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Abstract The structure of a series of 
three molecular weights of diblock 
copolymers polystyrene/b-isoprene 
with 11% volume fraction of 
polystyrene and low polydispersity 
has been investigated using small 
angle X-ray scattering (SAXS). In 
between the disordered and the BCC 
ordered state a micellar state with 
liquid-like order was found. The 
transition between these states was 
investigated in a temperature-driven 
experiment. Whereas the micelles 
appear gradually with lowering 
temperature the formation of 
the BCC ordered state occurs 
discontinuously at a well-defined 
temperature. Detailed analysis of the 

scattering profiles provides access to 
the micellar size and distance in the 
liquid-like as well as in the BCC state. 
The kinetics of the ordering transit ion 
was studied using time-resolved 
SAXS after temperature  jumps from 
the liquid-like to the BCC state. The 
growth of the micelles and their 
ordering on the periodic lattice were 
found to occur on clearly separated 
time scales. 
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Introduction 

The phase behaviour of [A] . - [B] , ,  diblock copolymers 
has been of great interest for at least two decades and is 
still a subject of intensive research. The mostly repulsive 
effective interaction between the A and B segments to- 
gether with the chemical bond between the A and B blocks 
gives rise to microphase separation and leads to a fascinat- 
ing variety in the morphology.  These morphologies mainly 
depend on the composi t ion of the two components  which 
is described by the volume fraction fvo~ of block A. The 
so-called "classical" phases BCC - body centered cubic 
spheres, H P C  - hexagonally packed cylinders and LAM 
- lamellae are well founded on theory [1, 2]. They are 
completed both by the recently identified bicontinuous 
structure with Ia3d symmetry [3], which is called the 

gyroid shtructure [4] and by the H P L  - hexagonally 
perforated lamellar phase [3, 5, 6]. The  O B D D  - or tho-  
gonally bicontinuous double d iamond is recently believed 
not  to be an equilibrium structure [7]. For  composi-  
tions of 0.2 < f <  0.8 the thermotropic  disorder- to-order  
(DOT) and order- to-order  transitions (OOT) have been 
studied extensively in theory [1, 2, 7-9]  and experiment 
[6, 10-12]. This led to a modified phase diagram [6, 7] 
within this range of compositions. However,  little is known 
about  the equilibrium structures for strongly asymmetric  
diblock copolymers.  The generally expected equilibrium 
structures are BCC and H P C  but these are not  necessarily 
the only possible morphologies. One can also imagine 
spheres which form an FCC - face centered cubic, H C P  - 
hexagonally close packed or even SC - simple cubic lattice. 
Sakurai  and Hashimoto  [13] reported an order- to-order  
transition for poly(styrene/isoprene) diblock copolymer  
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with fvo~ = 0.15. They identified a thermotropic transition 
from a BCC phase at lower temperatures to an HCP phase 
at higher temperatures. Other work [14] investigated 
asymmetric diblock copolymers with f~o~ ,~ 0.25 but fo- 
cussed on the disordered state. 

On the other hand, there exist only few investigations 
about the kinetics of structure formation for the dis- 
order-to-order transition in bulk block copolymers 
[15-17, 6, 18]. In ref. [15, 16] two well separated pro- 
cesses were reported at a temperature jump from the 
homogeneously disordered to the lamellar phase in a near- 
ly symmetric diblock copolymer (fvo] = 0.44). Similar re- 
sults were obtained by other authors [17]. Other work 
[18] considers only the slow process to be the relevant 
structure formation process. 

However, none of the publications mentioned above - 
neither the static equilibrium nor the time dependent 
measurements - deal with strongly asymmetric diblock 
copolymers. In a first part of this paper we will focus on the 
thermal equilibrium properties of three strongly asymmet- 
ric poly(styrene/(cisl-4)isoprene)diblock copolymers. We 
have used small angle X-ray scattering (SAXS) to charac- 
terize quantitatively the different morphologies of the sam- 
ples and the temperature driven transition. We observed 
a new stable state of spherical domains with liquid-like 
order in between the homogeneously disordered state at 
high temperature and the commonly expected BCC state 
at low temperatures. A preliminary account of these results 
for one molecular weight has been given previously in 
[19]. 

We will present structural models and explicit expres- 
sions for the structure factor in the different regimes of 
order. The results obtained by numerical fits of model 
functions to the scattering data will be discussed for the full 
temperature range. 

In the second part of this study we report the results of 
a series of temperature jumps from the liquid-like state of 
spherical domains to the BCC ordered array of spheres. 
The observed relaxation phenomena show at least two 
well separated processes. 

