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We investigated the kinetic as well as thermodynamic aspects of surface segregation in blends of random 
copolymers of styrene and acry[onitrile (SAN) with different acrylonitrile contents (22.5 and 27.2 wt%) 
annealed at 163 C. A comparison was made with equilibrium data collected by Mansfield et al. on the 
same system using neutron reflectivity. The lower-AN-content SAN, which is labelled with deuterium 
(d-SAN), was observed to segregate to the vacuum/polymer interface. Time-of-flight and conventional 
forward recoil spectrometry were used to determine the depth profile of the deuterated component. The 
apparent diffusion coefficient Dap p controlling the segregation kinetics at a bulk volume fraction ~h of d-SAN 
of 0.34 was obtained. It was smaller by a factor of approximately 1.5 than the mutual diffusion coefficient 
/) at ~h=0.34 calculated without taking the expected thermodynamic slowing of diffusion into account. 
However, D~pp was larger than the measured/) at 4'-0.34 by a factor of approximately 3. The mean-field 
theory of Schmidt and Binder was employed to extract the Flory interaction parameter Z, which was found 
to be smaller than but close to its critical value Z~. The value of/~ computed using this Z value was in 
good agreement with the independently measured /~ at ~ = 0.34. 

(Key~ords: surface segregation; styrene-acrylonitrile; random copolymer) 

I N T R O D U C T I O N  

The surface composition in a multicomponent system is 
expected to be different from the bulk because each 
component generally has a different surface energy, 7. 
This segregation impacts practical properties such as 
adhesion, wetting and friction, so that understanding 
surface segregation has a technological as well as scientific 
importance. For polymers, this effect is amplified owing 
to a small combinatorial entropy of mixing, which means 
that even a small difference in the surface energy between 
the components can cause massive segregation. In the 
isotopic homopolymer blends, the thermodynamic 1 ~ 
and kinetic 6 aspects of such a surface enrichment process 
have been stuclied in depth. However, only a limited 
number of investigations of surface enrichment in 
practical polymer blends can be found in the literature 7 ~ 

Random copolymers (SAN) of styrene (S) and 
acrylonitrile (AN) are some of the most widely used 
materials in the thermoplastics industry, for example as 
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an ingredient in acrylonitrile-butadiene styrene (ABS) 
resin. When SANs with different AN contents are mixed, 
the mixture forms one homogeneous phase until the AN 
content difference reaches about 5% 10. For such miscible 
blends, however, the surface composition will not be the 
same as that of the bulk: the SAN with a lower AN 
content is expected to have weaker interchain bonding 
than the one with higher AN content owing to the polar 
nature of the AN unit. Thus the low-AN-content SAN 
molecule would be energetically favourable to place at 
the vacuum/polymer interface. Indeed, after annealing 
above the glass transition temperature, the surfaces of 
blends of SANs with different AN contents have been 
observed to be enriched in the lower-AN-content 
component 11. We report the results on the kinetics and 
thermodynamics of surface enrichment in blends of SANs 
with 22.5 and 27.2wt% AN contents using ion-beam 
depth-profiling techniques (time-of-flight and conven- 
tional forward recoil spectrometry). The formulations 
used for discussing the experimental findings will be 
briefly presented in the rest of this section. 

K i n e t i c s  

The kinetics of the surface segregation process has been 
studied by assuming that the growth of the layer is 
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Figure I (ai The surface enrichment profile obtained according to 
equation 14)Ifull curvel. The broken curve and dotted line represent 
the depletion profile (p,~lxi and the profile before annealing. The diffusion 
distance w=(4D,,pvH ~2 was 500A and the parameters used for 
determining ¢)J.x) are explained in the text. The hatched area indicates 
-* 53 A~ Ib) The full curve represents the exponentially decaying 
surface segregation profile (,b~(',-). The broken curve and dotted line are 
the same as those in (aj, The surface volume fraction (&~). the volume 
fraction at .x= L (~;'k) and the volume fraction at the hypothetical local 
boundary (~bt, I are also shown 

