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ABSTRACT: The dynamics of polystyrene (PS)-block-poly(methy1 methacrylate) (PMMA) in the semidilute 
solution region was studied by dynamic light scattering measurements made on the benzene solutions of 
polymer mass concentration c = 0.844c*-2.00c* at 30 “C. The dynamic structure factor observed for the 
visible PS parts was expressed at all c and in 0.13 < qRG < 1.54 by the sum of two or three exponential8 whose 
decay rates rj were separated distinctly from each other. For the slow mode of the smallest I’ values, r was 
proportional to q2 and the motion was assigned to the center-of-mass (or the longtime) diffusion motion of 
a single block chain in a pregel state, but the diffusion coefficient showed a change in its c dependence from 
c-1 to c-lJ6with increasing c. For the medium mode, I’ was also proportional to q2  and the diffusion coefficient 
value was about 4 times larger than that of the slow mode. This feature allowed us to assign this motion 
to be a cooperative diffusion of the PS concentration blob (the size b), but the c dependence of D,,ps a 
c-l at higher c was found to disagree with the scaling prediction in a good solvent, D,, a cO.‘~. The fast mode 
of the largest r values was independent of c but the r values showed a q 2  dependence at (qRd2 < 1.2 and 
a q M  dependence at (qRd2  > 1.3. These behaviors indicated that the former represents the relative motion 
of PS parts with respect to PMMA parts and the latter the Rouse dynamics, and totally the interdiffusion 
motion. In addition, there were some indications of the coupling between the cooperative diffusion and 
interdiffusions. The first cumulant r, which shows the short-time behavior of the chain, was found to exhibit 
a clear transition from a rough qz dependence to a q4 dependence at q[H N 0.6. This means that even in a 
good solvent the internal motion of the diblock chain in the semidilute region can be represented by Rouse 
dynamics at qh 1 0.6. 

Introduction 
The dynamics of a solution consisting of an A-B diblock 

copolymer in a solvent has features different from that of 
a ternary mixture composed of two homopolymers and a 
solvent and has recently been paid special attention. The 
reason is that in the A-B diblock copolymer solution the 
relative motion of subchains A and B involves the internal 
motions of the entire copolymer chains, the difference in 
the relaxation times of the internal and external motions 
of the chain being in need of a clear understanding of a 
concept on the short-time and long-time behavior of the 
chain. The dynamic light scattering (DLS) method of 
experiments can be suited in general for investigating such 
chain dynamics. Frequently in this case, the solvent has 
been chosen to be isorefractive with one of the subchains. 
The dynamics is then driven by the “visible” subchain 
part, which makes the interpretation easier. 

Polystyrene (PS)-block-poly(methy1 methacrylate) 
(PMMA) in benzene, part 1 in this series,’ is an example 
of a few such systems studied for dilute solutions of A-B 
diblock copolymers. Benzene was used as a good solvent 
for both PS and PMMA subchains and was isorefractive 
with PMMA. Two dynamical modes of motion have been 
observed in this system and these two modes have been 
discussed in detail in view of the above-mentioned special 
concept indispensable for diblock copolymer chains of 
nature. For semidilute solutions of A-B diblock copol- 
ymers, on the other hand, PS-block-PMMA in toluene,2J 
PSbZock-polyisoprene (PIP) in 1,l-diphenylethylene: and 
PS-block-PIP in toluene6 have been experimentally stud- 
iedwiththepolymer rnassconcentrations5~*,2 1.6c*,S (1.1- 
7.5)c*,4 and (2.5-3)c*p with c* the overlapping polymer 
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concentration. The solvents used were good for both 
subchain parts and were isorefractive with a part of the 
subchah2”’ These experiments have shown that there 
are two modes of motion in semidilute diblock copolymer 
solutions. The observed intermediate scattering function, 
Le., the dynamic structure factor S(q,t) at time t and the 
magnitude of the scattering vector q (=lql), has been found 
to be represented by a superposition of two exponentials: 

The observed two modes have been suggested to be 
identified as the cooperative diffusion (a slow motion) and 
interdiffusion (a fast motion) processes of the pseudonet- 
work formed by the diblock chains in solution, and the 
observed relaxation frequencies and I” have been related 
to the diffusion coefficients characterizing these processes, 
although some confusion has been detected in the mag- 
nitudes of these two modes.- In the interpretation of 
these modes, the authors in refs 2-5 have referred to the 
normal modes of motion which have appeared in a theory 
of the dynamics of diblock copolymers in a solvent! as 
described below. This theory was derived first by Ben- 
mouna et al.? where they have been extending to a block 
copolymer solution system the theory of a solution of two 
homopolymer mixtures7 by using both the linear response 
theory to calculate the mobilities without including 
hydrodynamic interactions and the random phase ap- 
proximation (RPA) to calculate the static structure factor 
S(q). Allowing the two subchain parts A and B in A-B 
diblock copolymers to be the two polymer components in 
the system, Benmouna et al.e have shown that S(q,t) in 
any ternary mixture consisting of two polymers and a 
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Table 1. Static Characteristics of the PS-PMMA Diblock 
Copolymer, BMMJ13, in Bencene at 30.0 OC and the Solvent, 

Benzene. at 30 OC and at 488 nm. e- 
e=120° I 0=120° I 

- -1 2 4 - 
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I I I l l l l l  I 

