
This article was downloaded by: [Tomsk State University of Control Systems and Radio]
On: 19 February 2013, At: 09:56
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered
office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH, UK

Molecular Crystals and Liquid Crystals
Publication details, including instructions for authors and
subscription information:
http://www.tandfonline.com/loi/gmcl18

Solid-State Polymerization of
the Unsymmetrically Substituted
Diacetylene TS/FBS: Reaction
Intermediates and Colour Zones
H.-D. Bauer a , A. Materny a b , Irene Müller a & M. Schwoerer a
a Physikalisches Institut der Universitat Bayreuth and BIMF, P.O.
Box 101251, 0-8580, Bayreuth, Germany
b Institut für Physikalische Chemie, Universitat Wurzburg,
Marcusstrasze 9-11, D-8700, Wurzburg, Germany
Version of record first published: 04 Oct 2006.

To cite this article: H.-D. Bauer , A. Materny , Irene Müller & M. Schwoerer (1991): Solid-State
Polymerization of the Unsymmetrically Substituted Diacetylene TS/FBS: Reaction Intermediates
and Colour Zones, Molecular Crystals and Liquid Crystals, 200:1, 205-223

To link to this article:  http://dx.doi.org/10.1080/00268949108044242

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-and-
conditions

This article may be used for research, teaching, and private study purposes. Any
substantial or systematic reproduction, redistribution, reselling, loan, sub-licensing,
systematic supply, or distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to date. The
accuracy of any instructions, formulae, and drug doses should be independently
verified with primary sources. The publisher shall not be liable for any loss, actions,
claims, proceedings, demand, or costs or damages whatsoever or howsoever caused
arising directly or indirectly in connection with or arising out of the use of this material.

http://www.tandfonline.com/loi/gmcl18
http://dx.doi.org/10.1080/00268949108044242
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions


Mol.  Cryst. Liq. Cryst., 1991, Vol. 200, pp. 205-223 
Reprints available directly from the publisher 
Photocopying permitted by license only 
0 1991 Gordon and Breach Science Publishers S.A. 
Printed in the United States of America 

Solid-state Polymerization of the 
Unsymmetrically Substituted Diacetylene 
TS/FBS: Reaction Intermediates and 
Colour Zones 
H.-D. BAUER, A. MATERNY,? IRENE MULLER and M. SCHWOERER 
Physikalisches lnstitut der Universitat Bayreuth and BIMF, P.O. Box 101251, 0-8580 Bayreuth, 
Germany 

(Received October 24, 1990) 

We report on absorption and fluorescence of single crystals of the unsymmetrically substituted diace- 
tylene TS/FBS during UV-photopolymerization and thermal polymerization. All the observed reaction 
intermediates have been identified as diradicals, carbenes and stable oligomers. We compare these 
results with the well-known diacetylene TS6. The quantum yield of the initiation step as well as the 
activation energy of the following dark reaction have been determined. Well-separated yellow zones 
are characteristic for TS/FBS crystals: An additional blue-shifted polymer absorption and a strong 
fluorescence are typical for these regions. We compare this phenomenon with other chromism effects 
found with polydiacetylenes and discuss its origin. 

Keywords: polydiacetylenes, photochemistry, solid-state polymerization, chromism effects 

1. INTRODUCTION 

Considerable attention has been paid to diacetylenes during the last years due to 
their ability to undergo a topochemical solid state polymerization according to 

R2 
hv,kT I 

[ R I - C ~ C - C ~ C - R Z ] , ,  - &C-C=C-C$, ,  
I 

RI 

when treated with heat or UV light, respectively.',* After elucidation of the primary 
reaction steps and intermediate p r o d ~ c t s ~ - ~  for single crystals of the diacetylene 
TS6, the main interest was focussed on the n-conjugated polymer molecules and 
their properties: together with a series of other conjugated materials polydiace- 

t Present address: Institut fur Physikalische Chemie, Universitat Wurzburg, MarcusstraRe 9- 11, 
D-8700 Wurzburg, Germany. 
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206 H.-D. BAUER el a/ .  

tylenes (PDA’s) are candidates for interesting nonlinear properties and, therefore, 
for future applications in optoelectronics or molecular  electronic^.^ The hope to 
obtain non-centrosymmetric structures which provide nonlinear optical effects or 
spontaneous polarization brought about the synthesis of unsymmetrically substi- 
tuted diacetylenes (R,  # R2). In some cases this search for such properties was 
successful. 

