39. 
The low temperature blue phase which is observed in the 
TCDU polymer crystals is probably similar to that which 
occurs at low temperatures in PTS and 4BCMU and 
does not involve any real change to the room temperature 
backbone conformation30,35,40.41. 

Fiyuws 13a and h show the resonant Raman spectra 
of the blue phase 4BCMU polymer crystals and the red 
phase TCDU polymer crystals obtained in this study. 
The Raman shift of all the peaks in the spectra are listed 
in Table 5. The intense peaks at about 1460cm- ’ (peak 

Table 5 Raman shift (in cm-‘) of the peaks in the resonant Raman 
spectra of Fiqurrs 13~ and h for the 4BCMU blue crystals and the 
TCDU red crystals 

Single bond region 

Double bond region 

Triple bond region 

Peak 4BCMU TCDU 

I 700 694 
2 1056 1051 
3 1092 1080 
J Ill4 I210 
5 125x 1261 
6 1318 1315 
I 1360 1356 

A 1461 1454 

B 2086 7086 
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A) and 3080 cm ’ (peak B) are due to the vibrattonal 
modes of the double and triple backbone bonds respec- 
tively”.“. The peaks in the region between 600 and 
1400cm~-’ (peaks I to 7) are due to vibrational modes 
involving the sidegroup units which are coupled to the 
backbone”. In 4BCMU and TCDU these vibrational 
modes will only involve the 4-methyl sidegroup units 
which are immediately adjacent to the backbone. This is 
because the single-bonded oxygen atom which connects 
the 4-methyl units to the rest of the sidegroup (see 
structure in Figure lh) will vibrationally decouple the rest 
of the sidegroup from the backbone. The difference in 
the intensity of the spectra is due to the fact that the 
exciting laser line at 632.8 nm is more in resonance with 
the 4BCMU blue phase crystals (i.,,,=6245nm) than 
the TCDU red phase crystals (i.,,, = 540 nm). 

The resonant Raman spectrum of the red coloured 
polymer crystals of TCDU is very similar to that of the 
blue coloured polymer crystals of 4BCMU. The number 
and relative intensities of the peaks in both spectra are 
identical, the only difference being some small changes 
in the Raman shift which occurs for some of the peaks. 
This indicates that the polydiacetylene backbone and the 
4-methyl sidegroup units immediately adjacent to the 
backbone must have almost exactly the same conforma- 
tion in both derivatives. This confirms the X-ray 
diffraction results for TCDU and 4BCMU in the 
literaturc”“.j8.““. which show that in both derivatives the 
polydiacetylene backbone is in a highly ordered con- 
formation and that the 4-methyl sidegroup units are in 
an ordered all-rruns conformation which lies almost 
exactly in the same plane as the backbone. 

The Raman spectra also confirm that the red colour 
of the freshly polymerized TCDU crystals cannot be due 
to disorder, because otherwise the peaks between 600 
and 1400cm- ’ (peaks I to 7) would be broadened and 
the Raman shift of the double and triple bond peaks 
(peaks A and B) would be shifted to higher wavenumber 
values, as occurs in the disordered high temperature red 
coloured polymer crystals and the disordered yellow 
coloured polymer solutions of various polydiacetylene 
derivatives 1.1.19.2’.‘~.52 

However, it was found that if the intensity of the 
exciting laser line is increased above the 2mW used to 
record the results in Figure 136, a second double bond 
peak (peak A) started to appear at 1487cm r. This is 
confirmed by resonant Raman spectroscopy results in 
the literature for the freshly polymerized TCDU crystals 
recorded with the same exciting laser line at 632.8nm 
and with a laser intensity of 15 mW, which show spectra 
with two double bond peaks at 1460 and 1488 cm ’ (ref. 
33). Apparently if the intensity of the exciting laser is 
increased much above 2mW the polymer crystals are 
heated so that they undergo a thermochromic phase 
transition into another structural phase. The fact that 
the second double bond peak is at higher wavenumber 
values means that this new phase has a more disordered 
backbone structure than that in the original polymer 
crystals. 