~~ ~ 

polymer styrene l(rA2, 10l2As, RG, 
code content, w t  % W M n  mol cm3 g 2  mol cmSg-3 nm 

BMM313 38.5 1.53 1.67 -1.12 41.0 

I I I l l  

dnldc, cm3 g1 
solvent n o  PS PMMA BMM313 
benzene 1.5060 0.1105 0.0003 0.0427 
a Part 1 in this series. 

solvent is expressed as a sum of two exponential normal 
modes (bimodal relaxation), 

with hi and Ai the relaxation frequency (the relaxation 
decay rate) and the fractional amplitude of the normal 
mode i, respectively; the expression of eq 2 is exactly the 
same as the earlier one for binary polymer solutions which 
has been derived from the general theory of multicom- 
ponent systems by Akcasu et al.8 Experimental results in 
refs 2-5 have thus indicated the validity of this simple 
two-mode theory and suggested the identification of the 
theoretical normal modes with the experimentally ob- 
served two modes of motion in the semidilute diblock 
copolymer solutions. 

Very recently, however, Akcasu et al.v30 have theoret- 
ically shown that S(q,t) in an A-B diblock copolymer 
solution can be represented by two normal modes only in 
the short-time (t - 0) and Markoff limita, as described 
already, but that the two modes cannot be identified in 
general as the cooperative diffusion and interdiffusion 
procesm; t h e n o d m o d e s  are independent of eachother, 
but the cooperative diffusion and interdiffusion modes 
are in general coupled statistically, and the former and 
the latter modea can be identified with each other only 
when A and B subchains are identical and be distinguished 
from each other only by the labeling. Here the Markoff 
limit can be met by letting q - 0 and t - Q) but keeping 
q2t fixed. 

In this work, we investigate through DLS the details of 
these dynamicalmodes of motion in the semidilute solution 
of diblock copolymers by using a system of a PS-PMMA 
diblockcopolymer in benzene, a good solvent for both PS 
and PMMA that is isorefractive with PMMA. We intend 
to make clear the short-time and long-time behavior of 
the diblock chain and to discuss the questions about the 
number of dynamical modes existing in semidilute solu- 
tions of the diblock copolymer, the concentration and q 
dependences of these modes, and the identification of these 
modes as the theoretical normal modes or as the coop- 
erative diffusion and interdiffusion processes. 

Experimental Section 
Polymer S a ~ ~ p b ,  Characterization, and Solvent. A poly- 

styrene (PSI-poly(methy1 methacrylate) (PMMA) diblock co- 
polymer was anionically prepared as described in part 1 of this 
series.' The sample, coded as BMM313, was characterized 
previously1 by static light scattering and GPC, ea listed in Table 
1. The table ahowe that the sample has a narrow molecular weight 
distribution. Benzene, a solvent used, was of spectrograde one 
and ita purity was ascertained by checking the refractive index 

= 1.5060 
at 488 nm and 30 "C, and the viscosity )I~ = 5.621 X 1O-a g cm-1 
8-1 at 30 OC. As mentioned previously,l benzene is a good solvent 
with both PS and PMMA and is isorefractive with PMMA at 
30.0 "C for a 488-nm line of an argon-ion laser (Table 1). 

at 30.0 O C  inaPulfrichrefractometer (Shimadzu): 

1 o-6 

c 
I 
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I 1 o - ~  gcm-3 

Figure 1. Typical q and c dependences of the mean decay rate 
ri(q,c) for the two or three modes of motion, i = lA, 3, and 4, for 
semidilute solutions of the PS-PMMA diblock copolymer in 
benzene at 30 "C shown to the right-hand side of a vertical chain 
line. The I'Jq2 behavior at qRG << 1 and qRa > 1 is represented 
by the curves at the scattering angles B = 30 and 120°, respectively. 
The left-hand side of the vertical chain line indi- the dilute 
solution region (previous work), where modes 1 and 2 have been 
detected. 

Therefore, PMMA subchains of the diblock copolymer BMM313 
are masked optically in the present polymer-aolvent system at  
30.0 "C. 

Dynamic Light Scattering. Measurements were made for 
benzene solutions at 30.0 OC on our laboratory-made time interval 
software correlator of 612 channels. Homodyne time correlation 
functions A(t )  of vertically polarhedwattered-light intensities 
for the visible PS parts were measured at  six different angles 
from 10 to 150' with a vertically polarized light of a single- 
frequency 488-nm line emitted trom ap etalon-equipped 3-W 
argon-ion laser (Spectra Physics). The details and accuracy of 
the data acquisition have been described elsewhere.' Six sample 
solutions were prepared in the range of polymer mass concen- 
tration (2.06-4.88) X 109 g cm4, which corresponds to 0.844~"- 
2.00c*, with c* (=[)I]-' = 2.44 X 1W g cm4)' the overlapping 
polymer mass concentration, by fibring a given copolpner 
sohtionand a solvent into light scattering cells throughMillipore 
filters with pore sizea of 0.6 and 0.2 pm, respectively. Theae 
solutions were left for more than 1 week at ca. 30 O C  just prior 
to measurement. The A(t )  profiles measured were analyzed 
through the histogram method, as described in detail in part 1;' 
the normalized scattered-field correlation function for thevieible 
PS part, g(l)( t),  was expressed by two or three exponential modes, 
which were separated distinctly, as 