Though a large number of diacetylenes has been synthesized until today the 
individual reaction steps have not been object to further investigation since TS6. 
In this paper we report on the reaction intermediates of a new diacetylene com- 

PHOTOGRAPH 1 
(low polymer content causes the pink colour). See Color Plate VIII. 

As-grown TS/FBS single crystals. Left crystal: polymer; right crystal: monomer 

TABLE I 

Monomer crystal parameters, relative mismatch between monomer and polymer, 
Abib,,,,, (both room temperature values), and time to reach 50% conversion 

during a thermal polymerization at 60°C. I,,,, for TS6, FBS and TS/FBS 
~ 

Diacetylene/Ref. TS6 j4 FBSl5 TS/FBS l2 

a/8 14.6 13.992 14.400 
b / 8  5.15 5.187 5.183 
c/ll 15.02 14.091 14.45 
Vdeg 118.4 114.2 116.5 
Ab/b /% 4.66 5.26 5.29 
t,/2 / h  25 185 70 
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SOLID-STATE POLYMERIZATION 207 

pound and compare them to the reaction intermediates found in TS6. Furthermore 
we discuss some interesting properties of the final reaction product, the PDA chain. 

2. THE SUBSTANCE 

In this paper we mainly report on the unsymmetrically substituted diacetylene TS/ 
FBS with 

-R1 = -CHZ-O-SOZ+-CHJ and -R2 = -CHz-O-S02-@-F 

and for comparison-in less detail-on the symmetrically substituted diacetylenes 
TS6 (both substituents being R,) and FBS (both substituents being R2). 

TS/FBS was synthesized according to Bertault12 and Str0hrieg1.l~ The lozenge- 
shaped monoclinic crystals were obtained from solution: they are up to 2cm long 
and some mm thick (Photograph 1). In Table I the crystal parameters and some 
properties of TS6, FBS and TS/FBS are summarized. TS/FBS and FBS do not show 
the structural phase transition which occurs for TS6 at 195K. 

Often the crystal habit, which is very similar to TS6 and FBS, respectively, is 
far from perfection: The lozenges provide an unsymmetrically truncated shape. 
The pink colour of the monomer crystals is due to an initial low polymer content 
(less than 1%) produced during the crystal growth process, whereas the polymer 
crystals show a metallic luster (Photograph 1). 

On the (100) surface of an as-grown crystal typical zones of different roughness 

PHOTOGRAPH 2 FBS single crystals showing color zones and corresponding surface “roughness” 
zones. See Color Plate IX. 
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208 H.-D. BAUER ef al. 

PHOTOGRAPH 3 Platelets, typically 100-200p,m thick, cleaved from a FBS single crystal, showing 
yellow colour zones. Light polarized Ilb (crystal on the right) and I b  (left one), respectively. See Color 
Plate X. 

can be observed, especially when illuminated with light of grazing incidence (Pho- 
tograph 2). These surface zones usually correspond to yellow regions in the bulk 
crystal of FBS and TS/FBS, respectively. This can be seen from thin platelets 
cleaved from the same parent crystal. These colour zones are sharply separated 
from one another and usually resemble a “butterfly” shape (Photograph 3). 

In former growth experiments too rapidly grown crystals showed a by far more 
imperfect shape and diffuse yellow streaks not localized in certain regions. 

3. EXPERIMENTAL 

The absorption measurements were performed using a BECKMAN ACTA VII 
UViVIS spectrophotometer, modified to fit our special requirements. Lumines- 
cence was measured in a polychromatic experiment by an optical multichannel 
analyzer (B & M OSA 5001PROXITRONIC). An OXFORD CF 1204 optical cry0 
system was incorporated in both set-ups. An intra-cavity frequency-doubled SPEC- 
TRA 2020 argon laser (257nm), a LICONIX NB 4240 helium-cadmium laser (325nm) 
and a LAMBDA PHYSIK EMG 500 excimer laser (308nm) served as light sources 
for photopolymerization and fluorescence excitation. 
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SOLID-STATE POLYMERIZATION 

