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ABSTRACT: Small-angle X-ray scattering (SAXS) from accidental thermal concentration 
fluctuations of block polymers in bulk and in the disordered state was studied for a polystyrene
polyisoprene diblock polymer as a function of temperature. It was shown that the experimental 
SAXS profiles are predictable by Leibler's theory based on the random phase approximation. 
Temperature dependence of x-parameter between polystyrene and polyisoprene was estimated by 
fitting the experimental and theoretical SAXS profiles. An effect of glass transition on the thermal 
concentration fluctuations was also predicted. 
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Nature of order-disorder transition of block 
polymers has recently been explored quite 
extensively. 3 - 8 In the ordered state block 
polymers have morphologies of their micro
domains spatially arranged in periodic man
ners with long-range order as a consequence of 
the liquid-liquid microphase separation, while 
in the disordered state the microdomains are 
dissolved and the block chains are mixed with 
each other on the molecular level. 

In this paper we shall investigate accidental 
thermal concentration fluctuations of block 
polymers in bulk and in the disordered state by 
means of small-angle X-ray scattering (SAXS). 
The experimental SAXS profiles were found to 
show a broad scattering maximum with its 
peak position independent of temperature but 
the peak intensity decreases with increasing 
temperature.4 •8 These tendencies turned out 
to be predictable5 - 8 by the theory of Leibler3 

on the accidental thermal concentration 
fluctuations of block polymers in bulk and in 
the disordered state which was developed 
on the basis of the random phase approxi
mation (RPA).9 The SAXS studies on a poly
styrene-polyisoprene (SI) diblock polymer 
yielded quantitative data on the tempera
ture dependence of the interaction param
eter x between polystyrene (PS) and polyiso
prene (PI). 

Order-Disorder Transition of Block Polymers 
Figure 1 illustrates schematically the order

disorder transition in block polymers consist
ing of A and B block chains. In the ordered 
state, the energetics originating from the re
pulsive interaction between A and B block 
chains outweighs the entropy originating from 
a random placement of the centers of the 
molecules, resulting in segregation of A (B) 

t A part of this work was presented at Annual Symposiums of the Society of Polymer Science, Japan, October, 
19831 and September 1984.2 
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Figure 1. Concept of the order-disorder transition in 
block polymer system. 

block chains into A (B) microdomains (Figure 
!(a)). On the other hand, in the disordered 
state the entropy outweighs the energetics, 
resulting in molecular mixing of A and B 
chains (Figure !(b)). This is a phenomenon 
common to all interacting physical systems. 10 

The block polymers also exhibit the order
disorder transitions as a cooperative phenom
enon. The relevant order parameter here in 
the block polymers is spatial segmental con
centration fluctuations from the average 
values. 

The segregation of A and B block chains 
into the respective microdomains in the or
dered state results in a regular periodic micro
domain morphology with long-range order as 
schematically shown in Figure l(a) for alter
nating lamellar microdomains. The character
istics of the ordered state is symbolically de
picted in Figure l(c) where the chemical junc
tions between A and B block chains repre
sented by the solid and open circles are con
fined in the narrow interfacial region (drawn 
by a series of vertical straight lines) with the 
characteristics interfacial thickness of about 
20 A for SI block polymers.U - 15 Generally the 
average end-to-end vectors are considered to 

open circles then differentiate the orientations 
of the end-to-end vectors of the block chains, 
e.g., the solid (open) circles represent the junc
tions with their end-to-end vectors of A block 
chains oriented right (left). Thus the block 
polymers in the ordered state have the liquid
crystalline characteristics, although the mol
ecules constituting the mesophase are the flex
ible chains without any mesogenic groups. On 
the other hand, in the disordered state the 
chemical junctions are randomly distributed in 
space and the orientations of the end-to-end 
vectors for A and B block chains are also 
random, as schematically illustrated in Figure 
l(d) by a random placement of the solid and 
open circles. It should be noted that the sys
tems which exhibit the spherical and cylindri
cal microdomains in the super-lattices in the 
ordered state have almost the same character
istics as described above for the alternating 
lamellar microdomains. 

As in the case of polymer/polymer binary 
mixtures, 16 the order-disorder transition of 
block polymers in bulk is characterized by a 
product of the total degree of polymerization 
N and the thermodynamic interaction param
eter x as well as the fraction of one com
ponent fK in the binary system. 