Here the characteristic decay rate or the relaxation frequency I'i 
of mode i was given by an average of I' values over the I' 
distribution on the ith histogram. The fractional amplitude uj 
for mode i and the r distribution G(r) over all the mod- help 
to express the f i t  cumulant re as re = p G ( r )  d r  = ZicriI'j. 
In eq 3, SA(q,t) and S&) are the dynamic and static structure 
factors, respectively, for the visible PS subchains. With this 
g(')(t) function, A ( t )  is expressed as A(t) = &(l)(t)(a + 1 + 6. j3 
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Table 2. Dynamic Characterirtics of the PS-PMMA Diblock Copolymer, BMM313, in Benzene at 30.0 "C* 
9 = loo 9 = 30° e = w  e = w o  9 = 120° e = 1500 9+00 

= 0.139 qRc 0.412 = 0.795 qRG = 1.13 q& 1.38 qRG = 1.54 qRG 0 

1.20 
4.05 
1.43 
0.92 

0.930 
3.73 
1.42 
0.83 

0.777 
2.90 
4.28 
1.42 
0.80 
0.02 

0.746 
2.51 
4.61 
1.40 
0.77 
0.02 

0.511 
2.01 
4.50 
1.40 
0.73 
0.07 

0.412 
1.78 
4.85 
1.30 
0.68 
0.11 

1.21 
4.41 
1.62 
0.89 

0.932 
3.72 
1.59 
0.76 

0.790 
2.90 
3.99 
1.53 

0.10 

0.755 
2.49 
3.92 
1.52 
0.70 
0.11 

0.500 
2.07 
3.91 
1.51 
0.64 
0.18 

0.396 
1.82 
4.01 
1.40 
0.57 
0.22 

0.726 

c = 2.06 x 10-9 g cm" 
1.20 1.20 
4.54 5.08 
1.78 1.90 
0.86 0.835 

c = 2.72 x 10-9 g cm-9 
0.908 0.927 
3.75 3.74 
1.79 1.88 
0.70 0.66 

0.802 0.797 
2.74 2.65 
5.00 4.78 
1.73 1.79 
0.64 0.58 
0.23 0.29 

c = 3.09 x 10-9 g cm-3 

c = 3.47 x 10-9 g cm-3 
0.741 0.754 
2.53 2.48 
4.77 4.68 
1.73 1.72 
0.60 0.56 
0.31 0.34 

c = 4.04 x 10-9 g cm-3 
0.499 0.500 
2.05 1.91 
4.61 4.24 
1.60 1.63 
0.52 0.45 
0.34 0.40 

0.399 0.426 
1.80 1.82 
4.49 4.34 
1.48 1.53 
0.46 0.40 
0.42 0.47 

c = 4.88 x 10-9 gcm-9 

1.22 
5.22 
2.08 
0.81 

0.923 
3.73 
1.96 
0.64 

0.822 
2.97 

1.94 
0.56 
0.39 

10.1~ 

0.748 
2.51 

10.48 
2.04 
0.48 
0.45 

0.502 
2.01 

lo& 
2.12 
0.40 
0.54 

0.406 
1.87 

10.54 
2.35 
0.35 
0.59 

1.22 
5.32 
2.11 
0.78 

0.924 
3.70 
2.06 
0.60 

0.814 
2.97 

10.44 
2.08 
0.55 
0.41 

0.764 
2.66 

10.14 
2.16 
0.47 
0.49 

0.500 
1.93 

10.2s 
2.27 
0.39 
0.57 

0.416 
1.83 

10.59 
2.41 
0.33 
0.636 

1.21 (DID0 = 1.07)'' 
4.05 ([H = 9.73 n m ) c  

0.924 (DIDO = 0.818) 
3.73 ([H = 10.56 nm) 

0.800 (DID0 = 0.708) 
2.85 ([H = 13.8 nm) 
4.51 (9  = 10-90O) 

0.751 (DIDO 0.665) 
2.50 ([H 15.7 nm) 
4.49 (e = 10-900) 

0.404 (DID0 0.358) 
1.82 ([H = 21.6 nm) 
4.42 (e = 10-900) 

0 ru, I'3, and I'4 are mean decay rates of slow mode lA, medium mode 3, and fast mode 4, respectively, and re is the f i i t  cumulant. ai 
is the fractional amplitude for mode i (l'Jq2 and rdq* are given in units of 10-7 cm2 s-l). b DO = 1.13 X 10-7 cma 8-1, the translational diffusion 
coefficient at infiiite dilution estimated in the dilute regi0n.l 4~ is the blob size of the PS part. a u  + ag = 1.0 for c = 2.06 x 1 e 2 . 7 2  x 
10-9 g cm-3 (the case of two modes), and a1A + a3 + a4 = 1.0 for c = 3.09 x 109-4.88 x 10-9 g cm" (the case of three modes). 

and 6 are the factors depending on experimental conditions and 
represent the spatial coherent condition and the deviation of the 
A( t )  baaeliie from 1.O00, reapectively; these values were main- 
tained at 0.4 < i3 < 1 and IS( I 0.003 in the present experiments. 

