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Polydiacetylenes, (=CRC=CCR'=),, consisting of 
polydiacetylene and its derivatives, are prototype con- 
ducting polymers.' Most polydiacetylenes are insoluble 
even in exotic solvents and are infusible because of their 
rotation-restricted stiff backbone.2 PnBCMU polymers 
in which R' = R = (CH2)n0CONHCH2COO(CH2)3CH3 
with n = 3 and 4, and customarily known as P3BCMU 
and P4BCMU, respectively, were synthesized about a 
decade ago? There have been extensive studies on the 
electronic, mechanical, optical, and conformational 
properties of polydiacetylenes in both the solid state 
(crystals and thin films) and the liquid state (gels and 
solution). Conducting polymers, in particular polydi- 
acetylene, have been the subject of several  book^.^-^ 

Polydiacetylenes have many interesting properties, 
such as the large quasi-one-dimensional structure of 
their single crystals, high third-order optical suscepti- 
bility, large optical nonlinearity, and high photocon- 
ductivity."1° One dramatic but controversial property 
to which most attention has been paid and which we 
want to discuss in this Account is the peculiar color 
change of polydiacetylenes in solution. The nature of 
the color change of polydiacetylenes in solution also 
reflects the color change property in the solid state. The 
color change of polydiacetylenes can be used to monitor 
any one of the ambient parameters, such as time-tem- 
perature exposure, pressure, radiation exposure, gas 
exposure, pH, and humidity. Commercial products 
include the development of a diacetylene ink that can 
be used to print a bar-code label that acts as a time- 
temperature or radiation dosage indicator from the 
color change.11J2 This bar code can be used not only 
to provide for static information related to automatic 
product identification and pricing in merchandising but 
also to function as an automated dosimetry system. 
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The chromatic transitions exhibited by solutions of 
soluble polydiacetylenes can be induced by changes in 
either temperature or solvent quality.151a For example, 
solutions of P4BCMU in toluene at room temperature 
are red and will turn yellow either by adding chloroform 
(a good solvent) or by raising the temperature. It has 
been proposed that the color change from yellow to red 
is intimately related to a corresponding conformational 
change from coil (yellow) to rod-like (red) chain. At the 
heart of the debate is a fundamental question con- 
cerning the nature of the transition: Is the chromatic 
transition driven purely by an intramolecular effect, the 
so-called single-chain coil-to-rod transition, or by an 
intermolecular effect which results in the formation of 
aggregates of polydiacetylene chains? On the basis of 
light scattering19 and electric birefringence data,20p21 the 
single-chain coil-to-rod transition hypothesis postulates 
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Table I 
PIBCMU Solution Properties 

solvent technique remarks ref 
CHCl, (good solvent) FTIR, ABS 
n-C61-i14'- 
MEK (>60 "C) 
m-xylene (>95 "C) 

DSC, AH 

acetic acid (>45 "C)  
CHC13/C6H14 DLS, ABS 
toluene (>70 "C, good solvent) 
toluene ( a n l a c ) , , ,  DLS 
CHCL R a "  

TEB 

THF /toluene 

toluene 
DMF 
toluene 
CHCldCsHu 

bromoform 

toluene/CHCl, 
toluene-& C0Cl3 

CHCl3 

CHC13 

DLS, ABS, 7 ,  EM 
SAXS 
LS, SANS 

TEB, DLS 
ABS, EP 

IR, ABS, SANS 
flow birefringence 
CM 
13C NMR, DSC 

toluene SAXS 

that aggregation occurs subsequent to the single-chain 
coil-to-rod transition and is a consequence of intermo- 
lecular aggregation by the already extended rod-like 
polydiacetylene chains. In the intermolecular hypoth- 
e s i ~ ~ ~ - ~ ~  the color change involves the aggregation of 
polymer chains or segments which form a fringed mi- 
celle-like structure consisting of many polymer chains 
or segments. The aggregation process forces the poly- 
mer chains together, resulting in the formation of ex- 
tended rod-like polymer chains or segments which cause 
the color change. Simply stated, the debate is similar 
to the chicken or egg argument: Which comes first, the 
chicken or the egg? So, in the polydiacetylene chro- 
matic transition, we ask the question: Do the polymer 
chains straighten out first before they aggregate? Or 
do they aggregate and straighten out in the process? 
We shall present the experimental evidence which tries 
to clarify some problems associated with this contro- 
versy. We do not claim that we have resolved all the 
disagreements. Our viewpoint is necessarily subjective. 