When the second double bond peak started to appear 
at 1487cm-’ in the results in this work. three new 
relatively broad peaks also started to appear in the 
region between 600 and 1400cm- ’ at approximate 
wavenumber values of 1068, 1 I84 and 1243 cm - I. These 
wavenumber values correspond closely to those of the 
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three most intense peaks tn the same ILLICIT :;) tt~ 
resonant Raman spectrit of the high tempcraturc JIS- 
ordered red yellow phase of 4BCMl.“” i‘hts high 
temperature phase is the same as that wh~cl-I occurj in 
the polymer crystals of ETCD and lPliD( j’ I ‘I’ There- 
fore. TCDlJ does indeed have a disorder~~d phase which 
is completely distinct from the ordered phase which 
occurs in the freshly polymerized red colottred crvst;tls. 

Given that the relatively low value of I: 111 the freshly 
polymerized TCDU crystals is not due tc.1 backbone 
disorder. the most likely cause is either strain on the 
backbone or a low level of Coulombic screening. 

The level of strain on the backbone can be measured 
using resonant Raman spectroscopy5. The small differ- 
ences in the Raman shifts of the peaks between 600 and 
1400cm ’ (peaks 1 to 7) in the spectra of 4BC’MU and 
TCDU indicates that there are slight ditferences m the 
conformation of the 4-methyl sidegroup units immcdi- 
ately adjacent to the backbone in the two derivatives. 
The double bond peak (peak A) in the TC’f~t. spectrum 
is also shifted to a lower wavenumber value than that in 
the 4BCMU spectrum. This indicates that there is in 
slightly different level of strain on the TC‘D(: hackbono 
than on the 4BCMU backbone. so that there should bc 
a slight difference in the \,alue of I:‘,, bctwcen the two 
derivatives. 

The polydiacetylene polymer crystals of H DEU (Mod I) 
strained in tension along the main chain direction show 
a decrease in the wavenumber value of the double bond 
peak of -~ 3.6cm ’ per I ‘!o of applied chain strainSS. 
Hence, the difference in the wavenumber value of the 
double bond peak of -. 7 cm ! between the JBC’MU and 
TCDU polymer crystals indicates a difference in the level 
of applied chain strain of + I.52”,,. 

The polymer crystals of PTS strained in tcnston along 
the main chain direction show an increase in E of 0.037 eV 
per 1 ‘),. of applied chain strain”. Therefore. r 1 .57’5t1 of 
applied chain strain should result in a difference in the 
value of E,, between the polymer crystals of 4BCMU and 
TCDU of +O.O56eV. The value of E, in the 4BCMU 
polymer crystals is 2.35 1 eV. Thus, in the polymer crystals 
of TCDU’: 

El,, = 2.35 I +- 0.056 = 7.407 CV (35) 

The polymer crystals of TCDU at room temperature 
have a monoclinic unit cell with the unit cell parameters 
as listed in Tcrhle 13”. Fiquw 14 shows the TCDU crystal 
structure, based on the X-ray diffraction results in the 
literature”“, in the form of a projection onto the h c’ plant 
with the main chain direction (the (I lattice direction) 
nearly normal to the page. 

Using the same method as described previously and 
the values in Tub/e 3, it is calculated that for the polymer 
crystals of TCDU: 

W,= -0.156eV (‘6) 

I+,,= -0.OlOeV (27) 

Thus, the total level of Coulombic screening is: 

W=(W,+ W,,)= ~0.156+(~0.010)= ~0.16heV (38) 

From equation (2): 

E=E,+ W=2.407-0.166=2.241 eV (29) 
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Figure 14 Crystal structure of the red coloured TCDU crystals projected on the h-c plane with the main chain direction (the t7 lattice direction) 
nearly normal to the page3” 

This is in reasonably good agreement with the experi- 
mentally measured value of E of 2.29eV (refs 33, 37). 