4. RESULTS 

209 

4.1 Absorption Spectra of TSIFBS 

4.1.1. Monomer crystals. Figures 1 and 2 show the absorption of a monomer 
crystal at room temperature and at liquid helium temperature. The light was po- 
larized parallel to the b axis, i.e. parallel to the preformed polymer chains, which 
cause the strong absorption band at 590nm (P-band) together with a well resolved 
vibronic structure. In the near UV region the monomer absorption can be seen, 
too. In Figure 1 a “normal” pink crystal was used, whereas the spectra in Figure 
2 are taken from a yellow region under the same conditions as for Figure 1. These 
spectra show a strong blueshifted absorption at 480nm in addition to the polymer 
band (henceforth denoted as Y band). The vibronic structure is very similar to the 
one of the P-absorption: C-C, C=C and W stretching modes can be identified. 
If the analyzing light is polarized perpendicular to the polymer chain direction b,  
both bands nearly vanish. Figure 3 shows the variation of the 0-0 peak position of 
both bands with temperature: Both bands show the same behaviour and thus 
resemble the early results of Bloor and Herse116J7 found with TS6. 

Due to the linear n-electron system of the polymer chains partially polymerized 
diacetylene crystals usually are highly dichroic. The yellow zones also show this 
strong dichroism, but to a slightly smaller degree: The yellow colour still remains 
visible when observed with light polarized perpendicularly to the chain direction 
b (see Photograph 2). 

When irradiated at room temperature with 325nm 4.1.2. Photopolymerization. 

2.0 I 

1.5 
0 
.- P 

$ 1.0 

m C 

8 T) 

g 

0.5 

TS/FBS ( Dink ) 

0.0 ’ I I I 
1.4 1.9 2.4 2.9 

wovenumber a /lo4 cm-’ 

FIGURE 1 
room temperature (lower); polarization Jlb. 

Absorption spectra of a pink-coloured TS/FBS sample, 130pm thick, at 5K (upper) and 
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210 H.-D. BAUER ef al. 
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FIGURE 2 
temperature (lower); polarization lib. 

Absorption spectra of a yellow color zone of a TS/FBS platelet at 5K (upper) and room 
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FIGURE 3 Variation of the 0-0 peak position for the polymer absorption (open circles and dashed 
line) and for the Y-band (full circles and solid line). 
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SOLID-STATE POLYMERIZATION 211 

UV light (0.4mW/mmZ) the monomer platelets show a steplike increase in absorp- 
tion within the first two minutes, especially in the P-absorption region. Later on 
the increase in absorption is much slower and approximately linear (Figure 4). 

At low temperatures the primary photoproduct DR, is created: Figure 5 shows 
the absorption at 5K before and after an excimer laser pulse (15ns, 308nm, 33pJ/ 
mm'). The vibronic structure is very similar to that of the dimer diradical, DR,, 
found as primary reaction product in TS6.'7,1x 

We determined the quantum yield of this initiation step to be rather high: 0.4 
dimers per UV photon absorbed. 

The intermediate products are stable at temperatures below 80K. At lOOK the 
DR, undergoes further reaction, yielding a series of reaction intermediates which, 
in analogy to TS6, can be identified as the DR, series4," (Figure 6 ) .  Further 
annealing yields an absorption according to the long chain carbenes observed in 
TS64. 

The activation energy E, of chain growth can be determined by an Arrhenius 
plot of the rate constant k ( T )  for the growth of the intensity l ( t ,  T )  (Figure 7 ) ,  

I ( t ,  T )  = lo exp(-k(T)*t) 

k ( T )  = ko exp( -E, / (k ,*T))  

As a result we get for the reaction intermediate DR2 (Figure 7): 

ko = O.5*1O6"s-' E, = (0.16 & 0.05)eV, 

2.0 

1.5 

n 
0 a 1.0 

0.5 

0.0 b I I I I I I 
0 10 20 30 40 50 60 70 

time / min 

FIGURE 4 
(325nm) of 0.4mW/mm2 at room temperature. Sample thickness is 140pm. Polarization IJb. 

Change of optical density at 633nm of a TSiFBS platelet during irradiation with UV light 
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212 H.-D. BAUER et al. 

2.0 

1.5 
n 

.- b 

8 1.0 

0 

ln S 

- 
0 u 
CI 0. 0 

.- 

0.5 

0.0 
1 .5 2.0 2.5 3.0 

wavenumber S / lo4 cm-l 

FIGURE 5 
( b ) .  The diradical dimer DR, is the primary photoproduct for the UV solid state polymerization. 

