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The Crystal Structure-Thermochromism 
Relationship for the Polydiacetylene ETCD 
DANIEL J. SANDMAN 
GTE Laboratories Incorporated, 40 Sylvan Road, Waltham, Massachusetts 02254 U.S.A. 

The polydiacetylene of the bis-ethylurethane of 5,7-dodecadiyn-1 ,12-diol (ETCD) is the best defined 
example of a thermochromic polymer at present. Thermochromism in poly-ETCD is associated with 
an endothermic first-order phase transition involving an increase in unit cell volume. The conformer 
population of the side-chain methylene groups changes on heating from 23 to 130°C. Hydrogen bonding 
and backbone planarity do not appear to be significantly disrupted during the transition. Solid state 
thermochromism in other polymers and examples of reversible thermochromism in inorganic and mo- 
lecular organic solids are discussed in relationship to poly-ETCD. 

INTRODUCTION 

Solid state thermochromism is a phenomenon readily detected by the human eye, 
yet the solid state structural changes underlying it may be quite subtle and diverse 
in character. Among reversible inorganic solid state thermochromics,' the red to 
yellow change in Hg12 is accompanied by a change from a tetragonal to a rhombic 
solid. A planar to distorted tetrahedron change is associated with the green to 
yellow change of CuClf, while a gauche-planar chelate ring conformational change 
accompanies the red to blue-violet change of Cu (N,N-deen)+2(N,N-deen = 1,l-  
diethylethylenediamine). ' 

At present, solid state thermochromism has been observed in three classes of 
polymers: polydiacetylenes (PDA, I), poly-(3-alkylthiophenes) (P3AT), and po- 
lysilanes. In general, a comparison of the solid state structural changes accompa- 
nying thermochromism in these polymers to the situations observed in inorganic 
solids is of interest. 

Since PDA are of special interest among polymers because they are available in 
several cases in the form of macroscopic single crystals, the crystal structure-ther- 
mochromism relationship is of particular importance because the properties of PDA 
have a higher degree of definition that those of less crystalline polymers. In this 
context, the reports2s3 of thermochromism in PDA-ETCD (Za) in 1976-77 are 
particularly noteworthy, and their interpretation forms the bulk of the present 
discussion. 
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274 D. J. SANDMAN 

THERMOCHROMISM IN POLY-ETCD 

In the initial report of thermochromism in p ~ l y - E T c D , ~  the electronic spectrum, 
studied by polarized specular reflectance, revealed a reflectance peak at 635 nm 
at 23°C which gradually shifted to 540 nm at 130°C. The effect is largely reversible 
with some hy~teresis,~.~ Several suggestions concerning bonding and crystallo- 
graphic changes associated with this spectral shift emerged and are as follows: 

1. There is a change in the backbone bond representation from acetylenic to 
butatrienic. 

2. For poly-ETCD, the crystallographic unit cell volume was reported to de- 
crease as the temperature is raised above the thermochromic tran~ition.~ 

3. From other urethane-substituted PDA, there may be a change in hydrogen 
b ~ n d i n g . ~  
4. A planar-nonplanar conformational change (“orbital-flip defect”)’ in the 

backbone results in a shorter “conjugation length.” The visible absorption spectrum 
of poly-ETCD dispersed in IU3r at room temperature was interpreted2 to imply 
three “delocalization lengths” in the polymer. 

Suggestion 1 has been ruled out on theoretical grounds6 and by 13C CP-MAS 
NMR studies7 which revealed the usual acetylenic bonding at temperatures above 
and below the thermochromic phase transition. The second issue was resolved by 
an x-ray powder diffraction study which revealed that the unit cell of poly-ETCD 
expanded in volume by 3.7% on heating from 20 to 135”C.* This conclusion was 
confirmed by a subsequent x-ray study of p01y-ETcD.~ Table 1 summarizes the 
lattice constants for poly-ETCD at 20 and 130-135°C. Suggestion 3 was ruled out 
by both FTIR4 and I3CP-MAS NMR7,9 spectral studies which revealed that the 
hydrogen-bonded network is not significantly changed by the thermochromic tran- 
sition and that conformational changes occur in the methylene groups of the side 
chain. This conformational change may be analogous to that of a chelate confor- 
mational change noted above in the Introduction. 