This calculated value of E for the red coloured TCDU 
crystals (E =2.24eV) is 0.25 eV larger than the experi- 
mentally measured value of E for the blue coloured 
4BCMU crystals (E= 1.99 eV). However, the experi- 
mentally measured value of E for the red coloured TCDU 
polymer crystals (E = 2.29 eV) (refs 33,37) is 0.30eV larger 
than that for the blue coloured 4BCMU polymer crystals. 
Therefore, a combination of a low level of Coulombic 
screening and strain in the lattice can account for 83% 
(the ratio of 0.25 eV to 0.30 eV) of the observed difference 
in the value of E between 4BCMU and TCDU. The 
remainder is probably due to an underestimation of the 
level of strain in the lattice. The effect of strain on the 
backbone which is not exactly parallel to the main chain 
direction has not been measured using resonant Raman 
spectroscopy, so sidegroup induced strain perpendicular 
to the main chain direction cannot be measured or 
quantified. 

It has been suggested that a decrease in the level of 
interchain Coulombic screening is responsible for the blue 
to red colour change at the crystallographic phase 
transition in the polymer crystals of ETCDz9. This colour 
transition involves a change in the value of E from 1.97 eV 
in the blue phase to 2.35eV in the red phase (from the 

Kramers-Kronig transformation of the measured optical 
reflection spectra’,“). 

ETCD has a monoclinic unit cell with lattice parameters 
listed as in Tuhle ld5. The blue to red colour change 
involves an expansion in the unit cell volume of 4%“. 
Although the full crystal structure has not been deter- 
mined for ETCD, the unit cell parameters are very similar 
to those of other polydiacetylenes such as 4BCMU and 
TCDU and it is very likely that the chains are packed 
in the crystals in an almost identical manner”.“. If the 
sidegroups in the blue coloured ETCD polymer crystals 
have the same conformation as the sidegroups in the blue 
coloured 4BCMU and red coloured TCDU polymer 
crystals, then it can be estimated that the flat hydrogen- 
bonded ribbons which would be formed in the ETCD 
polymer crystals should have a width of about 2.5 nm. If 
the ETCD ribbons stack in the polymer crystals at the 
same angle at which the 4BCMU ribbons stack in Figure 
.?, then the width of the stack in the ETCD crystals should 
be about 1.78 nm. This is almost identical to the 
magnitude of the u lattice parameter in the ETCD blue 
phase polymer crystal structurea5. Also, the magnitude 
of the c lattice parameter in the ETCD polymer crystal 
structure (1.081 nm) is almost exactly double the magni- 
tude of the a lattice parameter in the 4BCMU polymer 
crystal structure (0.537nm). Given that the polydi- 
acetylene chain repeat unit is equal to 0.491 nm, the chain 
direction must lie along the direction of the h-axis. 
Therefore. the most likely form of the ETCD blue phase 
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Figure 15 Proposed crystal structure of the ETCD crystals projected on the (I-(’ plane with the main chain direction (the h 
to the page 

lattice directlon) normal 

polymer crystal structure is shown in Figure 15, where 
the structure is illustrated in the form of a projection 
onto the u-c plane with the main chain direction (the h 
lattice direction) normal to the page. 

Using the same method as described previously and 
the values in Table 3, it is calculated that for the blue 
coloured polymer crystals of ETCD. 