Absorption of TS/FBS before ( b )  and after (a )  UV pulse excitation at 5K. ( c )  = (a )  - 

2.5 

2 .0  

i 3  
0 
.- P 
g 1.5 
Q u 

0 V 
- 
.- 
CI n 
0 1.0 

0.5 

0.0 
1.2  1.7 2.2 2 . 7  3.2 

wavenumber / lo4 cm-’ 

FIGURE 6 Appearance of DR, reaction intermediates after a single pulse irradiation (308nm) and 
additional annealing. Annealing temperature and time: (a )  5K, 0 min; ( b )  100K, 6 min; (c)  100K, 
additional 30 min plus 120K, 36 min; ( d )  130K, 36 min plus 140K, 16 min. 
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SOLID-STATE POLYMERIZATION 213 

4 .  I 
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I- 

Y 

- - 
- 2.6 
L 
- F 
I 

T-’  / 10-’K-’ 

FIGURE 7 Arrhenius plot for determining the activation energy E, of the chain growth reaction. 

This value for E, is slightly below the one found for TS64J8 (0.2 and 0.25 eV, 
respectively). 

Again similar to TS6, further irradiation with 325nm UV leads to a series of 
stable oligomers, SO,, via chain termination (Six1 in Reference 1). The peak values 
are nearly the same as in TS6.17 The successive growth of SO, absorption bands 
is shown in Figure 8. 

A monomer crystal exposed to 257nm UV radiation also shows the DR, ab- 
sorption series and a series of asymmetric carbenes, AC, (Figure 9). Table I1 lists 
the oligomer positions of TS/FBS and TS6 for comparison. They are very similar. 

Following Kuhn19 the extended welectron system can be described with a simple 
one-dimensional electron gas model. Exarhos used this theory for polydiacety- 
lenes.20 For the energy En of the 0-0 transition of a polymer chain consisting of n 
monomer units he gave 

E,, = h2/(8m12),*(4n + 1) + E,(1 - 1/4n) 

with 

where a, is the length of a monomer unit, u2 stands for the chain ends and m is 
the electron mass. Varying u2 and E, yields a good fit of the oligomer absorp- 
tion series DR,, AC,, and SO,,. The fit parameters are given in Table 111. None 
of the intermediate absorptions can be identified with the Y-absorption shown in 
Figure 2. 
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214 H.-D. BAUER e t a / .  

2.0 1 

1.2 1.7 2 . 2  2.1 

wavenumber Z / 104 cm-l 

FIGURE 8 Photoproduet series DR,,, AC,,, and SO,, in the course of UV-irradiation with 32Snm at 
SK after a UV single pulse. Irradiation times and intensities: (a )  single pulse 308nm, 34pJ/mm', ( b )  3 
min 32Snm, (c) 61 min, ( d )  141 min plus 10 min annealing at 250K. 

2.5 

2.0 

0 1.5 0 
.- 3 

- 1.0 
.- s 
a 

ul 

m 0 

Y 

0.5 

1.7 2.2 2 .1  
wavenumber u" /104 crn-I 

FIGURE 9 
130pm. UV intensity 0.2mW/mm2. Irradiation times: ( a )  0.4s, ( b )  3s. (c) 1 3 5 ,  ( d )  22.5s. 

Same experiment as in Figure 8, but done with 2S7nm UV light at SK. Sample thickness 
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SOLID-STATE POLYMERIZATION 215 

TABLE I1 

The peak positions of the DR,,, AC,, and SO,, photoproduct series 
of TSiFBS and TS6, for comparison. The chain length n is given in 

units of monomers. T = 5K 

photoproduct choin notation 
series length n 

0-0 tronsition / crn-1 
TS/FBS TS6 

dlmdkals 2 DRz 
DRn 3 DRJ 

4 DR4 
5 DR5 

6 DR6 

7 DR7 

8 DRo 

23810 f 20 23731 
19711 f 45 19603 
17036 f 65 16910 
15162 f 65 15067 
14024 f 25 14022 
13921 f 120 13833 
14145 f 130 14181 

asymmetrk 3 
carbenes 4 
ACn 5 

6 
7 
8 
9 

10 

ACI 
AC4 
AC5 
AC6 
AC7 
ACE 
ACs 
AGIO 

22515 i 40 
20420 f 85 
18634 f 6 0  
17509 f80 
16925 i 4 5  
16501 f 60 
16121 f 85 
15970 +95 