Brief Review of Existing Experiments 

Polydiacetylenes, especially P4BCMU, have been 
studied with a very extensive list of physical techniques 
including nuclear magnetic resonance (13C NMR), 
Fourier transform infrared spectroscopy (FTIR), tran- 
sient electric birefringence (TEB), dynamic light scat- 
tering (DLS), static light scattering (SLS), Raman 
scattering, absorption spectroscopy (ABS), differential 
scanning calorimetry (DSC), viscosimetry (71, refractive 
index increment (dn/dC),,, electron microscopy (EM), 
small angle X-ray scattering (SAXS), small angle neu- 
tron scattering (SANS), electrophoresis (EP), and 
Cotton-Mouton measurements (CM). Table I lists 
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Figure 1. Net intensity-intensity time correlation function 
(inverted triangles) of P4BCMU with M, = 2.4 X lo6 g/mol in 
toluene, C = 1 X l0-B g/g, and the fitted curve from CONTIN (solid 
line) with the relative deviation [ ( d a h d  - da&d)/dahd]. 
The corresponding distribution (solid line) is shown in Figure 2. 
Reprinted with permission from ref 29. Copyright 1989 American 
Chemical Society. 

some of the conclusions and references for experiments 
performed on P4BCMU solutions so far. The conflict 
between the two models appears to persist. On the 
basis of the same data, we shall first summarize the 
accepted conclusions. 

Yellow Neutral Coils and Red Charged Rod 
Aggregates 

The conformation of soluble P4BCMU in a good 
solvent, such as chloroform, has been found to be neu- 
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Figure 2. Distributions of translational diffusion coefficient (DT) 
obtained from CONTIN fittings of intensity time correlation 
functions of the same P4BCMU sample as in Figure 1, measured 
by DLS: (dashed line) X, = 1.0, C = 1.2 X 10-4 g/g, F? = 2.82 
X lo9 cm2 (0 = 25O), and the right ordinate, DT = 4.9 X cm2 
SKI and Var = 0.34; (solid line) X, = 0, C = 1.0 XJO* g/g, F? = 
2.64 x lo9 cm-' (0 = 20°), and the left ordinate, DT = 1.5 X 
cm2 s-l and Var = 0.04, with the small hump (only 3% in total 
area) ignored. K is the scattering vector. Reprinted with per- 
mission from ref 29. Copyright 1989 American Chemical Society. 
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Figure 3. Excess scattered intensity from laser light scattering 
(hollow inverted triangles, measured a t  X, = 632.8 nm, C - 1 X 
IO* g/g) and SAXS (hollow squares, measured at  X, = 0.154 nm, 
C - 6 X lo* g/g) for P4BCMU in dilute toluene solution at  room 
temperatures (-24 "C). The three m e a  represent the theoretical 
simulations according to  various models. Solid line: 14 parallel 
rods in a 1 row X 14 column configuration with the effective 
diameter of each individual rod being 4 nm and the effective 
center-to-center distance being 7 nm. Dashed l i e :  an infinitely 
thin circular disk. Dotted line: a single rod, with the diameter 
being 100 nm. The lengths (diameters) of the rod (disk) aggregates 
were determined by using light-scattering and TEB results based 
on a rigid-rod model.% q (=IC) is the scattering vedor. Reprinted 
with permission from ref 36. Copyright 1989 American Chemical 
Society. 

Kinetics of Aggregation 
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Figure 4. Absorption spectra as a function of time. The ordinate 
(absorbance A) is in arbitrary units. The times, as indicated in 
labels (a-g), are from bottom up with respect to the right ab- 
sorption peak. Reprinted with permission from ref 38. Copyright 
1989 Hirokawa Publishing Co. 

Table I1 
Light Scattering and TEB Results of P4BCMU Solutions"sb 

M,(i05 g/mol) 1.2 1.2 24 24 
solvent toluene CHC13 toluene CHC1, 
color red yellow red yellow 
&(IO-' cm2/s) 2.14 23.8 1.84 4.87 
DAs-9 
Var 0.04 0.31 0.04 0.34 
R,(lOnm) 23 2.5 27 12 
Rh(1Onm) 19 1.7 22 8.4 
R",X,)/R&(X,=l) 1430 1 56 1 