Results and Discussion 
Three Modes of Motion. The time correlation function 

A(t )  measured for the present PS-block-PMMA-benzene 
solutions, which reflects the chain dynamics of the visible 
PS part, was represented at all q and c by two- or three- 
mode exponentials whose decay rates ri were separated 
distinctly from each other. Typical results obtained on 
the q and c dependences of ri(q,c) are presented in Figure 
1. Here the decay rates divided by the squared scattered 
vector, I'i(q,c)/q2, are demonstrated logarithmically as a 
function of the concentration c for mode i (i = 2-3) at two 
scattering angles B = 30 and 120O. The I'i/q2 values at 30 
and 120° thus represent typically the chain dynamics at 
( q R d 2  << 1 and (QRG)' > 1, respectively, with RG the root- 
mean-square radius of gyration of the diblock chain. The 
behavior of I'i/q2 in Figure 1 can be divided into two parts 
by a vertical chain line around c = 1.9 X 1o-S g cm-3. The 
right-hand region at c 1 2.06 X 109 g cm3 (=O.Wc*) is 
the case we are at present dealing with as the semidilute 
solutions. Meanwhile the left-hand region at c I 1.60 X 

l t3 g cm3 (=0.657c*) is the dilute solution region and has 
been discussed already in part 1 of this series, where two 
modes denotad as modes 1 and 2 have been deteded. Figure 
1 shows that, at four higher different concentrations c = 
3.09,3.47,4.04, and 4.88 X 1o-S g cm4 (1.27c*-2.00~*) in 
the semidilute region, three modes of motion appear. We 
denote them as mode 1A (slow mode), mode 3 (medium 
mode), and mode 4 (fast mode) in the order of relaxation 
speed of motion. At two lower concentrations c = 2.06 
and2.72X 1~gcm3(0.844c*andl.llc*)inthesemidilute 
region, on the other hand, only two modes of motion are 
observed The slower mode of small r/q2 values can be 
connected with mode 1 of the dilute solution region, while 
the faster mode of large r/q2 values seems to be in the 
position extending from mode 2 of the dilute solution region 
to mode 3. The former thus includes mode lA, while the 
latter is treated at present as mode 3. These two modes 
cannot completely be treated as the dilute solution 
behavior in view of their drastic downward departure in 
the I'i/q2 vs c plots from the linear l'i/q"c relation which 
is characteristic of the dilute solution region. Therefore 
these two modes at lower c in the semidilute region are 
regarded as transient modes appearing in a transition 
region between the dilute solution and higher-c semidilute 
solution states. 



1802 Tsunashima and Kawamata 

- 
'VI 
hl 

Macromolecules, Vol. 27, No. 7, 1994 

L 

2 3 2  
1) 0 n h r, 

0 u - 

c/13-3gcm3 

2.06 
0 1.2 c U 0 

0.4 

4.04 
1) c 

u " " " 
4.88 

'2 " ,-. 0 
U " 

hl 9 n 0 
0 " LJ 

341 
U 
Q .- 

L I 

i 

0 0.5q2,,011 cm-2 1 .o 1.5 

Figure 2. Mean decay rate of the slow mode lA, r lA(q,C) /q2,  
plotted against q2 for semidilute solutions of the PS-PMMA 
diblock copolymer in benzene at 30 "C at six concentrations c 
ranging from 2.06 X 103 to 4.88 X 109 g cma. 

The behavior at 8 = 30 and 120' expresses the diblock 
chain dynamics at (qRd2  << 1 and (QRG)' > 1, respectively, 
as described above. Figure 1 thus indicates that in the 
semidilute region the slower two modes having r1A/q2 and 
I'3/q2 values are independent of q and are of strong c 
dependence, while the fastest mode having rJq2 values 
depends strongly on q but does not depend on c. The 
detailed results on the q and c dependences of these decay 
rates ri and the first cumulant re are summarized in Table 
2 and are discussed fully in the following sections. 

Slow Mode. Figure 2 shows plots of r(q,c)/q2 vs q 2  at 
six different concentrations c obtained for the slowest mode 
1A of the semidilute solutions of PS-PMMA in benzene. 
The c values are given by 2.06-4.88 ( X W  g cm-9 indicated 
beside the data points. As is clearly shown in the figure, 
the rlA(q,C)/q2 values are constant over all q at a fixed c, 
that is, rlA is proportional to q2 at a given c in the range 
0.13 < QRG < 1.54. This means that mode 1A represents 
a diffusion motion and that the average value of rlA(Q,C)/ 
q2 over six different q gives the value at q - 0, i.e., a 
long-time diffusion coefficient at finite c; D~A(c) = [rlA- 
( q , c ) / q 2 1 ~  It should also be noted, as shown in Pigure 
1, that this D1A(C) value fdows the [I'1(q,c)/q21q+ values 
which have been observed for mode 1 in the dilute region 
and then decreases exponentially with increasing c. Here 
[I'1(q,c)/q2Iq-o has been identified as DmWl(c), which 
represents the center-of-mass diffusion coefficient of the 
entire copolymer chain, i.e., the long-time translational 
diffusion coefficient of the PS-PMMA chain;l for the long 
times the diffusion of the PS part feels the effect of the 
invisible PMMA part, and the PS and PMMA parts diffuse 
together. A permanent network is considered to be formed 
around a critical concentration c = 3.5c*-4c*, as will be 
described in a later section. Since the critical value is 
beyond the present region of c = 0.844c*-2.00c*, the 
observed mode 1A represents the center-of-mass diffusion 

0.5 1 
- 

t 
2 3 4 5 

c l  1 o - ~  g crn-3 
Figure 3. Ratio of the diffusion coefficient of the slow mode 
D l A ( C )  in the semidilute region to the translational diffueion 
coefficient DO in the dilute region, &&)/Do, plotted logarith- 
mically against c. The slopes of lines 1 and 2 are -1 and -1.75, 
respectively. 