Suggestion 4 is now addressed. The observed solid state spectral transition en- 
ergy, Ek, for organic solids in generallo and PDA in particular is typically discussed 

TABLE I 

Lattice Constants for Poly-ETCD8 

Temperature 20°C” 130-135°C” 200Cb 

a, A 18.13 18.9 18.52( 5) 
4.89 4.83 4.86( 2) 

c,  A 10.81 10.89 10.60(4) 
b, A 

P v, A3 

94” 91” 94.2(3) 
956 994 952 

‘Powder data 
bSingle-crystal data 
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THE POLYDIACETYLENE ETCD 275 

(Equation 1) in terms of eO, the gas phase transition energy for an isolated species, 
D, which summarizes the energetics of the gas-to- 

E, = q, + D + I(@ (1) 

crystal shift, and I&), which deals with the excition transfer interaction between 
translationally equivalent and nonequivalent moieties in the solid. D includes the 
effects of the local environment on a reference molecule or polymer chain, and it 
has been estimated that such effects comprise about 15% of E, for PDA-PTS.” 
For a solid undergoing a thermochromic change, the relative contributions of changes 
in e0 and D to the spectral shift are relevant, ignoring I&). Figure 1 poses these 
questions and illostrates a main chain conformational change. 

If the thermochromic phase transition in poly-ETCD involves a change in main 
chain conformation, the crystallographic repeat distance along the chain axis would 
be expected to change. Hence, the observed lattice constant for the b axis both 
below and above the phase transition in the 4.8-4.9 A range strongly argues against 
a change in main chain conformation for poly-ETCD thermochromism. 

Additionally, if a change in main chain conformation were involved in poly- 
ETCD thermochromism, it would require defects of the type shown in Figure 1 
such that the length of planar segments would involve less than about eight repeat 
units. This conclusion follows from the work of Sixl,’* who has shown that a growing 
polymer chain exhibits the spectrum of the complete polymer in about eight repeat 
units. In this view, a few defects on the main chain which leave the planar segments 
greater than eight repeat units in length would not change the optical properties 
of a PDA to a detectable extent. 

Hence, thermochromism in poly-ETCD involves primarily changes in D in (l), 
and the “conjugation length” does not change. l3  Further indication of the signif- 
icance of D in poly-ETCD comes from room-temperature resonance Raman (RR) 
studies. l4 When as-polymerized poly-ETCD single crystals are excited at 488 or 
514.6 nm, the observed RR spectra reveal the presence of two PDA electronic 
states for the normal modes associated with both double-bond and triple-bond 
stretching. Extraction of residual monomer from such crystals reveals a marked 
diminution in the RR spectra of lines associated with the lower energy spectral 
state. Hence, the residual monomer in as-polymerized crystals contributes its in- 
termolecular interactions to the overall environment. 

The above discussion does not include the possibility of changes in mechanical 
strains in the course of the thermochromic phase transition. As noted el~ewhere,’~ 
it is not apparent what constitutes a definitive experimental manifestation of me- 
chanical strains in PDA crystals. 

The PDA-4BCMU (Ib)  has a crystal structure generally similar to poly-ETCD,* 
but its solid state thermochromic changes differ considerably in detail. l6 Solid state 
chromic changes from blue to red at 110°C and to yellow near 130°C are observed. 
The 110°C transition involves loss of hydrogen bonding, and new x-ray reflections 
are observed at 90-110°C. 

Table I1 summarizes reversible solid state thermochromism for polymer systems. 
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CHzR 

Polydiacetylene 
1 

"7% 
#c-c -c -c#, 

I 
CHzR 

Polybutatrlene 

0 0 
II I 

0 
I 

In. R--(CHJ,-O- !! -NH-C&,WCD 

Ih. R -(CHJ,- 0 - C - NH- Ci$ - C - 0 - II- C&, 4 B W  

Ir. R 4CHJ, - 0 - C - NH - CH(CH,I2, I PUDO 

E(k) I E, + D + I(k) 

If the obsemd solid state ckctronic spectrum of a codugated polymer shifts to 
higher energy, has 

1) The main chain changed It5 confmatkm resulting in a shorter 
"effective codugation length"? 