24.5 - 14.5 - 

Rg/Rh 1.20 1.48 1.22 1.43 

a Reference 29. Notations: D,, rotational diffusion coefficient; 
R,, radius of gyration; Rh, hydrodynamic radius; M,, weight-aver- 
age molecular weight; RL, Rayleigh ratio for vertically polarized 
incident and scattered light after extrapolation to infinite dilution 
and zero scattering angle. R& a (dn/dC)T,p2CM, with (anlac),,, 
C, and M, being the refractive index increment, the polymer (ag- 
gregate) concentration, and the weight-average molecular weight, 
respectively. 
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Figure 5. Plots of intensive properties as a function of time. The 
intensive properties, such as the radius of gyration (R,) from small 
angle static light scattering (SLS), the translational diffusion 
coefficient (DT) from dynamic light scattering (DLS), and the 
rotational diffusion coefficient (D,) from transient electric bire- 
fringence (TEB), show that the size and shape of the aggregates 
are relatively constant over a time period of about 1 week when 
more aggregates are being formed (see Figure 6). 

tral wormlike coils of small overall size with a fairly 
broad size distribution. P4BCMU in a poor solvent 
forms charged rod-like aggregates with a narrow par- 
ticle-size distribution. The techniques used in achieving 
this conclusion are SLS, DLS, TEB, ABS, and EP. SLS 
measures the angular distribution of scattered intensity 
as a function of concentration. From the interference 
effect, the z-average radius of gyration can be deter- 
mined at  infinite dilution. The absolute scattered in- 
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Figure 6. Plots of extensive properties as a function of time. The extensive properties can be related to the amount of aggregates. 
C ( n z )  denotes the relative scattered intensity contributed by the aggregates as determined in a photon correlation DLS experiment. 
I / I o  is the ratio of scattered intensity of the solution (0 to that of the solvent (I,). U / I ,  - 1)~- is proportional to (an/dC)~,p*CM, 
with (an/dC)T,p, C ,  and M ,  being the refractive index increment, the polymer concentration, and the weight-averaged molecular weight, 
respectively. If ( ~ h / a C ) ~ , ,  and M ,  remain relatively constant, an increase in ( I / &  - 1 ) ~ ~  suggests an increase in the concentration 
of the aggregates. 6, represents the overall average optical anisotropy of the solution. Again, in the absence of shape changes, the 
magnitude of 6, is proportional to the amount of aggregatea. Psaz/Paes is the ratio of the absorption peak intensity for the coil conformation 
(X, = 488 nm) and the rod conformation (X, = 542 nm). 

a 0.3 

tensity after extrapolation to zero scattering angle and 
infinite dilution can be related to the square of the 
refractive index increment (an /dC) ,p  of the polymer 
solution, the polymer concentration (C), and the 
weight-average molecular weight (M,). As SLS em- 
phasizes the scattering by large particles, the technique 
is very sensitive to the presence of even a very small 
amount of aggregates. 

In DLS, the time dependence of the scattered inten- 
sity, I@), can be related to the translational (and in- 
ternal) motions of the unassociated polymer molecules 
and the aggregates responsible for the scattered inten- 
sity. The self-beating method in photon correlation 
spectroscopy simply lets the scattered light mix opti- 
cally within the same coherence area without the use 
of a reference signal from the incident laser beam. In 
TEB experiments, linearly polarized light is applied to 
a system of anisotropic particles (partially) aligned by 
an external electric field. The depolarized transmitted 
light intensity is then recorded as a function of time 
when the oriented anisotropic particles are relaxed back 
to random orientations after removal of the applied 
electric field. By observing the time dependence on the 
average orientation of anisotropic particles, the rota- 
tional diffusion coefficient (D,) of anisotropic particles 
can be determined. 

The intensity time correlation function G@(T) from 
the self-beating method in DLS has the form 
G ( 2 ) ( ~ )  = ( I ( t )  I(t + T)) = 

A(l  + b\JmG(F) 0 e-rT dI'JZ) (1) 

where the bracket denotes a time-average quantity and 
I ( t )  is the scattered intensity at time t .  The quantities 

p 
9 

A, b, T ,  r, and G(r) are, respectively, the background, 
a coherence factor, the delay time, the characteristic line 
width, and the normalized characteristic line width 
distribution. From G ( 2 ) ( ~ ) ,  we can then obtain infor- 
mation on the characteristic time T ,  (=F) of the sys- 
tem. 