(1) 

where NK (K =A, B) is the degree of polymeri
zation of K block chain. In case of a block 
polymer, fK is given by 

(K=A, B) (2) 

In case of polymer/polymer mixtures, fK cor
responds to the volume fraction of K polymer 
with the degree of polymerization NK. The 
order-disorder transition points as defined by 
(xN)c for block-polymers3 and polymer/ 
polymer mixtures16 are given by 

(xN)c={l0
2
.5 (block polymers, N =N A +Ns) 

(polymer/polymer mixtures, N = N A= Ns) 

(3) 

(4) 
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for fK = 1/2 if two polymers are symmetrical 
with respect to their segmental sizes. 

The connectivity between A and B chains by 
a covalent bond strongly affects (xN)c and 
strongly enhances the miscibility of A and B 
chains, despite of the difference in the de
finitions of xN between block polymers and 
polymer/polymer mixtures. 

In our previous paper7 the order-disorder 
transition was characterized in two ways. The 
SAXS profiles of block polymers have at least 
one scattering maximum regardless of the 
states of the block polymers. From the 
peak position (qmax) one can estimate the ap
parent Bragg spacing D by using Bragg's law, 

qmax=2njD (5) 

where q is the scattering vector defined by 

the random phase approximation2 •3 •9 •17 ·18 or 
based on Ornstein-Zernike theory. 19 

The cross-over behavior of D in the order
disorder transition can be summarized as 7 

(ordered state) (7) 

(disordered state) (8) 

which can be used to characterize the order
disorder transition. 

An alternative way to characterize the 
order-disorder transition involves the intensity 
measurements at q near qmax as a function of 
temperature. The intensity depends on xN, 
and if x is written as 

x=A+B/T (9) 

where A and B are constant values, then 
Leibler's theory predicts that in the disordered 

q = (4n/A.) sine (6) state 

A and e are the wavelength of X-ray and a half 
of the scattering angle, respectively. The spac
ing D in the ordered state has a definite 
physical meaning because the microdomains 
are in the super-lattices with long-range order 
such as one-dimensional, two-dimensional and 
cubic lattices for lamellar, cylindrical and 
spherical microdomain morphologies, respec
tively. 

The physical meaning of spacing D in the 
disordered state is more complicated and in
tuitively less clear compared with that in the 
ordered state. It corresponds to the wavelength 
of a particular Fourier component of the 
accidental thermal concentration fluctuations 
of A and B segments which gives rise to the 
maximum amplitude of the fluctuations. The 
existence of D and therefore the scattering 
maximum is again a consequence of the con
nectivity of A and B chains, i.e., a phenom
enon unique to block polymers. From this 
intuition it may be obvious that the spacing D 
depends onfK and the radius of gyration of the 
block polymer. This intuition has nicely been 
verified by a series of theoretical works which 
describe the accidental fluctuations based on 
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/(q)- 1 =F(u)jN -2A -2BjT 

(disordered state) (10) 

where F(u) is given by eq IV-6 of ref 3 and is 
independent of temperature T. Therefore r 1 

should linearly decrease with r- 1 in the disor
dered state, the deviation from which is at
tributed to the onset of the microphase 
separation. In our previous papers5 -s the 
order-disorder transition was doubly check
ed with the cross-over behavior of D (eq 7 
and 8) and the intensity change with T(eq 10). 

Scattering from the Accidental Fluctuations in 
the Disordered State 
The block polymer sample employed for the 

SAXS studies in the disordered state is an SI 
diblock polymer (designated hereafter as HK-
17) prepared by the sequential living anionic 
polymerization in THF (tetrahydrofuran) at 
- 78°C with sec-butyllithium as initiator. It 
has the number average molecular weight (Mn) 
of 8.5 x 103 as measured by vapor pressure 
osmometry and contains 50 wt% PS as mea
sured by elemental analysis. The heterogeneity 
index of the molecular weight (M w! Mn) is 1.25 
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Figure 2. Comparison of the SAXS profiles of HS-10 (ordered state) and HK-17 (disordered state). 

from GPC measurements (Mw being the 
weight average molecular weight). The poly
isoprene block chains of SI diblock polymers 
synthesized in the same manner have the 
microstructures of 1,4-, 1,2-, and 3,4-link
ages by 3, 38, and 59%, respectively.20 

In order to compare the scattering from the 
disordered state with that from the ordered 
state, an SI diblock polymer (designated here
after as HS-1 0) was also prepared by the 
same technique. It has Mn=8.14 x 104 and 
Mw/Mn= 1.13, and contains 63 wt% of PS. 
The sample HS-1 0 has the molecular weight 
high enough to be in the ordered state at room 
temperature. 

