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ABSTRACT: The aggregation behavior of P4BCMU in THF/toluene mixed solvent was studied by using 
absorption spectra and both static light scattering (SLS) and dynamic light scattering (DLS). The transition 
of single molecular coils to stretched-chain aggregates could be described approximately by the Avrami 
equation. Two different molecular weights of P4BCMU and different mixed-solvent composition were used 
to investigate the structure of aggregates of P4BCMU by using a combination of SLS and synchrotron 
small-angle X-ray scattering (SAXS). Based on a semiquantitative comparison of the angular distribution 
of scattered intensity with a variety of theoretical scattering form factors, the structure of the P4BCMU 
aggregates can best be described by ribbonlike unsymmetrical elliptic cylinders under all the conditions of 
our measurements. 

I. Introduction 
Polydiacetylenes are a series of conducting polymers, 

which have been the subject of intensive research efforts.' 
In particular, it was found that one of the soluble 
s u b s t i t u t e d  p o l y d i a c e t y l e n e s ,  P 4 B C M U  
((=CRC=CCR'=),, with R = R' = (CH2)40CONHCH2- 
COOC4Hg) has very interesting and unique solution 
properties.* In a good solvent, e.g., chloroform, the color 
is yellow and the conformation was found to be single- 
molecular wormlike coils. In poor solvents, e.g., when 
toluene was added to the P4BCMU in chloroform solution, 
the color of the solution changed gradually from yellow to 
red. The conformation in red toluene solution was found 
to be stretched-chain aggregates with a very narrow size 
distribution2 Although a variety of techniques have been 
used to study the phenomena, the structure of P4BCMU 
in toluene could not be determined unambiguously, mainly 
due to the very low overlap concentration of the particles 
in the solution (C* = 2 X lo-' g/mL if C* = W2MW/ 
(N&3)3t4). Without an absolute molar mass determina- 
tion of P4BCMU in toluene, the question whether 
P4BCMU exists as single molecules or as aggregates 
remains somewhat open. The molar mass of P4BCMU in 
toluene could not be determined because the refractive 
index increment (dnldc) could not be measured unam- 
biguously at  C < C*.6 

Light scattering intensity experiments could be used to 
investigate the overall size of the aggregates in terms of 
the radius of gyration due to its accessible small q values, 
where q = 41rn/h sin (8/2) with h, n, and B being the 
wavelength of (visible) light in vacuo, the refractive index 
of the solution, and the scattering angle, respectively. The 
internal structure of P4BCMU in toluene could be 
investigated by means of small-angle X-ray (or neutron) 
scattering, where qR >> 1.6 By combining measurements 
of synchrotron smabangle X-ray scattering (SAXS) at  
the National Synchrotron Light Source (NSLS), Brook- 
haven National Laboratory (BNL), and laser light scat- 
tering a t  Stony Brook, we were able to determine the 
structure of the aggregates of P4BCMU in solution semi- 
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quantitatively. In our analysis, a traditional route was 
followed; Le., we calculated the scattering form factors of 
a variety of theoretical models, compared them with our 
experimental results, and then proposed a most likely 
structure for the aggregates. 

In an earlier paper: we reported our preliminary results 
that the aggregates of P4BCMU (M, = 2.4 X 106) in pure 
toluene could be described by a bunching of 14 parallel 
rods in an 1 row X 14 columns arrangement. In this paper, 
we present the experimental findings based on the 
scattering profiles of P4BCMU aggregates with two 
different molecular weights and in a range of solvent 
composition using tetrahydrofuran (THF) as the good 
solvent and toluene as the poor solvent. Semidilute 
solution properties of P4BCMU in THF/ toluene mixed- 
solvent solution have been reported by Peiffer et  al.e 
Absorption spectrum as well as static and dynamic laser 
light scattering measurements were used to study the time 
dependence of the aggregation process of P4BCMU. 
Synchrotron SAXS experiments were then carried out in 
order to cover a broader SAXS q range not accessible with 
visible light. In comparison with our earlier SAXS 
experiments, the SAXS q range has been increased from 
5.5 X 10-"1.3 X 10-l to 4.4 X 10-"3.0 X lo-' nm-I. 

11. Experimental Section 
11.1. Sample and Solution Preparations. Two PIBCMU 

samples with weight-average molecular weights of 1.2 X 10'~ and 
2.4 X 108 were obtained, courtesy of Drs. R. R. Chance and D. 
G. Peiffer a t  the Corporate Research Science Laboratory, E u o n  
Research and Engineering Co. They were used as-received 
without further purification. A more detailed description of the 
samples is available in ref 2. 

Tetrahydrofuran (THF) (instead of chloroform) was chosen 
as a good solvent for this study because it haa a relatively low 
electron density. Toluene was chosen as the second component 
of the mixed solvent because it is not a nonsolvent like hexane, 
which has an even lower electron density. A poor solvent instead 
of a nonsolvent was used in order to avoid possible complications 
in localized precipitations, which might take longer times for the 
aggregates to reach equilibrium. 

The solution preparation procedure is the same as that in ref 
2. 