Change in Eo. 

PB 
2) The local crystallographic environment changed without changing 

main chain conformatlon? 

Change in D. 

FIGURE 1 Schematic illustration of a main chain conformational change in a polydiacetylene. 
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THE POLYDIACETYLENE ETCD 271 

TABLE I1 

Thermochromism in Solid Polymers 

A,,,, (nm) Thennochromic 
Room Transition A,, (nm) at 

Polymer Temperature Temperature, TTc (“C) T ’ TTC Reference 

poly-ETCD 
poly-IPUDO(lc) 
[(n-Hex),Si], 
(nProMeSi), 
P3BT 
P3HT 
P30T 
P3DT 

635 
649 
374 
325 
510 
510 
510 
510 

125 
120 
40 
50 

>200 
180 
162 
85 

540 
536 
313 
304 
428 
428 
428 
428 

2.3 
17 

21-23 
23 
18 
18 
18 
18 

OTHER THERMOCHROMIC POLYMERS 

As noted above, several P3AT and polysilanes also display thermochromic behav- 
ior. Initial discussions of thermochromism in these materials involved changes in 
E,, in (1). For P3AT, thermochromism is manifested by a continuous blue shift of 
the wavelength of maximum absorption as the temperature is raised.I8 The phase 
transitions occur roughly in the same temperature region where melting occurs. In 
the specific case of poly(3-hexylthiophene) (P3HT), x-ray diffraction studies from 
ambient temperature up to 190°C reveal a reversible order-disorder transition. l9 
The thermochromic effect in P3AT has been associated with thermally induced 
conformational defects in the Il-electron system of the aromatic backbonez0 or with 
a change in polymer conformation from rigid rod at low temperatures to random 
coil at high temperatures.18 Of particular significance is the increase in intensity of 
the shake-up away from the main C(1s) peak in the X-ray Photoelectron Spectrum 
of P3HT with increasing temperature, indicating a localization.20 

Thermochromism in (n-Hex,Si), is manifested by a decrease in intensity of the 
long wavelength band, while the shorter wavelength band increases in intensity as 
temperature is r a i ~ e d . ~ ’ - ~ ~  In contrast, (n-ProMeSi), reveals a continuous shift in 
absorption maximum.z3 Available x-ray data for (n-He~,Si) ,2~*~ reveal the presence 
of two phases at room temperature: a well-ordered phase with an all-trans Si 
backbone conformation with the side chains arrayed in a direction nearly perpen- 
dicular to the backbone with nearly all-trans conformations and a disordered phase 
with a trans backbone conformation and side chains which are conformationally 
disordered. The ordered phase is converted to the conformationally disordered 
phase above 40°C. Also, there is a partial disordering of the backbone conformation 
with significant remaining trans sequences, and an increase in intermolecular order. 

CONCLUSIONS 

While a complete crystal structure of a thermochromic polymer is not available at 
present, the detailed structural information for poly-ETCD from both x-ray dif- 
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278 D. J. SANDMAN 

fraction, FTIR, and solid state NMR studies render it the best defined thermo- 
chromic polymer at present. Available information about the first-order thermo- 
chromic phase transition in poly-ETCD suggests that it is primarily concerned with 
changes in the environment around the conjugated backbone rather than with the 
backbone itself. Available data for both polysilanes and P3AT suggests that ther- 
mochromism in these polymers involves changes in both the polymer backbones 
as well as the environment surrounding the backbones. Progress in the further 
understanding of thermochromism in polymers appears to require materials with 
improved crystallographic definition. 

Acknowledgments 

The author thanks Dr. F. C. Schilling for a preprint of Reference 25 and Professor W. R. Salaneck 
for a discussion of the significance of the shakeup data for P3HT. 