22524 
20034 
18468 
17478 
16885 
16536 
16311 
16181 

stable 4 

SOn 6 
7 
8 
9 
10 
11 

oligomers 5 
23435 f 45 
21148 f 55 
19818 f 45 
18978 i80 
18291 2 40 
17882 i55 
17494 295 
17275 t130 

23707 
21385 
19909 
18997 
18371 
17895 
17576 
17372 

TABLE 111 

Fit parameters for the DR,,, AC,, and SO, photoproduct series when 
assuming the Kuhn model 

photoproduct series 01 / 1 02  / 61 Em 1 crn-’ 

DRll 
ACn 
SOn 

5.491 1.792 8265 
5.402 2.377 12048 
5.402 0.520 13573 

4.1 .3 .  Thermal polymerization. Figure 10 shows the change in absorption at 
the wavelengths 590,480 and 633nm during thermal polymerization at 65°C. Again 
the samples showed a steplike increase of absorption within the first minutes, 
especially in the P-band. The onset of the autocatalytic reaction regime can be best 
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annealing time / lo’min 

FIGURE 10 Change in optical density of a TSlFJ3S sample during thermal polymerization at 65°C. 
Data points for the 0-0 transition of the polymer band (upper), the 0-0 transition of the Y band (middle) 
and at 633nm (HeNe laser, lower). 

observed in the 633nm values. The time to reach 50% conversion, t1,2, is approxi- 
mately a factor three longer than for TS6. In addition, a redshift of the polymer 
absorption appears in the course of the polymerization. This was also found for 
TS621. 

4.2. Luminescence Spectra 

The striking result for TS/FBS crystals is the fact that their yellow regions show a 
strong fluorescence (Figure ll), whereas the “normal” pink regions only show a 
weak one (Figure 12), when excited with light of a wavelength below 480nm and 
polarized parallel to the b-axis. The luminescence has a pronounced vibronic struc- 
ture, nearly the mirror-image of the absorption. Table IV lists the peak positions 
of the 0-0 excitation and of the vibrons. The luminescence intensity depends linearly 
on the excitation intensity. Excitation with light polarized perpendicular to the 
chain axis results in a small decrease of the “Y-emission”, whereas the “polymer- 
emission” vanishes. 

5. Discussion 

5.1. Reaction intermediates 

The polymerization proceeds in the same way as in TS6: Three intermediate product 
series, diradicals DR,, dicarbenes DC, and asymmetric carbenes AC,, can be iden- 
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2 . 0  - 
In 

S 3 
Y ._ 

$ - 
1.5 

.- 
In 

0 U 

.- 
c 0 
In 
.- 

.$ 

P 

1.0 
\ 

c 
0 .- 

0 In 

0 
n 

excitation at 30769cm-' 
Y band 

0.5 
1.6 2 . 1  2.6 

wavenumber C7 /lo4 cm-l 

FIGURE 11 
Dashed lines indicate vibronic sidebands of the emission and absorption, respectively. 

Absorption and fluorescence emission spectra of a TS/FBS sample (yellow region). 

2.0 

1.5 

1.0 

0.5 

absorption 

1.2 1.7 
wavenumber / lo4 cm-1 

2.2 

FIGURE 12 Absorption and fluorescence emission spectra of aTSlFBS sample (pink region). Dashed 
lines indicate vibronic sidebands of the emission and absorption, respectively. 
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218 H.-D. BAUER et al. 

TABLE IV 

Peak positions of the 0-0 transition and of the most prominent vibrons for Y 
and P band as observed in emission and absorption for TSIFBS 

transition emission / cm-’ absorption / cm-’ difference / cm-l 

Y ( 0-0 ) 20337 20715 378 
vibrons: - 957 +lo12 55 

- 1340 +1415 75 
- 1930 +2064 134 
- 2790 +2870 80 
- 3314 +3543 229 
- 3908 t4204 296 

P ( 0-0 1 16376 16828 452 
vibrons: - 965 + 945 -20 

- 1411 +1397 -14 
- 1995 +1987 - 8  

tified. The energetic positions of these intermediates fit the Kuhn electron gas 
model and are very similar to those of TS6 as is shown in Table 11. The change 
from a butatriene to an acetylene structure could be observed for more than six 
monomer units. Therefore, there is no significant difference between TS6 and TS/ 
FBS with respect to the polymerization steps. 