11.2. Abrorption Spectrum. Absorption meaaurementa in 
the wavelength from 350 to 650 nm were performed by using a 
GCA/McPherson 700 Series double-beam UV-visible spectro- 
photometer. Mixed solvents with the same composition as that 
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in the solutions were used as a reference standard. All the 
experiments were performed at  24 f 2 OC. 

11.3. Laser Light Scattering. Static light scattering (SLS) 
and dynamic light scattering (DLS) experiments were performed 
by using a laboratory-made, fully computer-controlled laser light 
scattering spectrometer, which had a 50-mW He-Ne laser 
operating at  & = 632.8 nm. A Brookhaven Instruments 
BI2030AT 72 channel correlator was used to record the intensity- 
intensity time correlation function. All the experiments were 
done at  24 f 2 "C. 

At  very dilute solution concentrations, the excess Rayleigh 
ratio with vertically polarized incident and scattered light, R,, 
can be related to the weight-average molecular weight M, and 
the radius of gyration R, 

(1) 
where R, = [ (Zu-IV)/Zb]R~(n/ndZ; Zu, I,, andZb are the scattered 
intensities of solution, solvent, and benzene, respectively; Rb is 
the Rayleigh ratio of benzene; nand nb are the refractive indexes 
of solution and benzene, respectively; and H is an optical constant. 
In terms of measured intensities, we have 

Zh/(Zu - 1,) = tR~zn2/(HCMwn~2)1(1 + q2R,2/3) (2) 
Therefore, from a plot of Ib/(Zu - I,) versus q2, we get R, = 
[3(~lope)/(intercept)1'/~, which is independent of the refractive 
index increment (dnldc). 

In DLS experiments, the cumulants method was used to get 
the average line width, r.lo After extrapolation to zero scattering 
angle and infinite dilution, r / q2  can be related to the z-average 
translational diffusion coefficientll lim:" r/q2 = Doo. Then 
the hydrodynamic radius, Rh, can be obtain2 by using the Stokes- 
Einstein relation Rh = k~T/(67~&3') where kB is the Boltzmann 
constant, T is  the absolute temperature, and r) is the viscosity of 
the solvent. 

The refractive index of the mixed solvent as a function of the 
mole fraction of THF was calculated according to the Gladstone- 
Dale equation.l2 The viscosity of the mixed solvents is calculated 
to a first-order approximation by a linear addition of viscosity 
of each individual solvent. 

11.4. Small-Angle X-ray Scattering. The synchrotron 
SAXS experiment was performed at  the SUNY X3A2 beamline, 
National Synchrotron Light Source, Brookhaven National 
Laboratory,1&16 using a wavelength of 0.154 nm and a Braun 
linear position-sensitive detector. Desmearing was not necessary 
because we used a beam size of -0.1 X 1.5 mm2 at  the sample 
holder and a sample-to-detector distance of 1.37 m. 

A modified Kratky collimator could have achieved a lower q 
value of -0.03 nm-l at the SUNY X3A2 beamline. However, 
due to mirror deterioration at  the time of the present runs, the 
beam after mirror focusing exhibited a higher order vertical 
divergence than anticipated. We had difficulty getting the 
scattering angle down to - 1 mrad where parasitic SAXS intensity 
became appreciable and could not be reduced to anticipated levels. 
Therefore, another front slit was mounted 720 mm in front of the 
Kratky entrance slit in order to define a vertical source reference 
of the incident X-ray beam for the modified Kratky collimator. 
The front slit had a width of 2.0 f 0.3 mm. A vacuum pipe was 
installed between the front slit and the Kratky collimation system. 
By using this geometry, we were able to reach a scattering angle 
down to - 1 mrad, corresponding to a q value of -0.04 nm-1 for 
XO = 0.154 nm. The experiment duration for each SAXS curve 
was about 2 h each, for the solution and the solvent, respectively, 
except for the P4BCMU sample with M, = 1.2 X l@ and a 
concentration of 6 X 1od g/g in pure toluene, in which case 3-h 
(instead of 2-h) runs each were used for the solution and the 
solvent, respectively. At  concentrations of - 1 x 10-6 g/g only 
synchrotron SAXS measurements could yield a sufficient signal- 
to-noise ratio to render the analysis feasible. Similar concen- 
trations were used in laser light scattering and absorption 
experiments. 

111. Results and Discussion 

HCIR, ET l /Mw(l + q2R,2/3) 

Figure 1 shows the absorption spectra of P4BCMU (M, 
1.2 X l@) at  different weight percents of THF in the 
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Figure 1. Absorption spectra of P4BCMU (M, = 1.2 X 1@) in 
THF/toluene mixed solvent at different solvent composition. A 
is absorbance with magnitude displaced in order to reveal peak 
changes at  different weight percents of THF. C is the concen- 
tration of PIBCMU, =1 X 

THF/ toluene mixed-solvent system. The measurements 
were taken 10 days after the solution preparation in order 
to assure equilibrium of the aggregation process, if any. 
The absorption spectra are very similar to those of 
P4BCMU (M, = 2.4 X 106) in chloroform/toluene solvent 
mixtures.2 The peak at -450 nm remained relatively 
constant with increasing toluene content in the solvent 
mixture. However, the peak height a t  -540 nm increased 
markedly with increasing toluene content. The solution 
changed colors from yellow in pure THF, to orange in 
mixed solvents of THF/toluene, and finally to red in pure 
toluene, the color of the solid P4BCMU. An increase in 
amplitude at the 540-nm peak suggested that the conju- 
gation length had been increased; Le., the macromolec- 
ular chain has been straightened. 