2 ,  I I I I I l l 1  

C* 

I l l  I 1  / I l l  
2 5 10 

0.8, 

t I 10-3 g cm-3 

Figure 4. Mean-square distance between the centers of mass of 
two different PS subchains, (r%, plotted logarithmically against 
c for semidilute solutions of the PS-PMMA diblock copolymer 
in benzene at 30 "C. c* denotes the overlapping polymer mass 
concentration, c* = 2.44 X 10-8 g cm-9. The asymptotic slope at 
higher c is roughly -(0.75)2. 

of a single PS-PMMA block chain in a pregel state, rather 
than the reptation motion occurring in the polymer chain 
network. 

The ratio of D~A(c) to the dilute limit, D~A(c)/Do, is 
plotted logarithmically against c in Figure 3, with& (E&- 
(c=O) = 1.13 X cm2 s-l) the long-time translational 
diffusion coefficient of the block chain (mode 1) at infinite 
di1ution.l The exponent 6 in the expression D~A(c)/Do - 
c6 changes from ca. -1.0 to ca. -1.75 with increasing c. 
Although the PS-PMMA block chain is in a pregel state, 
the exponent 6 obtained above is equal roughly to -1.75, 
which is expected for the self-diffusion of the chain 
(reptation). This characteristic concentration dependence 
will be due to strong interactions of the PS-PMMA block 
chain with ita surrounding matrix chains. As shown in 
Figure 4, the mean-aquare distance between the centers 
of mass of the two different PS subchains, ( r2),, decreases 
with increasing c in the concentration region in question11 
and gives a rough limiting relation ( r 2 ) ,  - C-(O.~~)'  at c > 
4 X 103 g cm3. The logarithmic plot of D ~ A ( c )  vs (r2), 
shows finally a positive linear relation expressed by the 
solid line in Figure 5, which represents a relation Du(c) 
= 2.65 X 10so(r2),3.80 (cm2 s-l) over all c measured. This 
result means that the diffusion speed of the block chain 
decreases exponentially with decreasing mean-square 
distance between the centers of mass of two PS subchains. 
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Figure 5. Logarithmic plot of &(C) vs ( r2)!  for semidilute 
solutions of the PS-PMMA diblock copolymer m benzene at 30 
O C .  The slope of the data-fitted line is 3.80. 

150' 
I I l l  I I 

0.7 1 2 

Figure 6. Concentration dependence of the fractional amplitude 
of the slow mode, a&,C), plotted in the logarithmic scales for 
semidilute solutions of the PS-PMMA diblock copolymer in 
benzene at 30 OC at six scattering angles ranging from 10 to 150O. 

Figure 6 shows the concentration dependence of the 
fractional amplitude for mode lA,  alA(q,c) at a given q in 
the logarithmic plots of alAVSC/C*. a l A  for each q decreases 
with increasing c and shows linear dependences on c in 
the logarithmic scales. The slopes (negative values) 
increase with increasing q as -0.36 (e = loo) to -1.0 (6 = 
150°), and all the data points seem to converge into a 
common point at alA = 1 with [c/c*lau=l N 0.68. This 
feature is in clear conflict with the a1 behavior in the dilute 
solution region where the al(c) vs c plots have shown linear 
relations and the slopes have changed from negative to 
positive with increasing q. 

Medium Mode. In Figure 7, the decay rates of the 
medium mode (mode 31, F3(q ,c) /q2 ,  are plotted against 
both q2 and ( ~ R G ) ~  at six concentrations c.12 Except for 
a case on the lowest c of c = 2.06 X 103 g cm-3, which is 
in a transition region as mentioned already, the rdq2 values 
at fixed c are constant, irrespective of q, that is, I'3/q2 is 
independent of q over the range 0.019 I ( Q R G ) ~  I 2.36. 

c /cH  

- I  

- 3.09 0 0 '  I n  

0 

4.04 0 n n 
0 0 

0 0.5 1 .o 1.5 
q2110~ lc rn -2  

Figure 7. Mean decay rate of the medium mode 3, I's(q,c)/q2, 
plotted against q2 and (qR& for semidilute solutions of the PS- 
PMMA diblock copolymer in benzene at 30 O C  at six concen- 
trations c ranging from 2.06 X 10-9 to 4.88 X 10-9 g cm4. 

Averaging these values for each c,  we estimated the limiting 
q - 0 value at a given c, i.e., [r3(c)/q2Iq+. The present 
medium mode 3, therefore, represents a diffusion motion, 
but the value (the diffusion coefficient) thus obtained is 
about 4 times larger than that of the slow mode &A(C) = 
[rlA(c)/q21q? for each c. 

The fractional amplitude of mode 3, a3(q,c), increases 
exponentially with increasing c, as shown in Figure 8 in 
the logarithmic plots of a3 vs c/c* .  For each scattering 
angle, four data points at higher c could be extrapolated 
linearly to unity (a3 = 1) and the critical c at a3 = 1 could 
be estimated as c = 3.5c*-4c*, irrespective of q. This a3 
behavior means that a permanent network is formed above 
c N 3.5c*-4c* and the region observed in this paper (c I 
2.0c*) is still in a pregel state. These results on the q 
independence of I'3(c)/q2 and on the a3 behavior allow us 
to assign this motion to be a cooperative diffusion of the 
PS (concentration) blob, the inner conformation of the 
PS blobs being shielded from the neighboring PS and 
PMMA chains, and the PS blobs moving freely in the 
solution. 