diffusion-limited ~'12. In this section, the original idea 
proposed by Jones and Kramer  6 is applied to derive a 
simple analytical expression for the shape of the 
non-equil ibrium surface profile, utilizing information 
obtained from equilibrium depth profiles (the integral 
surface excess z* and the surface volume fraction ~bt). 
Initially, when the lower-surface-energy componen t  
segregates to the surface, a zone behind the surface layer 
is depleted in that component.  The resulting concentration 
gradient drives diffusion from the bulk to this depleted 
zone, while the surface layer is built up at the same time 
(Figure la). Under  such circumstances the segregated 
amount  of the material at the surface would be controlled 
by the diffusion distance, w(4Dappt) ~2, where Oap p is the 
'apparent '  diffusion coefficient, which accounts  for the 
segregation process, and r is the annealing time. The 
following two regions are assumed to be in local 
equilibrium: the segregating region and the depleted 
region from which the segregating component  is being 
supplied. We consider the situation where the diffusion 
distance is so much greater than the characteristic size 

of the enriched layer that the boundary  that divides the 
two regions can be approximately  fixed at the surface 
during the processi'. When the total film thickness L is 
of the same order of magnitude as w, the profile for the 
depletion qSa(x ) can be obtained using an error-function 
series TM 

(~d(X) : (]Z)L- ((/)L - -  (~b) ( 1)" erfc 
?l 

,, = 0 \ W 

where x is the distance from the surface, q5 L is the volume 
fraction at x =  L (we distinguish it from q~,  which will 
denote the equilibrium bulk composit ion) and 4~ is the 
volume fraction at the boundary  (fixed at x=0) .  Using 
conservat ion of mass (the surface excess z* is equal to 
the amount  of  depletion from the bulk concentration),  the 
following relation is obtained: 

L "* = [~bL-- ~ba(x)]dx ~ (~bL-- (]~b) erfc(x;/'w)dx" (2) 

Equat ion (2) is rearranged to yield 

~ _ ~  _~t, ,  , ,  '~z / w ~  0 (3) 

where z* =z*(~bb) is obtained from the surface excess at 
equilibrium when the concentra t ion in the bulk is 4~b. The 
above equat ion is solved for (]~b (Figure lb). The overall 
profile 4)(x) is obtained by summing ~bd(x) (equation (1), 
broken curve in Figure lb) and the surface-segregating 
profile ~b,(x) (full curve in Figure lb) less (~b: 

¢(x) = ~d(x) + ~dx) -  ~b (4) 

The details of how we obtained q~,(x) will be explained 
in the section on 'Kinetics '  in the "Discussion'. Figure la 
shows the example of such a profile, and the hatched 
area indicates z*. After taking the limited depth resolution 
of our  experiments into account,  Dap p c a n  be obtained 
by a compar ison of the theoretical and experimental 
profiles. 

Thermodynamics 
The equilibrium composi t ion profile near the surface 

can be established by balancing the free energy gained 
by putting the lower-surface-energy component  at the 
surface with the free energy penalties for creating a 
gradient in concentra t ion and for maintaining a local 
composi t ion different from the bulk. This problem has 
been solved using a mean-field approximat ion  t4'LS. We 
briefly summarize the consequences of the theory using 
the Schmidt and Binder notat ion ~'~. The theory has been 
successful in interpreting many surface segregation 
phenomena  ~ s.~.9.~6 observed recently including results 
on surface excess :* and surface volume fraction ~b t. 

+Tile very initial process during which this boundary rapidly shifts to 
this distance of w=(4D,wpt) ~ 2 was not accounted for in the present 
formulation. However, fixing the boundary in this way turned out to 
be a reasonable assumption shortly after the depleted layer is formed, 
because most of~he diffusion takes place with only a small displacement 
of this boundary (less than a radius of gyration, which is ~ l t0 A. for 
d-SAN-EF): for example w is 1530A in k)~lure3 

2 4 2 8  P O L Y M E R  V o l u m e  36 Number  12 1995  



Surface segregation in blends of  SAN copolymers: E. Kim et al. 