5.2. Origin of the Y-absorption 

A common feature of many PDA systems is the presence of drastic chromatic 
effects: The colour of poly-4BCMU solutions, e.g., depends on the quality of the 
solvent and on t e m p e r a t ~ r e . ~ ~ - ~ ~  

Although it is still a matter of controversy whether the solvatochromic and 
thermochromic effects in PDA solutions are a pure single chain phenomenon or 
aggregation of chains is involved, it seems to be commonly accepted that the major 
role is played by intermolecular interactions (polymer-solvent or polymer-polymer) 
which compete with intramolecular interactions (H-bonds between sidegroups of 
the same polymer chain).26-28 

Thermochromism was also observed in single crystals of other urethane-substi- 
tuted PDA’s and in thin PDA  film^.^^,^' 

The reason for the strong absorption change first was attributed to a change in 
the electronic conformation of the chains from an acetylene to a butatriene struc- 
ture. A number of theoretical calculations, however, proved this assumption not 
to be c ~ r r e c t . ~ ~ , ~ ’  

The colour shifts can be better explained by thoroughly taking into account the 
influence of sidegroup packing on the polymer backbone geometry: A packing 
which favors a planar geometry will provide a r-system of higher conjugation length 
than a packing which results in a more wormlike or even coiled geometry of smaller 
conjugation length and, therefore, blueshifted a b ~ o r p t i o n . ~ ~  This idea is strongly 
supported by Raman m e a ~ u r e m e n t s . ~ ~  
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TABLE V 

Polydiacetylenes with differently absorbing chain structures in the crystalline 
state or in solution. 0-0 transition values in units of cm-' 

Name Side chain group R partially polym. Crystal Solution 
I Ref. 1 planar nonplanar planar nonplanar 

TCDU -(CH2)4- ur-@ 
I32 1 

DDU -(CHh-ur-@ 
122 1 

ETCD -(CHZ)~-UT-C~H~ 
127 I 

4BCMU -(CH2)r-ur-CHzCOO- 
I21 1 -(CHZ)J-CH~ 

3BCMU -(CHd,-ur-CHzCOO- 
121 I - (CHZ)~-CH~ 

IPUDO -(CH2)4-ur-C,H7 
121 1 

9PA -(CH2)9OCOCH2-@ 
I33 1 

TS12 - (CHZ) 4-SO3- Q-CH.3 
I 3 4  1 

TS6 -CH~-SO~-@-CHI 
135 1 
FBS -CH2-SO,-@-F 

TS/FBS Ri = TS6, Rz = FBS 

15300 
LT 

15800 

15800 

15800 

15700 

15400 
LT 

17500 

17800 

16800 

18800 
HT 

18500 

18500 

18700 
HT 

18900 

20500 

20700 
y.r. 

20700 
y.r. 

19400 2ttOO 

17100 21100 

18900 21500 
18700 22000 fi. 
LT HT 

15900 21300 
15800 21000 fi. 
LT HT 

18700 22200 

21300 

21500 

21750 

21500 

(LT: low temperature phase, HT: high temperature phase, y.r.: yellow region, 
fi: film, ur: urethane -0CONH--, CP: phenyl). 

Table V summarizes color shifts in a variety of different PDA systems: solutions, 
crystals, films etc. It is striking how the absorption differences between yellow and 
pink regions of TS/FBS and FBS crystals fit in this scheme. 

From the well structured absorption and the vibronic side bands it seems obvious 
that long polymer chains are the origin of the Y band. The presence of an oligomer 
of a certain well-defined number of monomer units can be regarded as very unlikely 
(moreover, the Y-absorption could not be identified with a short-chain intermediate 
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found in our spectroscopic experiments) and short oligomers of different chain 
length would cause a broadened absorption or even a series of different peaks. 