The cooperative diffusion coefficient at fitite c, i.e., 
DmP,~s(c) defined now by DCoop,~s(c) = [ l ' 3 ( ~ ) / ~ 7 ~ 1 ~ + ,  gives 
a relation DCoopps a c-l at higher c, as indicated in Figure 
9. However, as described below, this c dependence 
disagrees with the scaling prediction for the cooperative 
diffusion at (H << q-l<< RG (the so-called "pseudogel" state) 
in semidilute s01utions.l~ Here [H denotes a screening 
length or the radius of PS concentration blobs and can be 
estimated by using a relation14 
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We assume that rp of different chains and rp, rpA, rm, 
and r,k of the same chain are uncorrelated with each other 
and assume that the interactions between the PS and 
PMMA subchains are neglected. Since motions between 
different blobs are uncorrelated due to the hydrodynamic 
screening, S(q,t) can be broken down into contributions 
due to chain P, PS-PMMA subchains, PS-blob K within 
chains, and segments j and k within blobs. S(q,t) then 
gives features characteristic of the experimental scale of 
measure q-l: (1) At  q-' << &, S(q,t) becomes 

( 5 )  

and the segmental motions within blobs are predicted, 
which resemble basically single-chain dynamics. (2) In 
the pseudogel region where [H << q-l << RG, we have 

S(q,t) a (exp{iq.[rpA(0) - rpA(t)ll exp{iq.[r,(O) - 

S(q,t) a (exp{iq.[rq(O) - rKk(t)l)) 

r,(t)l)) (6) 

From the first part of (...), which represents the distance 
fluctuation between the centers of mass of the PS and 
PMMA subchains, the internal mode of motion is pre- 
dicted. Rouse dynamics will be effective in understanding 
the behavior in this case. The second part of (...), on the 
other hand, represents the motion of the center of mass, 
or the cooperative diffusion process, of a concentration 
blob of radius l ~ .  The diffusion coefficient D,, is then 
expected to be D,, a c0.75 in a good solvent limit or D,, 
a c O . ~  in a transition region. (3) At  q-l 5 RG, it becomes 

a (exp{iq.Erp(0) - rp(t)l)) (7) 

At t - m, S(q,t) predicts the center-of-mass diffusion of 
the entire copolymer chain or the long-time diffusion 
coefficient Dcopol with D,,1 a c-le75. At the short-time 
limit, S(q,t) predicts the diffusion of PS subchains, which 
reflects the first cumulant re. 

As described already, experimental D,,ps(c) values, 
defined by [l'3(c)/q21,+, are found to show the c-1 
dependence in both regions of [H << q-l<< RG (case 2) and 
q-l 5 RG (case 3). This result disagrees with the scaling 
predictions that D,, 0: cO.75 or D,, 0: ~0.5.  Coupling 
between the cooperative diffusion and internal motionsBJO 
could be expected except for the two cases in the short- 
time and Markoff limits. 
Fast Mode. The third mode (mode 4) was detected 

only for four solutions of concentration higher than c = 
3.09 X 109 g cm-3. Its decay rates are the largeat of the 
observed three modes and the values, r4(q,c)/q2, are about 
2-5 times larger than those of the medium mode (mode 
3) at each q, as listed in Table 2. In Figure 10, rr(q,c)/q2 
is plotted against c for four higher c at fixed q .  These 
plots indicate that, over c measured, I'4/q2 at given q is 
rougbly conatant to c to within experimental errors of f5 9% 
or less, as the average value is shown by a horizontal line 
at each q. This c independence conflicts with the rough 
c-l dependence observed already for mode 3 over all q .  
The q dependence of r r (q , c )  at four c values is then given 
in Figure 11 in the logarithmic plots of r4 vs qe2. As is clear 
in the figure, r4 values at four c are roughly independent 
of c, and their q dependences give a relation r4 a q2 at 
smaller q ,  or more strictly r4 = 4.44 X le7q2 (s-l) at ( ~ R G ) ~  
< 1.2, while at larger q they indicate a different relation 
r4 a q" at ( Q R G ) ~  > 1.3.12 This behavior suggests that 
mode 4 is deeply related to the internal motions. 

According to a very recent renormalization group 
calculations,16 the internal mode of motion of both 
Gaussian and self-avoiding chains is predicted to exhibit 

t o  

O . O 4 I  

0.7 1 2 3 4 
c / c *  

Figure 8. Fractional amplitude of the medium mode ag(q,c) 
plotted against c/c* for semidilute solutions of the PS-PMMA 
diblock copolymer in benzene at 30 "C at six scattering angles 
of 10-150". For eachscattering angle, four data points at higher 
c can be extrapolated linearly to ag(q,c) = 1. 
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Figure 9. The concentration dependence of the cooperative 
diffusion coefficient D q ~ ( c )  estimatedfrom the medium mode 
for semidilute solutions of the PS-PMMA diblock copolymer in 
benzene at 30 OC. The logarithmic plot gives roughly a slope -1 
in the high-c region. 