Experimental 

Sample characterization 

The copolymers used in this study are polystyrene/ 
poly(cisl-4)isoprene diblock copolymers with three differ- 
ent molecular weights. The volume fraction of polystyrene 
fvo~ is about 0.1. They were synthesized anionically in our 
laboratory using standard high vacuum techniques. Their 
molecular weight distribution was determined using gel 
permeation chromatography and osmometry. No homo- 

polymer fraction was found in the samples. The poly- 
sterene weight fraction was measured with proton NMR. 
These data are compiled in Table 1. 

The trans content of the polyisoprene block was found 
to be about 10% from NMR measurements. In DSC 
measurements, all samples displayed a glass transition of 
the polyisoprene block. For samples 1 and 2, it was 
T~ s = 211 K. For sample 3, T~ ~ = 216 K. 

Static SAXS measurements 

The SAXS measurements were carried out in an evacuated 
Kratky compact camera to reduce background and to 
avoid degradation of the samples. The samples were con- 
tained in a copper sample holder with acetate windows. 
Temperature stability was better than 0.2 K. The source of 
radiation was a sealed X-ray tube with Cu anode. A graph- 
ite monochromator was applied to select the wavelength of 
Cu K~ radiation 2 = 0.1542 nm. The accessible regime of 
scattering vectors in this set-up is 0.15 < q/nm- 1 < 4. The 
scattering cross-section is measured in absolute units by 
making use of a moving slit device (PAAR) to determine 
the flux of the primary beam. Data have been desmeared 
with respect to slit length using standard procedures 1-20] 
to result in the scattering cross-section in units of the 
Thomson cross-section a-rh. 

The registration of a scattering profile at one temper- 
ature takes approximately 120 rain and the sample was 
annealed after each temperature changes for 30 min to 
make sure that it was in thermal equilibrium. Repeated 
heating and cooling cycles with fresh samples and varying 
duration were used to verify the thermal stability of the 
sample. 

Time-resolved SAXS measurements 

For the time-resolved experiments a position sensitive 
detector (Braun) was used. A specifically designed sample 
holder allows for rapid quenches with the help of cooled 
ethanol that is pumped through a closed circuit inside the 
copper block of the holder under computer control [21]. 
This experimental setup makes it possible to register a 
scattering profile in less than 30 s. 

Remits and discussion 

The purpose of this study is to determine the structure of 
concentration fluctuations in strongly asymmetric diblock 
copolymers and to investigate the kinetics of the transition 
between the disordered and the ordered state. In the 
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Table 1 Properties of polystyrene-polyisoprene diblock copolymers used in this study 

Sample No. Mw Mw/M. f N Ts[K] TDo. r [K] Zh Zs 

1 65 000 1.09 0.10 810 - -  ~ 445 - -  
2 46 000 1.09 0.11 580 450 390 0.004(+0.002) 43 ( _+ 1) 
3 35 000 1.07 0.12 440 ~ 220 0.068(+0.007) 21 ( + 2) 

Fig. 1 SAXS pattern of sample 
2 obtained during step wise 
heating of the sample between 
room temperature and 470 K. 
Three regimes of different 
degrees of order are 
discriminated 

following we will first present and discuss the results of 
SAXS measurements  that  were obtained in thermal  equi- 
librium. The various states of order and their dependence 
on tempera ture  and  molecular  weight will be discussed. 
On the basis of these results we will then proceed to t ime 
resolved SAXS measurements  following temperature  
jumps  from the disordered into the ordered state of the 
block copolymer.  

Equil ibrium structure  of diblock copolymers  

In general, the state of order  of a diblock copolymer  melt is 
determined by the balance between the en t ropy of mixing 
of the two const i tuent  m o n o m e r  units and their repulsive 
interaction [1]. The  latter is conveniently described with 
the product  of  the Flory Huggins paramete r  g and the 
molecular  weight of  the polymer  N. It  has been shown for 
polystyrene/polyisoprene that  )~ depends strongly on tem- 
perature [14]. The system is therefore ideally suited for 
a study of t empera tu re  driven transitions between different 
states of order. 

In Fig. 1 we display the results of the SAXS measure- 
ment  on sample  2 in the wide temperature  range between 

room tempera ture  and 470 K. The tempera ture  was raised 
in steps of 5 K and the sample  was annealed for 30 min at 
each tempera ture  before the measurement .  The  figure 
shows a scattering profile at low tempera ture  that  consists 
of several distinct peaks  indicating the existence of a mac-  
rocrystalline structure in the sample. Raising t empera tu re  
leads to a continuous,  slow decrease of intensity up to 
393 K. At that  t empera tu re  the profile changes abrupt ly .  
The intensity of the main  peak drops  and the higher order  
reflections disappear.  A b road  peak remains in the profile 
with a shoulder  at large scattering angles which becomes 
less p rominent  with increasing temperature.  This measure-  
ment  was repeated while cooling the sample in the same 
manner.  Figure 2 compares  the results of the heat ing and  
cooling run for the intensity Iq. and the wave vector  q* of 
the first m a x i m u m  in the scattering profile. 