The time dependence of the structural change is 
expressed in terms of the normalized ratio of peak 
amplitudes as shown in Figure 2. The equilibration process 
became faster with increasing toluene content. The change 
can be described by the Avrami equation,*6 an equation 
that can be used to describe the crystallization process of 
polymers in solution 

g/g. 

In [(Y,  - Y,)/(Y,  - Yo)] = -2t" (3) 
where Y = AM/Adm, with A being the  absorbance; 
subscripts m, t ,  and 0 denote time at m, t, and 0, 
respectively; and 2 and n are constants related to the 
changing mechanism. Equation 3 suggests that the 
structural change is very similar to a crystallization 
process.17 The values of n decrease with increasing toluene 
content as listed in the figure caption of Figure 2. 

The time dependence of excess scattered intensity of 
P4BCMU (M, = 2.4 X 106) in THF/toluenemixed solvent 
with XTHF = 36% and C = 1 X 10-6g/g, after extrapolation 
to the zero scattering angle, is shown in Figure 3. It 
suggested a trend similar to that observed in the absorption 
experiment. However, the constant n in eq 3 became 1.0, 
which was different from that listed in Figure 2, Le., n = 
0.43 from absorption measurement. One may imply that 
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Figure 2. Time dependence of the absorption peak at 540 nm 
for P4BCMU (M, = 1.2 X 1Oa) at different solvent composition. 
Y = Aw/Aw where AM and Am are, respectively, the absor- 
bance at 540 and 450 nm; YO, Yr, and Y. are values of Y at time 
0, t ,  and after solution preparation, respectively. C = 1 x 10-6 
g g: ( 0 )  X ~ F  = 20%. Least-squares fitting of the data gave a 

8 data points gave a slope of 0.26. (0)  X T H ~  = 29%. Least- 
squares fitting of the first 10 data points gave a slope of 0.27. (0) 
Xmp = 36%. Least-squares fitting of the first 16 data points 
gave a slope of 0.43. X ~ F  is the weight percent of THF in the 
mixed solvents. 

s { ope of 0.19. (V) XTHF = 25%, Least-squares fitting of the first 
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Figure 3. Time dependence of the scattered intensity of 
P4BCMU (M, = 2.4 X 106) in THF/toluene mixed solvent with 
X T H ~  = 36 % and C = 1 X 1od g/g: (0 )  Z is the scattered intensity 
with vertical polarization in the incident beam and the scattered 
beam. ZO, Zt, and Z. are values of Z (=Y) at time 0, t ,  y d  m after 
solution preparation, respectively. Least-squares fitting gave a 
slope of 1.0. 

absorption and scattering are observing different types of 
changes in the process, but further studies are suggested. 

The size of the aggregates, as characterized by the 
apparent R, and Rh values, is shown in Figure 4. In the 
initial process soon after solution preparation, R, and R h  
had approximately the same value, implying a very an- 
isotropic particle shape. As the aggregation process 
progressed, R h  remained essentially unchanged while R, 
showed a slight increase. Therefore, the Rg/Rh ratio 
increased with increasing time. Here we refer the R, and 
Rh values as apparent ones because the light scattering 
measurements were performed a t  finite concentrations, 
without extrapolation to infinite dilution. However, at  C - 1O-a g/g, the R,and R h  values should be fairly close to 
the values at  infinite dilution. Chu and Xu,'* considered 
the overall coil-to-rod aggregate transition as controlled 
by the slower aggregation process since the number of 
aggregates increased slowly while the size of the aggregates 
remained unchanged. 

By combining our experimental results from the ab- 
sorption spectrum, SLS and DLS, we can conclude that 
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Figure 4. Time dependence of the particle size of P4BCMU 
(M, = 2.4 X 1Oa) in THF/toluene mixed solvent with Xnrp = 
36% and C = 1 X 1od g g: (0) radius of gyration, R * (v) 
hydrodynamic radius, Rh. dothR,and R h  have estimated refjative 
uncertainties of - 10%. The uncertainties in R h  are higher than 
usual in view of the relatively short times available for the time- 
resolved DLS measurements. SLS measurements were per- 
formed from 0 = 15" to 0 = 135'. DLS measurementa were 
performed at 0 = 20°, 30°, 60°, and 90" in order to obtain Rh. No 
concentration extrapolation was performed. 

the molecular chains remain straightened even after the 
aggregate formation. The R,/Rh ratio changes could be 
interpreted according to a fringed micelle model of the 
aggregates, first proposed by Rawiso et al.Ig Once part of 
the molecular chain is straightened, an aggregate can form. 
However, this aggregate has a very condensed, ordered 
center associated with some flexible, unstraightened chains 
at  the end. While the flexible ends do not contribute as 
much as the condensed part to the R, value, it does 
contribute to the hydrodynamic radius, Rh. The end chains 
could get straightened later, get attached together, and 
become as condensed as the aggregated portion of the 
chain(& A few more molecules may then attach to the 
ends of the aggregate, giving rise to an increased R, value. 