with ~$p the volume fraction of the block cop01ymer.l~ Over 
all c and q measured, QtH was found to range from 0.033 
to 0.81 (Le., q-l> f ~ ) ,  while qRG ranged from 0.13 to 1.54. 
In view of the scaling concepts of the hydrodynamic 
screening and the concentration (Rouse) blobs of radius 
&, it is poesible to predict the dynamical aspects of the 
present PS-PMMA diblock chains (the PMMA part is 
invisible optically) in semidilute solution in the following 
way. Let the position rj of the j segment in a PS subchain 
P be expressed as rj = r p  + rpA + rm + rKj with rp the 
center-of-mass position of the block chain, rpA the distance 
between the centers of mass of the block chain and the PS 
subchain, rm the distance between the centers of mass of 
the PS subchain and a blob K within the subchain, and 
rKj the distance of the j segment (within blob K) from the 
center of mass of the blob K. 

I 1 0 - 3 g ~ m - ~  
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Figure 10. Mean decay rate of the fast mode 4, I'4(q,c)/qz, plotted 
against c for semidilute solutions of the PS-PMMA diblock 
copolymer in benzene at 30 "C at six scattering angles of 0 = 
10-160°: (0) lo", 30°, 120"; (0)  60°, 90°, 150". For each 0, four 
data points are shown since the fast mode was observed only for 
four high-c solutions. 

Rouse-like behavior in semidilute solutions since in this 
case the hydrodynamic and excluded volume interactions 
become totally screened out, and the behavior is in accord 
with the scaling predictions. Internal motion based on 
Rouse dynamics has been given for diblock copolymer 
chains10*6 with the predictions that the decay rate of 
internal motion rht decreases with decreasing q at qRG << 
1 and takes a nonzero constant value Fht(q=O) at q - 0, 
though the fractional amplitude aht vanishes as q - 0, 
while rbt shows q4 dependence at qRG >> 1. 

The qc6 dependence of experimental r4(q,t)  at ( Q R G ) ~  
> 1.3 agrees roughly with the above-mentioned prediction 
from Rouse dynamics. This indicates that the internal 
motion of diblock copolymers in a good solvent does not 
suffer any hydrodynamic nor excluded volume interac- 
tions. The experimental relation r4(c) = 4.44 X lO-7q2 
obtained at (qRG)2 < 1.2, on the other hand, is in conflict 
with the prediction from Rouse dynamics where I'4 is to 
approach a q-independent constant as q - 0. The diffusion 
coefficient like value, 4.44 X cm2 s-l, which is roughly 
independent of c,  is about twice as large as D,,ps(c) of 
mode 3. The I'4 motion is about twice as fast as the 
cooperative diffusion of the PS blobs. In addition, the 
fractional amplitude of mode 4, a&,c) is found to increase 
slightly with decreesing (q&l2, as is shown in Figure 12, 
and reaches a nonzero value, (a4)q-.o 0.2,- (QR& - 
0. This a4 behavior disagrees again with the prediction 
for internal motion that aht - 0 as q - 0. Even if Rouse 
dynamics holds in semidilute solution, the cooperative 
diffusion and interdiffusion couple with each ~ther.~JO 
Mode 4 thus cannot be identified simply with the 
interdiffusion process, and neither directly attributes the 
constant term, F4(c)/q2 at (QRG)' < 1.2, to the relative 
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Figure 11. Logarithmic plots of the mean decay rate of the fast 
mode I'4(q,c) against both pa and (qR& for semidilute solutions 
of the PS-PMMA diblock copolymer in benzene at 30 "C: (0) 
c = 3.09 X 1O-g g cm-S; (A) c = 3.47 X 1P g cm"; (0 )  c = 4.04 
X 10-3 g cm4; (0) c = 4.88 X 1W g cm4. Lines 1-3 are straight 
lines with s l o p  1 (r4 a q 2 ) ,  2 ( rr  0: 99,  and 2.6 (r4 a qs), 
respectively. 
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Figure 12. Fractional amplitude of the fast mode, a4(q,c), plotted 
against (qRd2 for four semidilute solutions of the PS-PMMA 
diblock copolymer in benzene at 30 "C. Symbola are the same 
as in Figure 11. 

motion of the collective PS subchains with respect to the 
collective PMMA subchains. PS and PMMA blobs may 
not correlate in their semidilute solutions due to the 
hydrodynamic screening (Rouse-like behavior), but the 
relaxation of thermal fluctuations in the relative local 
concentrations of a pair of PS and PMMA subchains 
toward their equilibrium value still happens in these 
semidilute solutions. The constant r6q2 term will orig- 
inate in such fluctuations. 