Above 370 K the da ta  are reproducible within experi- 
mental  error. Below this temperature ,  however, the inten- 
sity of the main  peak  in cooling exceeds the value obta ined  
for heating. There  is no clear difference between the shape 
of the scattering profiles in both  situations. We therefore 
assume this intensity difference to be caused by a var ia t ion 
in the contras t  between the polystyrene and the polyiso- 
prene domains.  The glass transit ion of the PS domain  
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Fig. 2a The reciprocal intensity at q* for sample 2 vs. reciprocal 
temperature. Mean field theory predicts a linear dependence of both 
quantities. At TDoT = 393 K one finds a discontinuous increase of 
the intensity with lowering T ((o) heating, (e) cooling), b q* is the 
position of the maximum in the scattering intensity profile. At the 
DOT it varies with temperature in accordance with the expectation 
for an ordering transition on a BCC lattice [8] ((o) heating, (e) 
cooling) 

leads to a slowing down of its density increase during 
cooling and thus creates a large density difference between 
both  domains as long as physical ageing has not yet taken 
place. 

The temperature dependence of I r  in Fig. 2 also per- 
mits a precise determinat ion of the transition temperature 
TDOX = 393(+ 5) K. The same method  has been applied 
earlier to the case of polystyrene/polyisoprene diblock 
copolymers with symmetric composi t ion [22]. It was 
shown in that paper that the temperature  derived in this 
manner  coincides with the change in the power law of the 
dynamic shear modulus G*(o). Experiments of this type 

have been reported for a series of asymmetric diblock 
copolymers PS/PI  [23]. It is found, however, that for 
a temperature interval of up to 50 K above TDOT the 
frequency dependence of G* (~o) did not  allow a master plot 
construction [23, 24]. This feature was attributed to the 
existence of composit ion fluctuations in the disordered 
state. In the following we will give a detailed description of 
these fluctuations for the case of our  system. The relevant 
temperature range is usually determined from Fig. 2 as the 
deviation of 1~ 1 (T-1)  from a straight line. For  the case of 
sample 2 this extends up to 480 K. 

The linear dependence is a result of the random phase 
approximation (RPA) theory [-1]. Within this theory the 
block copolymer melt becomes unstable with respect to 
concentration fluctuations at a spinodal temperature Ts. 
Ts is extrapolated from the high temperature data for I r  
as is shown in Fig. 2a as the dot ted line. The resulting Ts 
values are included in Table 1. However,  care must be 
taken in the interpretation of this parameter  as it is in- 
fluenced by concentrat ion fluctuations [22]. 

A further interesting observat ion is made in Fig. 2b 
concerning the position q* of the first maximum in the 
scattering profile. As opposed to the assumption of the 
early RPA theory [1] this wave vector depends clearly on 
temperature. Within the disordered state the.shift of q* to 
smaller values with increasing interaction, i.e., lowering 
temperature, was at tr ibuted to a stretching of the polymer 
coil [14]. This trend is reversed, however, when the 
transition to the ordered state takes place. This signature is 
expected theoretically for a transit ion into a BCC lattice 
[8, 9]. 

We now turn to a detailed discussion of the three 
different types of scattering profiles that are discernible in 
Fig. 1 with variation of temperature.  For  the sake of clar- 
ity we will mainly focus on the results obtained from 
sample 2 as it is the one displaying all three structures in 
the accessible temperature range. At high temperature we 
find a broad peak in the scattering profile of sample 2. The 
same type of scattering is obta ined from sample 3 in the 
full range of temperatures. As an example we show in 
Fig. 3 the result for sample 2 at T = 458 K. The full curve 
in the figure represents a fit of Leibler's RPA theory [1]. 
The polydispersity of the polymer  has been taken into 
account using the method outl ined in ref. [14]. The fit 
obviously describes the data  very well and allows us to 
extract the value of the interaction parameter  zN from the 
data. The broken line in Fig. 3 indicates the contribution 
of density fluctuations to the scattering which is given as 

I~ = ( r l )  2 kB T K T  , (1) 

where ( q )  is the mean electron density of the sample and 
XT the isothermal compressibility. It has been shown 
earlier [14] that Eq. (1) indeed describes this scattering 
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Fig. 3 The SAXS pattern from sample 2 at T = 458 K is character- 
istic of the disordered state of the diblock copolymer. It is well 
described by mean field theory [1] if polydispersity is taken into 
account [14] (full curve). The broken line shows the contribution of 
density fluctuations to the scattering 