Figure 5 shows the size of aggregates as a function of 
composition of the mixed solvent. In pure toluene the 
radius of gyration of the aggregates reached -260 nm. 
The size of aggregates decreased with decreasing toluene 
(poor solvent) content. Xu and Chu2 used a variety of 
models to fit their experimental data of P4BCMU (Mw = 
2.4 X 106) in a chloroform/toluene mixed-solvent system. 
They found that only rods could give reasonable fitting 
to the measured data. In the present article, different 
models were used to fit the LS data of R, and Rh. The LS 
data of P4BCMU in the THF/toluene mixed solvent also 
supported a rodlike structure. 

Synchrotron SAXS experiments in combination with 
SLS were used to investigate the P4BCMU structure in 
mixed solvents of different solvent composition. The 
excess scattered intensity for a system of particles can be 
expressed as 

I(q)  = ACMP(q) S(q)  (4) 

where A is a constant with different values for LS and 
SAXS, C and M are the concentration and molar mass of 
the particles, respectively, P(q) is the scattering form factor, 
and S(q)  is the structure factor. The form factor depends 
upon the shape, size, and q value. The structure factor 
becomes unimportant in the present analysis because our 
calculation based on the hard-sphere approximation gave 
the value of S(q)  = 1.0 with fluctuations below 1 % for the 
q range of both LS and SAXS, a t  very dilute solution 
concentrations. The polydispersity effect is also unim- 
portant because the CONTIN analysism of the autocorrela- 
tion function from dynamic laser light scattering of 
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For an elliptic cylinder with semiaxis a, 6, and length 
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Figure 5. Particle size of PIBCMU (M, = 1.2 X los) in THF/ 
toluene mixed solvent: (0) radius of gyration, R,; (v) hydro- 
dynamic radius, Rh. Both R,  and &, have estimated relative 
uncertainties of - 10%. 

P4BCMU in pure toluene and in mixed solvent with a 
high toluene content showed the aggregates to have very 
narrow size distributions. The variance was only 0.02- 
0.1. The constant A can be determined by using a reference 
standard for the absolute scattering intensity. In the 
present context, we are interested in the shape of the 
scattering curve in a log-log plot of I vs q. Thus the 
magnitude of A is no longer an issue. A traditional way 
to gain structural information is to compare the scattering 
curve with theoretically calculated form factors of scat- 
terers of assumed geometrical shapes. In order to make 
the computation, the scattering data from LS, for example, 
R,, Rh, and their ratio, can be used as the boundary 
conditions that the theoretical model must satisfy. 

In the paper? we proposed a preliminary aggregate 
structure consisting of an array of 1 row X 14 columns of 
individual P4BCMU polymer chains. The average ag- 
gregation number was -14 for P4BCMU with Mw = 2.4 
X lo6.' However, for the P4BCMU sample with Mw = 1.2 
X los, the average aggregation number is -360.' Thus, 
the old approach cannot be followed. Another problem 
involved with the approach used in the paper in ref 7 is 
that the average aggregate length is 900 nm while the 
average P4BCMU chain length is 2200 nm, which means 
that we have to assume some bending or folding geometry 
for the polymer chain. By taking into account the precision 
of our SAXS data, a model was constructed based on the 
assumption that the aggregate particle is homogeneous in 
density; Le., the electron density inside the particle is 
constant. Based on our LS data, the aggregate particle 
shape, at  least to the first-order approximation, is rodlike. 
Interparticle interference is negligible at  very dilute 
concentrations. Finally, the aggregates are essentially 
monodisperse as revealed by DLS measurements. 

The equations for the scattering form factor of different 
particle shapes can be obtained from Mittelbach'l and 
Kerker" and are expressed as follows. 

For a sphere with radius a 

P(q)  = Msin (sa) - qa cos (qa)1/(q3a3)I2 ( 5 )  

For a thin disk with radius a 

P(q)  = 2[1- BS,(2qa)/(qa)l/(q2a2) (6) 

with BS1 being the Bessell function of the first order. 
For a Gaussian coil with radius of gyration R, 

P(q)  = 2[exp(-q2R;) + q2R; - ll/(q'R;) (7) 

$Q = ( 2 / ~ ) ~ ' 4 { B S , ( [ q ' a '  COS' cp + q'b' sin' cp]"2))2/ 

[q'a' cos' cp + q'b' sin' cp] dcp 
8 is the angle between the long axis of the elliptic cylinder 
(also the 2 axis) and a vector A and cp is the angle 
between the X axis and the rojection of A onto the X-Y 

which specify the direction of the scattered and the incident 
beams. 

plane, where A = 1 - 10, with f and 10 being the unit vectors, 

For a parallelpiped with edge a, b, and length 1 

P(q)  = Jr/2$Qisin [(ql  cos e)/21/ 
[ (q l  cos 8)/2])'sin 8 d e  (9) 

where 

$6 = (2/*)C21sin [(qa COS cp)/21/ 

[(qa cos cp)/21121sin [ (qb  sin cp)/21/[(qb sin ~ ) / 2 1 1 ~  dv 
8 and cp are defined in the same way as in the elliptic 
cylinder geometry. 