5.3. Origin of the Colour Zones 

To clarify the question whether polymerization proceeds homogeneously or nu- 
cleation is involved a remarkable number of observations and experiments have 
been made: Schermann et ~ 1 . ~ ~  found great amounts of edge dislocations in TS6 
crystals, revealed by etch pits, which seemed to favour thermal polymerization in 
their neighbourhood, but not photopolymerization. The observations are consistent 
with the assumption of two slip systems, (102) [OlO] and (010) [OOl]. Using X-ray 
topography Dudley et al. 39 then showed that edge dislocations are preferrably 
situated in (111) growth sectors and, to a far less extent, in (100) sectors. Young 
et al. 40 determined a dislocation density of 1013rn-2. Small-angle grain boundaries 
formed by dislocations having a Burgers vector in [OlO] direction are supposed to 
force a strain field upon the neighbouring monomer molecules, decreasing their 
distance from one another and thus increase reactivity considerably, as it is known 
from pressure studies.41 

From these facts we conclude that the (111) growth sectors are identical with the 
observed colour zones and that the polymer chains which give rise to the Y ab- 
sorption are located in close vicinity of the defects mentioned above. The planarity 
of the chains obviously is disturbed and therefore the conjugation length is de- 
creased. The fact that the Y absorption, if present, is usually more intense than 
the P absorption is consistent with the assumption that the activation energy necess- 
ary for starting the chain reaction is lowered by the influence of the defects. 

Bloor et at.42 also definitely found defect structures and a dependence of crystal 
habit on growth velocity: The slower a crystal grows, the more the (111) sectors 
are favoured to grow. A rapid growth process leads to the formation of lozenge- 
tips showing irregular structures. In Figures 13a-c the growth velocity is assumed 
to be the same for all facets. As soon as the (111) sectors stop to grow, lozenge- 
tips are formed which do not contribute to the colour zones (Figure 13d). Figures 
13e-h show a case where the growth velocity of the (111) sectors decreases gradually 
with respect to the other facets. This causes colour zones of more irregular shape 
as found in most of the crystals. 

An incorporation of polymer chains formed during educt synthesis from the 
solution into the growing (111) sectors via a kind of molecular recognition process 
seems to be very unlikely because of their length compared to a monomer molecule 
and because the polymer chains of TS6, FBS and TS/FBS are known to be unsoluble 
in common organic solvents. Nevertheless, we found that partially polymerized 
FBS and TS/FBS crystals give solutions of a slightly yellow colour. 

5.4. Origin of the Fluorescence 

Bloor et d3' observed fluorescence of TS6 crystals and a rather unstructured 
absorption in the region of 20500cm-' when investigating rapidly grown crystals. 
This absorption was also seen by Eichele et and could be attributed to local 
macroscopic defects. Both, Bloor and Eichele suggested reactive triplet species 
trapped at crystal defects to bring about the Y band. 
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e c! 

FIGURE 13 Schematic crystal growth scenarios: All facets growing with the same velocity (a-c)  give 
straight zone boundaries. A sudden stop in growth of the {lll} sectors results in a rather “ideal” habit 
(d ) .  The observed irregular shape of the colour zones results from a variation of growth velocities with 
respect to one another (e -h) .  

In our experiments we showed the coincidence of the colour zones, the Y band, 
and a strong fluorescence. These three phenomena seem to be “triggered” by the 
presence of defects, too. The appearance of fluorescence from disturbed PDA 
chains has been observed in PDA solutions by Brown et aL3* They used a “two- 
chromophore-model” for interpreting their experiments: disturbed (“coiled”) chain 
segments of low conjugation length acting as blue-shifted absorbers and fluores- 
cence emitters as well as undisturbed (“planar”) segments of high conjugation 
length, which show “normal” absorption and a fluorescence of very low intensity. 

Disturbed chains or chain segments deviating from the b-direction would also 
give rise to the observed decrease in polarization ratio (4.1.1. and Photograph 2). 

Although some details still have to be checked we think that our observations 
also can be interpreted in terms of this model. 

6. Conclusion 

From our observations, previous investigations and from comparison with a great 
number of very similar chromatic effects in other PDA systems we suggest that 
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well-defined edge dislocations located preferrably in (111) growth sectors of di- 
acetylene crystals are able to influence the neighbouring monomer units in a way 
which favours thermal polymerization during the crystal growth process already 
but results in a non-planar polymer chain structure. This structure carries a dis- 
tortion of definite character yielding the sharp blueshifted long chain absorption 
spectrum which we observed. From the difference of the 0-0 peak positions of both 
absorption bands we conclude this structure to be a coiled more than a wormlike 
one. For a better understanding of this interesting defect-conformation interaction 
Raman44 and CARS  experiment^^^ are in progress. 
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