Fig. 4 Example of the SAXS pattern from sample 2 at T = 413 K in 
the micellar regime, The full curve is a fit of the hard sphere model of 
Eq. (3). The broken line shows the square of the form factor of single 
spheres without interference and the dotted line is the q independent 
background (see Eq. (1)) 

contr ibution quantitatively. In order to compare  the z N  
values with results from other  sources we use a mean 
mola r  volume to calculate the effective number  of seg- 
ments  N (see Table  1). We then find the interaction para-  
meter  Z for the data  refering to the high temperature  
regime of Fig. 1 to be linearly dependent on reciprocal 
temperature  Z = Zs + Zh/T .  The parameters  )~s and Zh, 
differ for samples 2 and 3 (see Table 1). However, com- 
pared to the results of ref. [14], there is no systematic 
dependence on molecular  weight. Whereas the general 
form for the tempera ture  dependence of X is confirmed by  
our  results and by other experimental  methods [23]: the 
parameter  Zh is found to vary widely. The cause for these 
discrepancies may  be different in the various experimental  
methods applied. In the case of the scattering experiment 
on a diblock copolymer  in its disordered state, the main  
source of error  will be concentra t ion fluctuations. Their  
effect is a t empera ture  dependent  reduction of the ap-  
parent  interaction pa rame te r  with respect to its bare  
value [2]. 

At lower tempera tures  the scattering profile from the 
diblock copolymers  changes in two respects. The mos t  
prominent  feature is the increase in the intensity of the 
main scattering m a x i m u m  at q* as shown in Fig. 2. Close 
inspection of the curve, however,  reveals the development  
of a shoulder in the profile at larger q. This is in contrast  to 
the temperature  induced changes of the scattering profile 
f rom symmetric diblock copolymers.  It  reflects the exist- 
ence of well-defined concentra t ion  fluctuations in the 
sample. In Fig. 4 we show data  obtained at T = 413 K. 
Besides the main  peak at q = 0.22 n m -  1 one observes two 

further max ima  at larger q. The peaks  are still ra ther  b road  
and less intense than the reflections found at even lower 
tempera tures  (see below). 

This form of the scattering profile may  be unders tood  
in the f ramework  of a micelle model  [9]. As a consequence 
of the increasing repulsive interact ion between polystyrene 
and polyisoprene blocks with lowering tempera ture  the 
system forms micelles consisting of a polystyrene core and  
a polyisoprene cover. N o t  all chains are packed into this 
structure. A fraction of free block copo lymer  chains forms 
a cont inuous  matrix in between the micelles. In order  to 
describe our  data  quanti tat ively we need to calculate the 
form factor  of the micelles as well as the pair  corre la t ion 
functions between micelles. The main  par t  of the scattering 
contras t  will be between the polystyrene core and the 
matrix. We can therefore use the wel l -known form factor  
of a sphere with Rsp denot ing the radius of the polystyrene 
core: [25] 

sin (Rspq) -- Rspq cos (Rspq) (2) 
�9 (q) = 3Vsp (Rwq)3 , 

where V~p is the volume of a sphere. The  scattering intensity 
for a dilute system of spheres would then be given as the 
square of 4~(q). Within this simple approach ,  however,  we 
cannot  describe our  data. The  interference between differ- 
ent spheres contributes significantly to the scattering pat-  
tern and  we need to take this into account.  

A closed form of a pair  correlat ion function has been 
derived for a liquid consisting of hard  spheres [26, 27]. 
This model  introduces two more  paramete rs  describing 
the range of the interaction between micelles as an effective 
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hard sphere radius Rhs and the volume fraction of spheres 
q. This correlat ion function has been applied earlier to 
block copo lymer /homopolymer  blends [28]. The para- 
meter Rhs for the present case will be expected to be larger 
than the core radius Rsp. It is of the order  of the full size of 
the micelle. 

The scattered intensity is given as the product  of the 
square of the single particle form factor and the interfer- 
ence factor S(q, Rhs, q), which is the Fourier  t ransform of 
the pair correlat ion function 

I(q) = K~2(q)S(q, R, q). (3) 

The prefactor  K depends on the scattering contrast 
between the polystyrene sphere and the matrix. The 
spherical form factor needs to be averaged over the size 
distribution g(R) of the micelle cores. This average is 
denoted by the horizontal  bar in Eq. (3). The functional 
form of g(R) is assumed to be a Gaussian with a mean 

value R = Rsp and a second moment  a 2 = (R - -  ~ ) 2  

g(R)-  ~ e x p _ - -  
x/2n o- ',, 5 " (4) 

We note that Eq. (4) clearly becomes unphysical as 
soon as a increases such that negative values of R contrib- 
ute significantly to the average. In this situation a more 
suitable mathematical  form for g(R) is the Schulz distribu- 
tion. In the present situation it turns out that a/Rsp < 0.2 
in all cases such that the use of the Gaussian distribution is 
justified. 