For a wormlike chain with contour length L and 
persistence length p,  Hermans and Herman@ have derived 

P(q)  = 2b(Si(X) - (1 - cos x ) / x ) / ( L x )  + 2bS,2(x)(1- 
b(1 -sc/b)/[L(l -Y)lI/[LX2(1 - Y ) l  (10) 

with x = qb, b = 2p, y = sin ( q b ) / ( q b ) ,  and Si(u) = 
.&(sin t ) / t  dt. 

It should be noted that the model-fitting approach 
becomes much less practical and meaningful if (1) the 
scattering curve does not have very good precision and (2) 
the system has a broad size distribution that is not very 
precisely known." The scattering curves of different 
particle shapes usually show noticeable differences in the 
high-q range. However, in the same q range the excess 
scattered intensity could also drop dramatically, resulting 
in lower precision in the measured scattering pattern. This 
difficulty is further compounded by the size distribution 
of the system. We have calculated several scattering form 
factors for polydisperse systems. We note that, by 
adjusting the parameters in the polydisperse size distri- 
bution, we could get very similar scattering curves of fairly 
different particle shapes. For example, our computer 
calculation could demonstrate an overlap of the scattering 
patterns between a monodisperse ellipsoid of revolution 
and polydisperse spheres. Fortunately, the P4BCMU 
aggregates in poor solvent have a very narrow size 
distribution. Our calculation could show that the scat- 
tering form factor including the measured polydispersity 
effect became indistinguishable from the one without the 
polydispersity effect (for more details, see Appendix B). 
However, due to the relatively low precision of our SAXS 
data in the high-q range, even when a synchrotron X-ray 
source was used, the conclusion on the shape of the 
aggregates is only semiquantitative in nature. 

Figure 6 shows some of the theoretically calculated 
scattering curves of particles with different shapes but 
basically the same R, value. It can be seen that the most 
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Figure 6. Theoretical scattering form factors of (a) an elliptic 
cylinder with semiaxis a = 60 nm, b = 13 nm, and length 1 = 900 
nm (R, = 262 nm); (b) a parallelpiped with edge a = 120 nm, b 
= 26 nm, and 1 = 900 nm (R = 262 nm); (c) a circular cylinder 
with radius r = 60 nm, length 1 = 900 nm (R, = 263 nm); (d) a 
parallelpiped with edge a = b = 120 nm, 1 = 900 nm (R, = 264 
nm); (e) a Gaussian coil with R, = 260 nm; (f) a sphere with R, 
= 260 nm; (g) a disk with R, = 260 nm. 
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Figure 7. Theoretical scattering form factors of (a) an elliptic 
c linder with a = 50 nm, b = 5 nm, 1 = 900 nm (R, = 261 nm); (g) an elli tic cylinder with a = 50 nm, b = 7 nm, 1 = 900 nm (R 
= 261 nmr; (c) an elliptic cylinder with a = 50 nm, b = 9 nm, f 
= 900 nm (R = 261 nm); (d) an elliptic cylinder with a = 50 nm, 
b = 12 nm, f =  900 (R, = 261 nm); (e) an elliptic cylinder with 
a = 50 nm, b = 50 nm, I = 900 nm (R, = 262 nm); (0 14 parallel 
rods in a 1 row X 14 columns configuration, with the radius of 
each rod being 2 nm, the center-to-center distance being 7 nm, 
and the length 1 being 900 nm (R, = 261 nm). 

isometric particles give the steepest scattering curves. As 
the particles become anisotropic in shape, the scattering 
curves decay more slowly with increasing q. Another 
feature is that the difference in the triaxial ratio gives rise 
to the most obvious difference in the scattering curves in 
the SAXS q range, confirming why SAXS should be used 
to determine the detailed structure of the aggregates in 
the present case. Subsidiary maxima of the scattering 
curves are useful in distinguishing the particle shapes 
because of their strong dependence upon the particle shape. 
Unfortunately, at very dilute solution concentrations, the 
scattering curve could not yield a substantial number of 
maxima even with synchrotron SAXS. 

Figure 7 shows the dependence of the cross-section shape 
of the elliptic cylinders upon the scattering curves. All 
the particles have basically the same R,. The scattering 
curve decays faster with a more symmetrical cross-section 
of the scatterer. The scattering behaviors of a series of 
arrays of individual polymer chains with R, = 261 nm are 
shown in Figure 8. 