The SAXS profiles were taken with an ap
paratus described in detail elsewhere21 •22 

which consists of a 12 kW rotating-anode X
ray generator, a graphite monochromator, a 
1.5 m camera and a one-dimensional position 
sensitive proportional counter. CuKa line (A.= 
1.54A) was used. The SAXS profiles for HK-

802 

17 were corrected for absorption, air scatter
ing, background scattering arising from the 
thermal diffuse scattering (TDS), and slit
height and slit-width smearings. The SAXS 
profiles for HS-10 were measured along the 
direction perpendicular to the film surface by 
irradiating the incident beam with a line image 
parallel to the film surface. The sample HS-1 0 
has an alternating lamellar morphology with 
the lamellar interfaces highly oriented parallel 
to the film surface as already described in 
detail elsewhere_ll Since the line image was set 
parallel to the film surfaces, the profiles mea
sured perpendicular to the film surface are free 
from the slit-height smearing but slightly af
fected by the slit-width smearing. The pro
files were again corrected for absorption, air 
scattering and background scattering. 

Figure 2 shows the corrected SAXS profiles 
of the cast films of HK -17 and HS-1 0 from 
toluene solutions where s is defined as 
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s=(2sin8)/2 (11) 

Although the SAXS profiles from the as-cast 
films are shown in a relative intensity scale, the 
relative intensity of HK-17 and HS-10 can be 
compared. In order to facilitate to show the 
overall profiles, a logarithmic intensity scale 
was chosen. HS-10 shows multiple-order scat
tering maxima from the single spacing D 
( =452A) 

2Dsin8=n2 

or 

sD=n (n, integers) (12) 

which is typical to an alternating lamellar 
microdomain morphology. On the other hand, 
HK -17 shows only the first order scattering 
maximum which is very broad and very weak 
compared with that of HS-10. The maximum 
intensity of HK -17 is two to three order of 
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Figure 3. SAXS profiles of HK -17 in the disordered 
state obtaind at various temperatures and plotted in a 
linear scale as a function of the scattering angle. 
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magnitudes smaller than that of HS-10. 
Following analyses will prove that the scatter
ing from HK -17 is typical to the scattering 
from the disordered state. 

Figure 3 shows SAXS profiles from HK -17 
at various temperatures where the intensity 
was plotted in linear scale as a function of the 
scattering angle 28. The experimental profiles 
were shown by the discrete points, while the 
best-fitted theoretical profiles were shown by 
the solid lines. The theoretical analyses will be 
described in the following section. 

It is clearly seen that the intensity decreases 
with increasing temperature but the scat
tering angle 28max at which the intensity be
comes maximum is independent of tempera
ture. The Bragg spacing D as estimated from 
28max was plotted in Figure 4 as a function of 
temperature. 

Theoretical Analyses and Estimation of x
Parameter 
The experimental evidence that the spacing 

is independent of temperature strongly sug
gests that the scattering arises from the acci
dental thermal fluctuations in the disordered 
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Figure 4. Reciprocal SAXS intensity (open circles) 
measured at q=0.0539 A_, and Bragg spacings (solid 
circles) at the scttering maxima ofHK-17 in bulk plotted 
as functions of reciprocal temperature. 
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state (see eq 7 and 8). 7 Consequently we 
analyzed our data in terms of Leibler's theory3 

for the scattering from the disordered state. 
According to Leibler, the scattered intensity 
S(q) is given by 

S(q) N/(F(u)- 2xN) (13) 

(14) 

where Rg is the radius of gyration of the block 
polymer chains in the unperturbed state. 

The theoretical scattering profiles were cal
culated and compared with the experimental 
profiles as follows. Leibler's theory was orig
inally developed for the symmetrical diblock 
polymers, i.e., two constituent polymers have 
equal segmental lengths and equal segmental 
densities but different contrast factors for scat
tering. In order to apply this theory to the SI 
diblock polymer, however, it needs some 
modification which accounts for the asym
metry, i.e., the differences in the segmental 
lengths and the segmental densities. Here we 
employed Helfand's method15 of treating the 
asymmetry. According to Helfand, the aver
age segmental density Po and the average sta
tistical segmental length b for an SI diblock 
polymer are given by 

Po=(PosPOI) 112 (15) 

p0 b2 = (1 /2)p08b§ + (1 /2)p0 Ib f (16) 

where PoK (K=S, I; Sand I refer toPS and PI 
block chains, respectively) is the number den
sity of K monomer units and bK is Kuhn's 
statistical segmental length for K polymer 
chains. The total degree of polymerization for 
the SI diblock polymer, Nand the x-values are 
defined also after Helfand by 