The interparticle interference then results in a structure 
factor 

1 
S (q, Rhs, 1/) = (5) 1 + 24q(G(A)/A) 

with A = 2qRhs and 

G(A) =-~(sinA--AcosA)+ (2A sin A 

+ ( 2 - - A 2 ) c o s A  -- 2) 

7 + ~-g{ -- A4cosA + 4[(3A 2 -- 6) cosA 

+ (A 3 -- 6A) sinA + 6]} .  (6) 

The model  of micelles with a liquid-like order  provides 
a quanti tat ive fit of our  data in the full range of temper- 
atures between Toox and 450 K. As an example we display 
the data obtained from sample 2 at T = 413 K in Fig. 4. 
The full curve is a fit of Eq. (3). The model  reproduces the 
first maximum as well as the maxima at larger q. In order 
to demonstra te  the effect of the spherical form factor we 
plot K~E(q) as the broken line in Fig. 4. The q-indepen- 
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Fig. 5 Temperature dependence of the polystyrene domain radius 
R,p (left axis) and the hard sphere radius RHs (right axis). Open 
symbols are obtained within the model of liquid like order between 
micelles (Eq. (3)). Filled symbols are results of a fit of the BCC model 
(Eq. (12)) 

dent scattering contr ibut ion is again caused by the density 
fluctuations in the sample. It is of negligible influence in 
the range of the interparticle interference peak but needs to 
be taken into account  at large q. 

The picture resulting from the evaluation of the scatter- 
ing profiles is a system consisting of spherical micelles 
in a matrix comprising a certain fraction of diblock 
copolymer molecules that are still in their disordered state. 
In view of the finite though small polydispersity of the 
samples one may expect that the low molecular weight will 
primarily remain in the matrix. Polydispersity may thus be 
seen to stabilize the existence of the mieellar state with 
liquid-like order. We emphasize that the significance of the 
hard sphere radius Rhs is merely that of a model parameter  
which captures the main features of the inter-micelle inter- 
action. A more realistic interaction potential is derived in 
ref. [29]. 

We now proceed to investigate the temperature  de- 
pendence of the various parameters  that characterize this 
type of liquid-like order  between micelles. In Fig. 5 we 
display the results for the radius of the polystyrene domain 
for sample 2 in the temperature  regime that shows the 
liquid-like order between micelles. They are reproducibly 
obtained in heating and cooling. We find the radius of 
the domains to increase significantly with lowering 
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temperature by 18%. This increase can be attributed only 
partially to a sharpening of the interphase between the 
polystyrene core and the polyisoprene as the average dis- 
tance between the spheres also grows (see below). The 
increase is therefore mainly caused by the successive imple- 
mentation of polystyrene blocks into the domains. At the 
lowest temperature  the domain radius is R~p(398 K ) - -  
8 nm. This results in 270 molecules being packed into 
one micelle. The smallest observable micelle has 
R~p(450 K) = 7.2 nm. The radius of the polystyrene do- 
main is to be compared  to the unperturbed end-to-end 
distance of the polystyrene block RCe = 4.7 nm which 
means that the polystyrene block is highly extended. The 
stretching is estimated in ref. [29] for the highest temper- 
ature at which the first micelle is formed: 

R~v = 0.89 a~/6 Rr162 , (7) 

where ~ is determined from the implicit equation ~ = 
ln(1/f) + 1/21n~c + 2.06a~ 1/6) which for our  composition 
./ '~ 0.11 has the solution c~c = 7.16. We would therefore 
expect a smallest value for the polystyrene domain radius 
of 5.8 nm. The data shown in Fig. 5 are significantly larger 
than this threshold value. 

A qualitatively similar behavior is found in the temper- 
ature dependence of the range of the interaction potential 
between the micelles as described by the hard sphere 
radius Rhs. Figure 5 compares these results with the radius 
of the polystyrene domains. The relative increase of Rhs 
with lowering T is smaller than that of the domain radius. 
Finally we can combine the results for the volume fraction 
of hard spheres t/, the hard sphere radius Rhs and the 
polystyrene domain radius Rsp to calculate the volume 
fraction fsp of  polystyrene accumulated in the micellar 
cores for a given temperature: 

\RhsJ ' (8) 

where f~p would be expected to approximate the overall 
volume fraction of polystyrene f at low temperatures as 
soon as all diblock copolymer  chains are organized in the 
mieelles. The data shown in Fig. 6 indeed display this 
behavior. At T = 398 K about  8% of the volume is filled 
with polystyrene spheres which means that a large fraction 
of the chains are connected to micelles. However, f~p 
continues to increase also below the ordering transition as 
will be discussed below. 