Figure 9 shows the composite excess scattered intensity 
of P4BCMU (M., = 2.4 X 108 and denoted by hollow 
squares) in pure toluene, together with the theoretically 
calculated scattering form factor (solid line) of an elliptic 
cylinder with semiaxis a = 50 nm, 6 = 9 nm, and length 

.A 0.10 

a 10-2 
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Figure 8. Theoretical scattering form factors of (a) 14 parallel 
rods in an array of 1 row X 14 columns, with the diameter of each 
rod being 4 nm and the center-to-center distance being 7 nm; (b) 
14 parallel rods in an array of 2 row8 X 7 columns, with the 
diameter of each rod being 8nm and the center-to-center distance 
being 15 nm; (c) 15 parallel rods in an array of 3 row X 5 columne, 
with the diameter of each rod being 8 nm and the center-to- 
center distance being 20 nm; (d) one rod with a diameter of 120 
nm. In all cases, the length is 900 nm, and the R, values are 261 
nm. 
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Figure 9. Composite scattering pattern of P4BCMU (M, = 2.4 
X 1@) in pure toluene with C = 6 X 1od g/g: (V) LS. (0) SAXS. 
( 0 )  SAXS published in ref 7. Solid line: form factor of an elliptic 
cylinder with a = 50 nm, b = 9 nm, and 1 = 900 nm, yielding R, 
= 261 nm. Dashed line: form factor of 14 parallel rods in an 
array of 1 row X 14 columns, with the diameter of each rod being 
4 nm, the center-to-center distance being 7 nm, and the length 
being 900 nm, yielding R, = 261 nm. It should be noted that the 
SAXS data (0)  fluctuated more than the publiehed SAXS data 
( 0 )  mainly because we did not spend sufficient time to accumulate 
the necessary photon counta due to limited synchrotron time 
assigned. 
1 = 900 nm (yielding R, = 261 nm from the equation R 
= [(a2 + b2)/4 + P/12]1/2). The experimental LS and 
SAXS data have been shifted vertically in order to compare 
them with the theoretical form factor. Such shifts do not 
change the shape of the scattering curve; Le., only constant 
A in eq 4 was adjusted for LS and SAXS data. In 
comparison with our composite experimental data, most 
of the models could be excluded immediately; for example, 
a sphere, disk, coil, circular rod, and parallelpiped with a 
square cross-section do not fit our scattering data. It then 
becomes necessary to consider the p d b i l i t y  that the crow- 
section of the particle is not isometric. Both an elliptic 
cylinder and a parallelpiped with unsymmetrical cross- 
sections showed reasonable fitting to our composite data. 
The discussions will be based on the analysis of elliptic 
cylinders. Uncertainties of the signal-to-noise ratio yield 
a:b:lratiosof (5.6& 1.5):1:(100& 30)fortheellipticcylinder. 
The uncertainty range comes from the data uncertainty, 
which will be discussed in Appendix A. 

In Figure 9, the SAXS data from a previous paper' are 
shown as diamonds. The difference between the 1 X 14 
array and the elliptic cylinder is amplified a t  the high-q 
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Figure 10. Composite scatterin pattern of P4BCMU (M, = 
1.2 X 106) in pure toluene with E =  6 X 1o-B g/g: (V) LS. ((3) 
SAXS. 'I" denotes experimental error bars based on a detailed 
error analysis as discussed in Appendix A. Solid line: form 
factor of an elliptic cylinder with a = 60 nm, b = 11 nm, and 1 
= 900 nm, yielding RE = 262 nm. 
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Figure 11. Composite scattering pattern of P4BCMU (M, = 
1.2 X 106) in THF/toluene mixed solvent with X T H ~  = 36% and 
C = 6 X lP g/g. (v) LS. (0) SAXS. Solid line: form factor 
of an elliptic cylinder with a = 35 nm, b = 6 nm, and 1 = 700 nm, 
yielding R, = 203 nm. 

range. Due to the shorter q range of the preliminary 
synchrotron SAXS data reported earlier? the elliptic 
cylinder and 1 X 14 array were indistinguishable. The 
new data covering a broader q range prefer the elliptic 
cylinder structure. 

In order to reach a more decisive conclusion about the 
P4BCMU (M, = 1.2 X 106) structure in pure toluene, up 
to 6 h of accumulation time in combination with a newly 
injected synchrotron beam was used for the SAXS curve. 
Figure 10 shows a composite excess scattering pattern of 
P4BCMU (M, = 1.2 X 106 and C = 6 X lo4 g/g) in pure 
toluene with a theoretical scattering curve of an elliptic 
cylinder having a = 60 nm, b = 11 nm, and 1 = 900 nm 
(yielding R, = 262 nm). The structure of the aggregates 
can be represented by an elliptic cylinder with a:b:l = (5.5 
f 0.5):1:(100 f 10). Although the P4BCMU (M, = 1.2 X 
106) has a weight-average molecular weight that is 20 times 
smaller than the higher molecular weight P4BCMU sample 
(M, = 2.4 X 1@), the structure of aggregates has almost 
identical shape and dimension. In addition, the size of 
the aggregates at  different concentrations was estimated 
to remain basically constant a t  very dilute P4BCMU 
concentrations. R, = 260 f 10 nm from 1 X to 7 X 
lo-' g/g, indicating negligible intermolecular interactions 
among the aggregates. 