At small scattering angles, the characteristic line 
width measures the translational diffusion coefficient 
DT with l? = D T P  and K being the magnitude of the 
scattering vector. G ( r )  can be determined by Laplace 
inversion, a delicate transformation achievable under 
appropriate conditions. The polydispersity effect can 
be expressed in terms of the variance (Var = p2/f2) with 

I=' = G(r) d r  (2) 

(3) 

For the charged rod-like aggregates, we present the 
following experimental evidence. Figure 1 shows 
[G(2)(~) /A] - 1 for P4BCMU (M, = 2.4 X lo6 g/mol) 
in toluene at  a scattering angle 0 of 20° and a wave- 
length in vacuo X, of 632.8 nm. Figure 2 shows dis- 
tributions of DT obtained from CON TIN^' (a commonly 
used Laplace inversion software) fittings of intensity- 
time correlation functions of P4BCMU in pure chlo- 
roform (X, = 1.0, dashed line) and in pure toluene (X, 

p2 = J(r - I=')' G(r) d r  

(37) Provencher, S. W. Comput. Phys. Commun. 1982,27, 213-227, 
229-242. 
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Figure 7. Schematics of essential features in the chromatic 
transition of P4BCMU. (a) Fast solubilization in good solvent 
(CHC13). The polydisperse molecules form neutral single-chain 
extended coils. (b) In X ,  = 0.368, coils and rod aggregates coexist. 
Coil sizes have been exaggerated. The rods are much larger than 
the coils. The slow equilibrium process takes 5 days. The red 
deposit can be redissolved in CHC13 to form a yellow solution. 
P4BChIU in the yellow solution has a higher M, than that of the 
original P4BCMU. (c) In poor solvent (toluene), the charged 
rod-like aggregates are relatively monodisperse. The red deposit 
can be redissolved in CHC13 to form a yellow solution. (d) The 
transition from red solution to yellow solution can be accomplished 
by increasing the temperature and is very fast. The opposite 
process (from yellow coils to red aggregates) is slow. 

= 0, solid line), with X ,  being the mole fraction of 
chloroform in the solvent. The light scattering and 
TEB results are listed in Table 11. From the results 
of P4BCMU in toluene, we note that the DT, D,, Var, 
R,, and Rh values from two samples of very different 
molecular weights (by a factor of 10) are about the 
same. However, the absolute scattered intensity in 
terms of the Rayleigh ratio for polarized incident and 
scattered light after extrapolation to zero scattering 
angle and concentration, R& (a (dn/dC)T,p2CM,), is 
drastically different between P4BCMU in toluene and 
that in chloroform, Le., R& ( X ,  = 0)  N 1400 and 60 
times greater than R& (X, = 1) for P4BCMU with M, - 1.2 X lo5 and 2.4 X lo6 g/mol, respectively. Even 
if the refractive index increment (dn/dC)T,p value 
changes drastically (which is not the case) for P4BCMU 
in toluene and in chloroform, it cannot be used to ac- 
count for all the difference between 1430 and 56 for the 
two P4BCMU polymers of different M,. Thus, 
P4BCMU must form aggregates in toluene. The ag- 
gregates have a narrow size distribution because the Var 
(-0.04) value represents a near monodisperse size 

distribution for both polymer samples. The aggregate 
size is relatively independent of the primary P4BCMU 
molecular weight. The Rh/R, ( N 1.2) ratio suggests 
some form of extended chain formation. A combination 
of light scattering and synchrotron SAXS measure- 
ments on the structure of P4BCMU in toluene and the 
narrow size distribution of the aggregates as revealed 
by DLS permits us to model the shape of the P4BCMU 
aggregates as shown in Figure 3. Although we repre- 
sented the structure of the P4BCMU aggregates as 
ribbon-like, we should not take the ribbon structure 
literally. The analysis suggests that the aggregated 
particles do not have cylindrical symmetry.39 Bire- 
fringence m e a s ~ r e m e n t s ~ v ~ ~  further strengthen the ar- 
gument for the rod-like structure. Electrophoretic 
s e p a r a t i ~ n ~ ~ ? ~ ~  clearly demonstrates that the rod-like 
aggregates are charged. 

For P4BCMU in a good solvent such as chloroform, 
we can determine the molecular weight of the unasso- 
ciated polymer. The polymer size in terms of DT, R,, 
and Rh now depends on M, and differs for the two 
P4BCMU polymer samples of different molecular 
weight. The molecular weight distribution is broad with 
Var N 0.3 because of the polymerization process. The 
R,/Rh ratio suggests that the neutral P4BCMU coils 
form somewhat extended chains. 