Finally we observe that the size distribution of the 
polystyrene domains remains nearly constant within the 
investigated temperature  range. It is well described by 
a Gaussian distribution of radii (ef. Eq. (4)) with a = 
1.5 nm. Raising temperature  leads to a homogeneous de- 
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Fig. 6 Volume fraction of polystyrene blocks organized in micellar 
cores. The open symbols are derived fi-om Eq. (8) and the filled 
symbols from Eq. (13) 

crease of the micelle size and to a release of polymer  chains 
into the matrix. 

We now turn to the structure found below the phase 
transition which for sample 2 is located at TooT = 
393(_+ 5) K and for sample 1 at Too t  = 448(__ 5) K. The 
scattering profile changes abruptly at this tempera ture  as 
is observed in Fig. 1. We remark that the discontinuous 
nature of the transit ion may easily be over looked in the 
experiment, if the sample is not given sufficient time to 
relax into its equilibrium at each temperature.  We will 
return to this point  in the subsequent section. In Fig. 7 we 
now show in more  detail a representative profile for the 
ordered state of samples 1 and 2. Besides the main peak at 
q* the SAXS pat tern shows at least two higher orders at 

positions x/-2q* and x/~q*. The width of these peaks is 
significantly smaller than that of the main peak in the 
micellar phase at elevated temperature. Moreover ,  the 
pattern is characterized by a diffuse scattering component  
which depends markedly on the scattering vector  q and 
gives rise to the broad  shoulder a round q ~ 0.6 n m -  1 in 
Fig. 7. 

The transit ion at Toot has obviously led to a macro-  
crystalline state in which the micelles are located at well- 
defined periodic lattice positions. The sequence of peak 
positions is in accordance with a BCC structure as is 
expected for this composition. Our  aim now is to arrive at 
a quantitat ive description of the scattering pat tern in terms 
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Fig. 7 Typical SAXS pattern of the ordered state of samples 1 and 2. 
The data are from sample 2 at T = 318 K. The full curve is a fit of the 
BCC model (see Eq. (12)). The broken lines indicate the Bragg and 
diffuse component, respectively. The q-independent dotted line is the 
scattering contribution from density fluctuations 

of  this structural  model  and  to obta in  information on the 
details of the structure such as micellar size. We therefore 
use a refinement method  that  is c o m m o n l y  applied in the 
s tudy of polycrystalline powder  pat terns  in crystallogra- 
phy  but apply it to the small angle scattering regime. The 
scattering intensity consists of  two components :  a Bragg 
componen t  Ihu caused by the regular periodic order and 
a diffuse componen t  Idiff which is due to positional dis- 
order  of the micelles. 

/Bragg is simply given as the sum of Bragg peaks at 
posi t ions described by the Miller indices (hkl). For  a cubic 
lattice the peak  posit ions are given in terms of the lattice 
constant  a as 

qhkt = ~ Nfl h2 + k2 + 12 " (9) 

Their  intensity is given by the average form factor of 
the polystyrene domain  at the wave vector  position qhkt, 
~2 (qhkt), and the multiplicity nhkl of the reflection {hkl}: 

z ~ nhkl 
Iaragg(q) = Karagg ~ 2  ( q h k l ) ~  Ghkl (q, qhkl, O'Bragg) 

q 

x exp(--q2 u2/3) , (10) 

where Ghk I (q, qhkt, O'Bragg) denotes  a normal ized Gauss ian  at 
posi t ion qhk~ with a variance O'aragg which is the same for all 
reflections. The intensity is further modified by the Lorentz 
factor  which for the present case is 1/q 2. The intensity of 
the Bragg reflections is decreased by the existence of dis- 
order  which is here described by a Debye -Wal l e r  factor 

Table 2 List of allowed 
reflections for a BCC lattice. 
(space group Im3m). (hkl) are the 
Miller indices and rlhk I denotes 
the multiplicity of a reflection 

h k 1 nhk I 

1 1 0 12 
2 0 0 6 
2 1 1 24 
2 2 0 12 
3 1 0 24 
2 2 2 8 
3 2 1 48 
4 0 0 6 
3 3 0 12 
4 1 1 24 
4 2 0 24 
3 3 2 24 
4 2 2 24 
5 1 0 24 

with a mean-squared  displacement  of  the micelles from 
their lattice positions u 2. 