Figure 11 shows a composite excess scattering intensity 
of P4BCMU (M, = 1.2 X 105) in a THF/toluene mixed 
solvent with wt  '% THF = 36%. The theoretically 
calculated scattering pattern for an elliptic cylinder with 
a = 35 nm, 6 = 6 nm, and 1 = 700 nm (yielding R = 203 
nm) is denoted by a solid line in Figure 11. a:b:&= (6.0 

a 
L 0 . 1 0  
a 
v 

H 

10-2 
3 ~ 1 0 - ~   IO-^ 0 . 1 0  0 . 6 0  

q (nm-9 
Figure 12. Plot of Z(q)  for P4BCMU (M, = 1.2 X 1V) in pure 
THF with C = 6 X lo-' g/g: (v) measured data from LS. Solid 
line: form factor of a wormlike chain with RE = 31.2 nm (from 
LS), contour length L = 120.0 nm (from M,, Mo, and segment 
length), and persistence length p = 16 nm (from ref 2). 
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Figure 13. Plot of SANS data ((3) of P4BCMU (M, = 4.32 X 
104) in deuterated toluene at 40.5 O C  with C = 5.4 X lo4 g/g, 
obtained from Rawiso et al.= Solid line denotes a theoretically 
calculated scattering curve of an elliptic cylinder with a = 50 nm, 
b = 9 nm, and 1 = 900 nm (yielding R, = 261 nm). 

f 1.5):1:(120 f 40). It is interesting to note that, although 
the particle size in the mixed solvent is smaller when 
compared with that in pure toluene, the triaxial ratioa:b:l 
of P4BCMU aggregates is almost identical, Le., the 
aggregates have similar shapes. 

The structure of P4BCMU in a good solvent has been 
found to be wormlike Figure 12 shows a comparison 
of LS data of P4BCMU (M, = 1.2 X lo6) in pure THF, 
with the theoretically calculated scattering curve of a 
wormlike chain29 having a contour length L of 120.0 nm 
(from M,, MO = 508, and segment length = 0.48 nm), a 
persistence length p of 16.0 nm, and R, = 31.2 nm. The 
R,/& ratio from LS is 1.52. This is a typical value for 
coils. A R,/Rh ratio of 1.48 was found when chloroform 
was used as a good solvent for the same P4BCMU sample. 
Unfortunately, a t  C = 6 X lo-" g/g, the excess SAXS 
intensity was less than 100 counts after a total of 4 h of 
accumulation time. 

Figure 13 shows the small-angle neutron scattering 
(SANS) datal9 of P4BCMU (M, = 4.32 X 10') in deu- 
terated toluene at  40.5 OC, and the same (as in Figure 9) 
theoretically calculated scattering curve for an elliptic 
cylinder having a = 50 nm, b = 9 nm, and 1 = 900 nm 
(yielding R, = 261 nm). It should be noted that the 
concentration used by Rawiso et al.19 is much higher, -5.4 
X lo-" g/g, when compared with our 6 X lo* g/g. By 
assuming P4BCMU aggregates in pure toluene to be 
comparable in size even when these aggregates were 
prepared from P4BCMU samples of different molecular 
weight, their concentration was above the estimated 
overlap concentration of the aggregates with C* = 2 X lo-" 
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lation time t, the sample thickness d, and the absorption 
coefficient p6 

I - f,d exp(-pd) (A.1) 
whereIo= &lo(t) dt. Bytaking intoaccount of thedetector 
nonlinearity and dark count, the excess scattered intensity, 
I,,, for the polymer solute can be expressed by 

I,, = (I, - Id)Lci,,-' exp(p,d,)fo,,' - ( I b  - Id)Ldbf x 

where the subscripts s and b denote solution and solvent, 
respectively. I d  is the detector dark count, and L is a 
calibrated detector nonlinearity factor. 

The dark count of a Braun linear position-sensitive 
detector (LPSD) is negligible. Since the P4BCMU samples 
did not contain heavy atoms and the concentration used 
was very dilute with C - 6 X 10" g/g, the absorption 
coefficients (p) for the solution and the solvent are assumed 
to be the same. The same sample cell was used for both 
the solution and the solvent experiments. Therefore, d, 
E db. It is further assumed that the fluctuations of I, and 
I b  obey the Poisson distribution. The relative error in Iex 
is therefore24 

eXpbbdb)fO,b-' (A.2) 

u(I,,)/Iex E ((I, + Ib)  + (1; + It)[g2(L) Lc-2 + 
a2(d) d-2 + a2(lo) 1[211'/2/I,x (A.3) 

Both the detector nonlinearity correction factor and 10 
have relative errors of - 5 % .  The relative error for the 
thickness is - 10 % . Thus we have 

~ ( ~ , , ) / ~ , x  E ((I, + I b )  + 0.015(1; + It)]1'2/Iex 
e (21, + 0.031~]"2/Ie, (A.4) 

Four data points were averaged; therefore, we have 

u ( ~ ~ , ) / ~ , ,  E (21, + 0.031~~'/2/(1e,(4 - 1)'12] (A.5) 
Based on the above consideration, the relative error for 
the best SAXS data in Figure 10 could be as large as 1, 
which would make the conclusion less definitive. 