Time Dependence of Chromatic Transition 
We used a solvent mixture of toluene and chloroform 

with X ,  = 0.368 to study the slow (red) color formation 
of P4BCMU in solution, as shown in Figure 4. The 
choice of X ,  = 0.368 is arbitrary except for the exper- 
imental convenience of slower (red) color formation. 
With increasing time, the first peak in Figure 4 at 
= 438 nm was shifted continuously to Xmarl = 495 nm 
and the amplitude decreased, whereas the second peak 
position at  XmarB = 542 nm remained unchanged. 
However, the amplitude of the second peak almost 
tripled during the 5-day measurement time period. 
Measurements of the intensive properties which are 
related to the structure of the aggregates show time- 
independent behavior, ie., R, from SLS, DT from DLS, 
and D, from TEB show that the aggregate structure 
does not change as a function of time (Figure 5) .  On 
the other hand, extensive properties which are related 
to the amount of aggregates change as a function of 
time. Figure 6 shows time-dependent plots of the 
magnitude of optical anisotropy 6, from TEB, nor- 
malized peak amplitude ratio (P542/P488) from ABS, 
excess intensity of the polymer and contrast due to the 
aggregate formation from DLS. The slow aggregate 
formation has also been observed by others.40 It should 
be noted that, at  X, = 0.368, the coils and rod aggre- 
gates coexist at equilibrium. Analysis of the molecular 
weight of the coils and of the rod aggregates after 
electrophoretic separation showed that the rod aggre- 
gates were formed by lower molecular weight fractions 
of P4BCMU, in contrast to the usual polymer solution 
fractionation behavior. The most important point in 
the chromatic transition is that the formation of coils 
from rod aggregates is very fast. This observation 
agrees with magneto optic  measurement^.^^ Thus, the 
chromatic transitions from coils to rod aggregates 

(39) Li, Y.-J.; Chu, B. Macromolecules 1991,24,4115-4122. 
(40) See, for example, ref 34. 
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(yellow to red) and from rod aggregates to coils (red to 
yellow) are not entirely symmetric. 

In the transition from coil to rod aggregates forma- 
tion, the process can be quite slow (e.g., 5 days). The 
color change follows the aggregate formation as shown 
in Figures 5 and 6. It does not seem to be a chicken 
or egg type question, i.e., it is difficult to imagine that 
the intramolecular conformation of single polymer 
chains will take 5 days to equilibrate. The polymer 
chains can become more extended in the aggregates 
which take time to form. In the transition from rod 
aggregates to coil, the aggregates can fall apart quickly 
and then the more extended chains can form coils very 
quickly. Thus, if one heats up a red solution quickly, 
its change in color from red rod to yellow coil would 
appear to be a single-chain event after the aggregates 
have been broken up. 

The experimental evidence obtained by a combina- 
tion of physical techniques, including laser DLS and 
SLS, synchrotron SAXS, ABS, TEB, and EP, clearly 
shows single yellow coils in good solvents and red rod 
aggregates in poor solvents. Recent high-pressure op- 
tical absorption studies of P4BCMU also show that the 
phase transition can be induced by pressure from a 
disordered yellow phase of coil conformation to a more 
ordered red phase.41 The kinetics of the chromatic 
transition can be monitored by observing the intensive 
and extensive properties of the rod aggregates. The rate 

(41) Variano, B. F.; Sandroft, C. J.; Baker, G. L. Macromolecules 1991, 
24,4376-4380. 

Acc. Chem. Res., Vol. 24, No. 12, 1992 389 

of rod-aggregate formation varies depending upon 
solvent quality and temperature. At a mole fraction of 
chloroform of 0.368, the rod-aggregation process takes 
about 5 days to complete, whereas the breakup of the 
rod aggregates is very fast. To summarize, we provide 
a schematic diagram (Figure 7) which illustrates the 
essential features of the chromatic transition of 
P4BCMU we have discussed. 

One may think of an ideal experiment using a very 
dilute monodisperse P4BCMU solution and ask if the 
single-chain chromatic transition could take place. The 
answer would probably be yes. However, these exper- 
iments have not been reported so far, and the conditions 
would be different. At extremely dilute concentrations, 
we can consider a single coil-to-rod transition like those 
observed in coil-to-globule transitions of a neutral 
polymer in a nonpolar solvent or of a polyelectrolyte in 
an aqueous solution. It is not surprising to find the 
aggregates to be relatively monodisperse, as in many 
colloidal systems. The unanswered question is, why 
should the P4BCMU aggregates in solution be charged? 
The qualitative answers provided can certainly be im- 
proved, and a quantitative response is not yet available. 
Although we have emphasized our P4BCMU results, we 
believe that such a chromatic transition is fairly general, 
applicable to other polydiacetylenes and polysilanes. 
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