The finite width of  the interface between the polysty- 
rene domain  and polyisoprene gives rise to a factor of the 
same form as the Debye -Wal l e r  factor in Eq. (10). It 
cannot  be discriminated f rom the disorder on the basis of 
our data  and u 2 therefore describes both  effects. 

Equat ion (10) contains as variable parameters  a 
prefactor KBr,gg, the lattice constant  a, the radius of the 
polystyrene domain Rsp, and the mean-squared  displace- 
ment u 2. In the refinement procedure  we include all al- 
lowed reflections in the q range under  consideration. A list 
of the reflections is given as Table  2. 

The scattering unit in this macrocrys ta l  is the polysty- 
rene domain  which as opposed  to a tomic scatterers is 
rather  large. Consequently,  the diffuse scattering part  car- 
ries the wave vector dependence of the form factor. A 
similar situation is encountered in the scattering from 
oligomeric crystals [30]. If we assume the deviation of the 
local form factor of a micelle to be uncorrelated then 

/diff OC (1 - -  e x p ( - -  q 2 u 2 / 3 ) ) ~ 2  + ( ~ 2  _ ~2)  . (11) 

In order  to simplify calculations we observe that aver- 
aging 4~ with respect to the size distr ibution will smear  out 
its max ima  and we assume Idiff ~ Kdiff(1 -- exp( -- q2u2/ 

3)) 4~ 2, with Kdiff an adjustable prefactor.  The radius of the 
polystyrene spheres enters the expressions for the inten- 
sities of the Bragg reflections as well as the q-dependence 
of diffuse scattering. 

A third contr ibut ion to the scattering IK arises from the 
density fluctuations and is taken into account  as a con- 
stant. The scattered intensity is then given as 

I(q) =/Bragg + /cliff + Ix �9 (12) 

The data  in Fig. 7 are shown together  with a fit of 
Eq. (12) as a full curve. The assumpt ion  o f a  BCC structure 
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consisting of spherical micelles obviously provides a very 
good description of the data. As a first result of the refine- 
ment we obtain the temperature  dependence of the lattice 
constant a as derived from a fit of Eq. (12) to the data in the 
temperature range from room temperature to 393 K. With 
the exception of the immediate vicinity of the transition 
temperature the lattice constant  and therefore the distance 
between miceltes is decreasing with lowering temperature. 
This variation is of course already visible in the variation 
of q* as shown in Fig. 2b. It is in accordance with theoret- 
ical expectation for ordering on a BCC lattice I-8]. 

Heating and cooling runs do not superimpose in this 
temperature range. The glass transition of the polystyrene 
domains obviously causes the ordering to be very slow. 
The change of a with temperature  is considerably larger 
than would be expected on the basis of the thermal expan- 
sion of polyisoprene. Moreover  this decrease of the dis- 
tance between micelles is accompanied by an increase of 
the radius of the polystyrene domain as shown in Fig. 5. 
The data for T < TDOT are derived from the fit of Eq. (12) 
whereas for T > TDOT we apply the model formulated by 
Eq. (5). The radius R~p is found to vary continuously with 
T which supports the applicability of our structural mod- 
els. Below TDOT the rate of increase with lowering temper- 
ature is smaller than above but the micelles continue to 
grow. The observed shrinking of the lattice must therefore 
be entirely due to changes in the polyisoprene matrix. 

We can again calculate the volume fraction of polysty- 
rene spheres fsp as was done before for the temperature 
regime above TDOT (see Eq. (8)): 

8 (Rsp) 3 (13) 
L p =  3 \ a /  " 

These data are included in Fig. 6. They continuously 
match the results from the liquid like ordered state thus 
supporting the applicability of both structural models. As 
was noted above the overall volume fraction of polysty- 
rene is approached a round  room temperature. 

Kinetics of the ordering transition 

Having established the different states of order for the 
asymmetric diblock copolymers  as a function of temper- 
ature we now turn to the question of the kinetics of 
ordering. As was ment ioned above the formation of order 
at the disorder- to-order  transition is a slow process and 
long annealing times are required to prepare the system in 
its thermal equilibrium. On the other hand, this opens the 
way for a real time experiment in which we observe the 
change of the structure factor with time after a quench 
from the disordered state into the BCC ordered state 

be low TDO T. Such experiments have been reported earlier 
for the case of symmetric diblock copolymers of polysty- 
rene and polyisoprene [-3 I, 32, 17]. However,  the situation 
for a symmetric diblock is special as the ordering process is 
essentially one dimensional [33]. In the present si tuation 
we have a transition leading from a liquid consisting of 
spherical micelles to a three dimensionally ordered,  BCC 
type structure. 