W=(W,+ Ws,)= -0.349+0= -0.349eV (30) 

The blue phase ETCD polymer crystals have a measured 
value of E of 1.97 eV (refs 7. 15). Therefore, from equation 
(2): 

E,=E- W= 1.97-( -0.349)=2.319eV (31) 

Using the same method as before, it is calculated that 
for the red coloured polymer crystals of ETCD: 

W=(W,+ WSc)= -0.334+0= -0.334eV (32) 

If the blue to red colour change in ETCD is not due to 
a disordering of the backbone or a huge increase in the 
level of strain in the lattice, then E, should have the same 
magnitude in both the blue and the red coloured crystals. 
Using the value of E, of 2.319 eV found for the blue phase 
crystals. it is calculated from equation (2) that for the red 
phase crystals: 

E=E,+ W=2.319-0.334= 1.985eV (33) 

This is in complete disagreement with the experimentally 
measured value of 2.35 eV (refs 7, 15). It is calculated that 
even if all of the expansion in the volume of the unit cell 
at the blue to red transition occurred along the c lattice 
direction and caused the maximum expansion in the 
nearest-neighbour inter-backbone distance, the value of 
E in the red phase of ETCD would be 2.043eV, which 
is still too small compared to the measured value. 

Therefore, a change in the level of Coulombic screening 
cannot be responsible for the blue to red colour change 
which occurs at the crystallographic phase transition in 
the polymer crystals of ETCD. The colour change is most 
likely due to an increase in the value of E, by the 
disordering of the backbone and adjacent inner sidegroup 
units, as suggested by a variety of different experimental 
measurements19.‘o.4n~‘2~“. 

SUMMARY 

Measurements of the variation of the X-ray diffraction 
spectrum and the optical absorption spectrum with tem- 
perature show that in the blue phase polymer crystals of 
4BCMU an increase in the energy of the polydiacetylene 
backbone exciton can be related to an increase in the 
inter-backbone spacing within the crystals. This is exactly 
what would be expected if coulombic screening is 
contributing substantially to the value of the exciton 
energy within polydiacetylene crystals. Over the range of 
inter-backbone spacings measured, this variation is in 
very good agreement with a Coulombic screening theory 
which represents the exciton energy as being proportional 
to the inverse sixth power of the inter-backbone spacing. 
On this basis it is shown from the present results that 
inter-backbone Coulombic screening lowers the value of 
the exciton energy in the blue phase polymer crystals of 
4BCMU by -0.362eV. which is 15.4% of the total 
exciton energy. This is very close to the value estimated 
in the literature from high-pressure experiments, which 
suggested that Coulombic screening lowers the value of 
the exciton energy in the blue phase polymer crystals of 
PTS by -0.320eV. which is 14% of the total exciton 
energy. 

Using the results from 4BCMU it is shown that due 
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to the relatively large inter-backbone spacings within the 
PTS polymer crystals, Coulombic screening from nearest- 
neighbour backbones can only account for - 0.052 eV or 
16% of the total measured Coulombic screening. It is 
proposed that the remainder is produced by the conju- 
gated sidegroup phenyl rings. which in the PTS crystal 
structure pack very closely to the backbones of adjacent 
chains. It is shown that each phenyl ring provides about 
one sixth of the level of Coulombic screening expected 
from a polydiacetylene backbone unit placed at the same 
distance. It is also shown from the results for 4BCMU 
and PTS that a combination of a low level of Coulombic 
screening and strain in the lattice can account for the 
relatively low value of the exciton energy in the red 
coloured polymer crystals of PTS-12. The resonant 
Raman spectroscopy results show that in the freshly 
polymerized red coloured crystals of TCDU the back- 
bone and inner sidegroup units must have the same level 
of order and an almost identical conformation to those 
in the blue coloured polymer crystals of 4BCMU. 
Therefore, the relatively low value of the exciton energy 
in the red TCCIU crystals cannot be due to disordering 
of the backbone as has been proposed in the literature. 
It is shown that 83 4b of the low value of the exciton 
energy in TCDU can be accounted for by a combination 
of a low level of coulombic screening and strain in the 
crystal lattice. Similar calculations also show that a 
change in the level of Coulombic screening cannot be 
responsible for the blue to red colour change which occurs 
at the crystallographic phase transition in the polymer 
crystals of ETCD. as has recently been proposed in the 
literature. 
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