Alternatively, at a high enough q range, the scattered 
intensity of the solution and that of the solvent may be 
assumed to become identical; then a different way as has 
been used successfully by Hilfiker, Wu, and Chu2S to 
analyze the SAXS data of a block copolymer system can 
be used. From eq 8, together with the above discussion 

I,, = 1, - c l b  (A.6) 
where 

c = {(d,/db)(T0,8/I0,b) expbbdb - pgd,) 

and 

U(I,,)/Ie, (1, + c21b + 12t72(C)]'/2 (A.7) 
Instead of calculating the correction parameter c, we 

assumed Zex = 0 over a q range from 0.65 to 0.8 nm-1 and 
then calculated the c parameter from the SAXS curves of 
the solution and the solvent. A total of 20 data points was 
used to obtain an average value for c. Thus, the relative 
error for c was further reduced by a factor of (20 - l ) l / 2 .  
The relative error for IeX calculated this way was -5% at 
q = 0.05 nm-l and -50% at q = 0.3 nm-l as shown in the 
upper right corner of Figure 10. The relative error is de- 
pendent upon the excess scattered intensity and therefore 
upon q. The relative errors for all other SAXS data have 
higher values due to the lower excess scattered intensity 
(by a factor of -3). All the SAXS results were analyzed 
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Figure 14. Theoretical scattering form factors of (a) an elliptic 
cylinder with a = 60 nm, b = 11 nm, and I = 900 nm (R, = 262 
nm); (b) elliptic cylinders with polydispersity being considered 
based on the DLS and CONTIN analysis (the variance ( p Z / P )  = 
0.014. The detailed G(r) distribution will be published separately 
in the future); (c) elliptic cylinders with polydispersity 3 times 
broader than the experimental result; (d) elliptic cylinders with 
polydispersity 5 times broader than the experimental result. Note 
that curves a and b almost overlap, indicating that the poly- 
dispersity effect is not a problem for this system. 

g/mL = 2.3 X lo4 g/g even though the molecular weight 
they used was much lower than ours. These variations 
could be responsible for the minor discrepancy between 
the model and the SANS experimental result. If we still 
use an elliptic cylinder to fit their data, the cross-section 
would be more unsymmetrical. 

IV. Conclusion 
The aggregation behavior of the P4BCMU chain upon 

addition of poor solvent toluene into THF solution can be 
approximately described by the well-known Avrami equa- 
tion. The time dependence properties as observed by LS 
are similar to those in a mixed solvent of chloroform/ 
toluene.18 The size of the aggregates is dependent upon 
the mixed-solvent composition. A composite LS and 
SAXS scattering pattern could be compared with the 
theoretically calculated scattering behavior of several 
models, showing that in pure toluene the aggregates from 
P4BCMU samples with different molecular weight could 
have comparable size and shape, and in a mixed solvent 
with XTHF = 36 % , the aggregates became smaller but still 
had approximately the same shape. The shape of the 
aggregates could be described by elliptic cylinders with an 
unsymmetrical cross-section. 
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Appendix A SAXS Error Analysis 
The SAXS data a t  dilute-solution concentrations often 

have a low signal-to-noise ratio. A detailed error analysis 
is useful when we compared the experimental scattering 
pattern with theoretical models. As LS has a much higher 
precision than SAXS, the following error analysis is based 
on the SAXS data only. 

The SAXS intensity is proportional to the primary 
incident intensity I&) (noting that the incident synchro- 
tron X-ray intensity decreases with time), the accumu- 
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this way and the effects included in the discussion on the 
shape of the P4BCMU aggregates. 

Appendix B: Effect of Polydispersity on the 
Scattering Form Factor 

can be expressed by 

I ( q )  = ACFw(M) MP(M,q) S(M,q)/cFw(M) 

For a polydisperse system, the excess scattered intensity 

(B.1) 
where Fw(M) is the weight-average molecular distribution 
function on the M scale. We need Fw(M) to calculate I (q) .  

The approximate molar mass distribution of the 
P4BCMU aggregates in pure toluene was calculated 
following the method described by Wu et alaM because we 
have two aggregate systems in pure toluene from the two 
P4BCMU samples with different molecular weights. It is 
then assumed that, for the aggregates with different molar 
masses, the size is different, but the a:b:l ratio remains 
unchanged. Assuming the aggregates with molar mass Mj 
have size parameters ai, bi, and li with volume Vj aaibili, 
the aggregates with molar mass M, have size parameters 
UUi, vbi, and U l i  with V, = *uaivbidi = $Vi; then the molar 
mass distribution Fw(M) can be transformed to Fw(v) with 
u3 = M/Mi .  From Fw(u) the distribution of (a,b,l) can be 
calculated, and eq 9 could be used to calculate the 
scattering form factor of this polydisperse system. In 
Figure 14, we can see that our P4BCMU aggregates have 
little polydispersity effect on the scattering form factor. 
In order to take into account all the approximations and 
assumptions we made, we intentionally enlarged the size 
distribution by a factor of 3 and 5, respectively. From 
this analysis we can confidently see that the polydisper- 
sity effect does not play an observable role in the deter- 
mination of the aggregate structure. 
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