First Cumulant. Figure 13 shows the concentration 
dependence of the fmt cumulant re(q,c)/q2 at fixed q. 
When c is less or around c*, the rdq2 values at each q 
indicate no clear c dependence but connect smoothly with 
the dilute solution values at the corresponding q, which 
have been shown in Figure 11 of part 1.' At  c L c*, however, 
rdq2 shows a distinct linear relation to c for each q. The 
slope changes from negative to positive with increasing q, 
the c dependence being completely inverse in the case of 
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Figure 13. Concentration dependence of the f i t  cumulant re- 
(q,c)/q2 for semidilute solutions of the PS-PMMA diblock 
copolymer in benzene at 30 "C at six scattering angles of 10- 
150'. 
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Figure 14. Re-formedfiit cumulant I'.(q,c)/Doq2plottedagabst 
qRG in the logarithmic scales for semidilute solutions of the PS- 
PMMA diblock copolymer in benzene at 30 "C: (0) c = 2.06 X 
10-9 g cm4; (v) c = 2.72 X 10-8 g cm4; (0) c = 3.09 X 10-9 g cm3; 

4.88 X 10-9 g cm4. A t  ~ R G  > 1 the data for c = 4.88 X 10-8 g cm3 
approach line 2 with a slope of 2, i.e., l'. a 4'. The broken curve 
represents the experimental f i t  cumulant obtained in the dilute 
region,' (I?.)-dDoq2, the slope approaching 1 at QRG > 1. 

the dilute solution region (part 1). These features can be 
demonstrated more clearly in Figure 14. Here the re- 
(q ,c ) /D~$ values at six different c of (2.06-4.88) X 103 g 
cm" are plotted logarithmically against qRc with DO and 
RG the translational diffwion coefficient and the radius 
of gyration at infiiite dilution, respectively; DO = 1.13 X 
10-7 cm2 s-1 and RG = 41.0 nm.l Firstly, it is found that 
the data points are located far above unity even at qRG 
c< 1. Since the motion in this region represents the short- 
time diffusion motion,1° the short-time values, re(q,c)/q2, 
are to correspond to the values for homo-PS of the same 
molecular weight as the PS subchain and are to compare 
with the long-time ones, D m ,  which were estimated from 
the slow mode 1A as the q-independent values, [D~A(c)/ 
q21q+ Though no difference is predicted theoretically 
between the short- and long-time behaviors in Rouse 
dynamics, the short-time values are found to be larger 

q R G  

(A) C 3.47 X 1v g Cm4; ( 0 )  C 3 4.04 x 10-9 g Cm4; (0) C = 
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Figure 15. Replots of the f i t  cumulant in Figure 14 againat 
q[H in the logarithmic scales. [n denotes the blob size of the PS 
part. Symbols are the same as in Figure 14. The broken curve 
is an eye guide for data at c = 2.06 X 10-9 g cm-8. Line 1 is a 
straight line with a slope of 2.0 (re a 4'). 
than the long-time ones in all c, as shown in Table 2, and 
the equality between them cannot be expected. Secondly, 
the rJDoq2 vs q& behavior changes with c. As shown in 
Figure 14, re/q2 for solutions of c S c* increases gradually 
with q& over the range q& = 0.13-1.54. For solutions 
of higher c, however, a transition of re to qs - q4 occurs 
at q& N 1.1. In other words, the slope at q& > 1.1 
becomes steeper for higher c; e.g., re 0: 43 (line 1 with a 
slope of 1) for solutions of c = 4.04 X l e g  cm" (diamonds) 
and re 0: q4 (line 2 with a slope of 2) for solutions of c = 
4.88 X 10-3 g cma (filled circles). This indicates that the 
internal motions in the semidilute solution approach in 
the high-concentration region the draining q4 dependency, 
or Rouse dynamics. This result is different from the 
internal motions observed in the dilute solution limit' 
where the limiting value (re)&DoQ2 is, as demonstrated 
in the same figure by a broken line, constant (unity) at 
small qRG and changes at qRG e 1 to the nondraining qs 
dependency (slope 1). 

According to the blob hypothesis, the above-mentioned 
transition d occur at q[H = 1, not at q& = 1. With the 
[H values estimated in the Medium Mode section, the rd 
0 0 4 2  values in Figure 14 are replotted logarithmically 
against q[H in Figure 15. The data points are located in 
the region 0.033 < q[H < 0.81. Typically shown by the 
data for the lowest c of c = 2.06 X 1o-S g cma (open circles) 
and demonstrated by a broken curve, rJq2 at lower fixed 
c values increases slowly with increasing q[H and indicates 
that the data are in a broad transition region within the 

measured. At fixed q, however, these data are grouped 
into branched lines characteristic of each q and each branch 
seems to converge to a point of the highest c (filled circles 
for c = 4.88 X 10-3 g cm-3) with increasing c. The fiied 
circles then show a clear transition at 9 5 ~  = 0.6. The 
slope of the I'dDM2 vs qfH plot changes from 0.07 (roughly) 
to 2.0, and the re transition to 44 occurs at q[H ar 0.6. 

In conclusion, the dynamic structure factor for the well- 
swollen PS-PMMA diblock copolymer chain in a semi- 
dilute solution was found to be expressed by the sum of 
two exponentials in its lower c regions or of three 
exponentiah in the higher c regions, if one component, i.e. 
the PMMA part, of the block chain was made invisible 
optically. These two or three modes of motion were 
discussed in detail with the esisting theoretical models 
which have predicted two normal modes of motion, 
although the two modes cannot in general be identified 
with the cooperative and interdiffusion motions due to 

1 I I / / I l l  I I 1 1 1  I I l l  I 

qf, 
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the coupling between them. The theoretically proposed 
coupling between the cooperative and interdiffusion 
motions was demonstrated experimentally. However, 
beyond the theoretical predictions, several new aspects 
on the diblock chain dynamics were detected through the 
present experiments, as was made evident specifically by 
the existence of three modes of motions. These results 
will be helpful in improving the theoretical considerations 
or in developing new ones on the dynamics of diblock 
copolymer chains in solution. 
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