N = Po(Ns/ Pos + Nif Poi) ( 17) 

X= (bs- i5I)2 / p0 k 8 T (18) 

where NK is the degree of polymerization, (jK is 
the solubility parameter for K polymer chain 
and k 8 is the Boltzmann constant. We defined 
fK as 
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(19) 

The theoretical scattering intensity was calcu
lated as a function of the reduced scattering 
angle qRg with eq 13, and was fitted to the 
experimental scattering profiles. The best fit 
would yield the parameters xN and Rg. For a 
given molar composition fK, the parameter Rg 
affects the peak position of the profiles and the 
parameter xN affects the peak height. 

The best fits between the theoretical and 
experimental curves were shown in Figure 3. A 
very good agreement between the theoretical 
and the experimental curves was obtained, 
suggesting that the scattering arises from the 
accidental thermal fluctuations in the disor
dered state. The xN values which give the best 
fits yield the estimated values of X· The x
values on monomer units thus estimated were 
summarized in Table I. The x-value decreases 
with increasing temperature as shown in 
Figure 5. 

The scattered intensity at q=0.0539A - 1 

(28 = 45.4 min) was further analyzed on the 
basis of eq 10 in order to confirm further that 
the scattering arises from the fluctuations in 
the disordered state. It was found that the 
reciprocal intensity linearly decreases with in
creasing the reciprocal absolute temperature 
(Figure 4) except for the lowest temperature 
( 45°C). Thus except for the lowest temperature 
at which the agreement between the theoretical 
and the experimental profiles also becomes 
relatively poor, the scattering is confirmed to 
arise from the thermal fluctuations in the 
disordered state. 

If the deviation from the linearity at the 
lowest temperarure in the /- 1 vs. r-l plot 

Table I. x-Values on monomer units 
as a function of temperature 

Temp/ 
45 60 80 100 110 120 140 oc 

X 0.106 0.102 0.095 0.085 0.080 0.071 0.064 

Polymer J., Vol. 17, No.6, 1985 
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Figure 5. Temperature dependence of the interaction 
parameter x on monomer units obtained by the best fits 
of the experimental and theoretical SAXS profiles for 
HK -17 in bulk and in the disordered state. 

should arise from the onset of the disorder
order transition (i.e., the microphase sepa
ration), it should be accompanied by the in
crease of D at that temperature (see eq 7). 5 -s 
However such tendency can be hardly seen. 
Consequently we tentatively conclude that the 
deviation is attributed to the glass transition of 
the block polymer in the disordered state. As 
the temperature is lowered the accidental ther
mal fluctuations increases and therefore the 
scattered intensity tends to increase because of 
increasing the x-parameter. If the temperature, 
however, is further lowered below the glass 
transition temperature, Tg, the accidental ther
mal fluctuations themselves are frozen at Tg 
and therefore the scattered intensity would not 
increase any more but remains constant being 
equal to the intensity at Tg as shown by the 
broken horizontal line in Figure 4. If this is the 
case the apparent x-value estimated from the 
SAXS intensity will be also frozen at Tg, i.e., 

(20) 

This effect is confirmed in Figure 5 and is 
drawn by the broken curve. In fact Tg of HK-
17 in the disordered state estimated with Fox's 
equation23 from the Tg's24 of PS (107aC) and 
PI (9°C) block chains in the ordered state is 
51 ac which is nicely in the temperature range 
where the deviation from the linearity in the 

Polymer J., Vol. 17, No.6, 1985 

r 1 vs. T- 1 plot becomes remarkable. We are 
now attempting to confirm this effect of the 
glass transition on the accidental thermal 
fluctuations by means of thermal analysis. 

The x-values on monomer units for PS and 
PI in the thermal equilibrium regime are sum
marized by the equation, 

x= -0.0937 +66/T (21) 

Our method to estimate x-values may be 
superior to the method which involves the 
determination from the phase diagrams of 
corresponding oligomers or mixtures based on 
random copolymers25 •26 because in the latter 
method the determination of the binodal line 
or the cloud points for the bulk specimens is 
usually very difficult and the achievements of 
the thermal equilibrium are also very difficult 
and time-consuming. On the other hand in 
our method, the equilibrium can be easily 
achieved above Tg. However, it should be 
noted that the x-values estimated by our 
method strongly depends on the accuracy 
of the theory. The x-values as given by eq 21 
reasonably agree with the reported results.25 •26 
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