In the following we present the results from a series of 
quench experiments using sample 2 for which the ordering 
transition occurs at an experimentally convenient temper-  
ature. The sample is prepared in its micellar state at 
T = 413 K and then quenched to three temperatures be- 
low TDOT. In separate measurements we have moni tored  
the temperature at the location of the sample and deter- 
mined the time to reach the end temperature to be smaller 
than 30 s. After that time, temperature  fluctuations are 
smaller than 3 K and smaller than 0.5 K after 150 s. 

In Fig. 8 we show the results of the time-resolved 
SAXS measurement following a quench 413 K - ~  343 K. 
The first 10 scattering profiles were taken during time 
intervals of 30 s. For  the subsequent measurements the 
time intervals were continuously increased. We were thus 
able to extend the measurement  for up to 20 h. We observe 
a slow built-up of intensity after 2 • 104 s which is accom- 
panied by the development  of second and third order  
reflections. In order  to analyze the change of structure with 
time in more detail we fit the first order reflection with 
a Gaussian and determine the time dependence of the 
intensity, the full width at half maximum F W H M ,  and the 
scattering vector position q*. The result of this analysis is 
depicted in Figs. 8(a)-(c). 

Immediately after the temperature  jump the intensity 
of the peak increases over its equilibrium value at the 
starting temperature. The characteristic time for this in- 
crease is ~1 = 120(+ 20) s and therefore significantly larger 
than the time for the variation of temperature itself. The 
full curve in Fig. 8 represents fits of an exponential  in- 
crease (or decrease, respectively) of the parameter.  This 
rapid change of peak intensity has also been observed in 
the case of the lamellar diblock copolymers. Its origin is in 
both cases the progress in the separation of the styrene and 
isoprene parts giving rise to improved scattering contrast  
and consequently increased intensity. In the present case 
we know from the investigation of the equilibrium struc- 
ture that a significant part  of the diblock copolymers are 
not bound to micelles at the starting temperature  (see 
Fig. 6). The ordering process must therefore involve as 
a first step the incorporat ion of  these chains into the 
micelles and consequently the increase of the polystyrene 
domain  size (Fig. 5). 

Our  data show that the ordering onto  the BCC 
lattice does not  occur at the same time. This format ion of 
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Fig. 8 Variation of the first 
order maximum with time 
following a temperature jump 
413 K --* 343 K. The peak is 
fitted with a Gaussian. Two 
time scales are found for the 
variation of the peak 
parameters. The vertical line 
marks the onset of the higher 
order reflections. The initial 
value of the peak parameters at 
t = 0 are included as dotted 
lines. (a) Integral peak intensity: 
increase on both time scales. 
(b) FWHM: significant decrease 
on slow time scale. (c) q*: shift 
to smaller values on slow time 
scale 

long-range order is displayed in two properties of the 
scattering profile. The first is the decrease in the F W H M  of 
the first maximum as a result of  the enlarged correlation 
length. The second is the existence of high order reflec- 
tions. The onset of these maxima is depicted as a vertical 
dotted line in Fig. 8. In parallel with the sharpening of the 
peak Fig. 8(c) shows a shift of its wave vector q* to smaller 
values. We find this shift in the same manner for a quench 
temperature of 363 K but not for the highest value of 
383 K. In the latter case the shift in q* occurs before the 
high order reflections are visible and the F W H M  decays. 

q* obviously is influenced by a stretching of the polymer  
chains as well as by the ordering of the micelles on the 
lattice and our experimental resolution may not be suffi- 
cient to discriminate between both effects. 

At very long times the data in Fig. 8 show a decrease in 
the peak intensity which is accompanied by a reverse shift 
in q*. This is a reproducible effect which could be caused 
by a transition between two distinct lattice types. How-  
ever, we were unable to identify these differences in the 
scattering profiles as the resolution of the position sensi- 
tive detector used in the kinetic study is too small. 
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Conclusions 

In the investigation of the equilibrium structure of strongly 
asymmetric diblock copolymers of polystyrene-b-poly- 
isoprene we have identified three different states of order. 
In between the disordered state at high temperature 
or low molecular weight and the BCC ordered state at 
low temperature  a micellar state with liquid-like order 
has been found. The size of the micelles depends strongly 
on temperature.  The ordering onto the BCC lattice could 
be observed as a temperature driven phenomenon. 

In time-resolved SAXS experiments, after the tempera ture  
jumps from the micellar into the BCC state it was 
shown that  the ordering process consists mainly of two 
distinct stages which are identified as an increase of the 
micelles due to the incorpora t ion  of more molecules from 
the matrix and a subsequent ordering onto  the periodic 
lattice. 

Due to the limited resolution of the experiment  it was 
not possible to clearly identify the transition between dif- 
ferently packed periodic states which is suggested to occur 
at long annealing times. 
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