References 

1. K. Sone and Y. Fukuda, Inorganic Thermochrombm, Springer Verlag, Berlin, Heidelberg, 1987, 
ChaDter F. 

2. G. j. Exarkos, W. M. Risen, Jr. and R. H. Baughman, J. Am.  Chem. Soc., 98, 481 (1976). 
3. R. R. Chance, R. H. Baughman, H. Miiller and C. J. Eckhardt, J. Chem. Phys., 67,3616 (1977). 
4. M. F. Rubner, D. J. Sandman and C. Velazquez, Macromolecules, 20, 1296 (1987). 
5. R. H. Baughman and R. R. Chance, J. Appl. Phys., 47,4295 (1976). 
6. J. L. Brtdas, R. R. Chance, R. H. Baughman and R. Silbey, J .  Chem. Phys., 76, 3673 (1982). 
7. H. Tanaka, M. K. Thakur, M. A. Gornez and A. Tonelli, Macromolecules, 20,3094 (1987). 
8. M. J. Downey, G. P. Hamill, M. F. Rubner, D. J. Sandman and C .  S. Velazquez, Makromol. 

9. H. Tanaka, M. A. Gomez, A. E. Tonelli, A. J. Lovinger, D. D. Davis and M. K. Thakur, 
Chem., 189, 1189 (1988). 

Macromolecules, 22, 2427 (1989). 
10. J. D. Wright, Molecular Crysrals, Cambridge University Press, 1987, Chapter 6. 
11. R. J. Lacey, D. N. Batchelder and G. D. Pin, J .  Phys. C: Solid Srare Phys., 17, 4529 (1984). 
12. H. Sixl, Adv. Polymer Sci., 63, 49 (1984). 
13. D. N. Batchelder, Comtemp. Phys., 29(1), 3 (1988). 
14. D. J. Sandman and Y. J. Chen, Synthetic Metals, 28, D613 (1989); Polymer, 30, 1027 (1989). 
15. G. M. Carter, Y. J. Chen, M. F. Rubner, D. J. Sandman, M. K. Thakur and S. K. Tripathy, in 

Nonlinear Optical Properties of Organic Molecules and Crystals, D. S .  Chemla and J. Zyss, eds. , 
Academie Press, 1987, Vol2, pp. 85-120. 

16. Z. Iqbal, N. S. Murthy, T. P. Khanna, J. S .  Szobota, R. A. Dalterio and F. J. Owens, 1. Phys. 
C: Solid Srare Phys., 20, 4283 (1987). 

17. H. Eckhardt, C. J. Eckhardt and K. C. Yee, J .  Chem. Phys., 70,5498 (1979). 
18. 0. Inganas, G. Gustafsson, W. R. Salaneck, J. E. Osterholm and J. Laasko, Synthetic Merals, 28, 

19. M. J. Winokur, D. Spiegel, Y. Kim, S. Hotta and A. J. Heeger, Synthetic verals, 28, C419 (1989). 
20. W. R. Salaneck, 0. Inganas, B. Themans, J. 0. Nilsson, B. Sjogren, J. E. dsterholm, J. L. Brbdas 

21. R. D. Miller, D. Hofer, J. Rabolt and G. N. Fickes, J. Am. Chem. Soc., 107, 2172 (1985). 
22. J. M. Zeigler, Synthetic Metals, 28, C581 (1989). 
23. K. Yokayarna and M. Yokayama, Solid Srare Commun., 70, 241 (1989). 
24. A. J. Lovinger, F. C. Schilling, F. A. Bovey and J. M. Zeigler, Macromolecules, 19,2557 (1986). 
25. F. C. Schilling, F. A. Bovey, A. J. Lovinger and J. M. Zeigler, in Advances in Silicon-Based 

C377 (1989). 

and S .  Svensson, J .  Chem. Phys., 89,4613 (1988). 

Polymer Science, American Chemical Society, Advances in Chemistry Series, in press. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

0:
51

 1
9 

Fe
br

ua
ry

 2
01

3 