Table 1 Acrylonitrile (AN) content, weight-average molecular weight 
and polydispersity indices of deuterated and protonated poly(styrene- 
co-acrylonitrile) 

M ,, 
A N l w t % )  (gmol  1) M~ M. 

d-SAN-EF 22.6 1.8 x 10 s 2.2 
d-SAN-GH 22.4 1.1 x 10 s 2.0 
SAN-23 22.9 1.8 x l0 s 3.0 
SAN-27 27.2 2.4 x 10 s 2.4 
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Figure 2 The concentration profile of d-SAN-GH in the blend of 
d-SAN-GH and SAN-27 measured by conventional f.r.e.s. The sample 
was annealed at 163 C for 2 weeks ( z * - 5 4 A ) .  The inset shows the 
predicted exponentially decaying profile, which was convolved with a 
Gaussian with a f.w.h.m, of 730 A ifull curve drawn through the data 
points). The broken curve represents the unannealed profile (convolved 
step profile). The values of surface concentration <p~ and correlation 
length ~, were 0.76 and 129 A. respectively, obtained from the broken 
curves in F41urcs 4 and 5 
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Figure 3 The concentration profle of d-SAN-EF in the blend of 
d-SAN-EF and SAN-27 measured by t.o.f.-f.r.e.s. The sample was 
annealed at 163 C for 9 h by=  1530A and z * - 8 8  A). The inset shows 
the predicted profile according to equation (4). which was convolved 
with a Gaussian with a f.w.h.m, of 300 A (full curve drawn through the 
data points). The broken curve represents qSd(X) given in equation (3). 
The apparent diffusion coefficient Dap p of 1.7 X 10 ~ cm-' s ~ could be 
extracted by fitting the surface excess and slope of the data points. The 
dotted curve represents the unannealed profile (convolved step profile). 
The parameters used for determining the exponentially decaying surface 
segregation profile q~jx} are explained in the text 

From the theory the surface excess z* is found to be 
1 , 1 6 .  

_ , _ ,  ('P' 4 ' -  4'. 
6o,b,l ',~b(1 ~b)[AG(qS)-AG(-~,)-(q~-qS~)AF(qS~)]', ~ - 

(5) 

where q~ is the volume fraction of lower-surface-energy 
component  in the bulk, AG is the Flory-Huggins free 
energy of mixing (Ag is the derivative of AG with respect 
to 40 and a is the statistical segment length, which was 
taken to be 6.1 A from the neutron scattering 
experiments 17 on SAN with 19 wt% AN. When z* and 
~b 1 are known as a function of ~b ~, the Flory interaction 
parameter  Z in AG is the only unknown parameter  and 
can be extracted. 

The surface energy difference A7 can also be derived ~4 
by an approximation that it would be a linear function 
of ~61 (refs. 1, 5): 

ak T[AG(q5 ~ ) -  A G((:b. ) -(4)1 - 0 .,)A,u(O :~ )] 1,,2 (6) 
At -  3b3L j 

where b is a unit-cell dimension of the Flory Huggins 
lattice, which is calculated to be 5.1 A from the molecular 
weight of the monomer  and its density. In the section on 
'Surface energy difference' in the 'Discussion" we will 
evaluate A;, using equation (6) and the validity of the 
approximation on A/wil l  be discussed. 

E X P E R I M E N T A L  

Protonated SAN with 27.2wt% AN content with 
weight-average molecular weight M,, of 240 000 (SAN-27) 
was blended with one of two deuterated SAN (d-SAN) 
having nearly the same AN content (~22 .5wt%)  but 
different Mw values (M,,.(d-SAN-EF)=IS0000, Mw(d- 
S A N - G H ) =  110000). They are tabulated in Tabh, 1 with 
their polydispersity indices. The d-SAN were prepared 
by polymerizing acrylonitrile and perdeuterated styrene 
monomers using t-butyl peroctoate as free-radical 
initiator and terpinolene as a chain-transfer agent. The 
details of synthesis are discussed elsewhere t 8. 

The polymers were dissolved in methyl isobutyl ketone 
and the films of binary blends (d-SAN-EF/SAN-27 and 
d-SAN-GH/SAN-27) with thicknesses of more than 1 l~m 
were spun-cast onto the silicon wafer. These were first 
dried and then annealed at 163C for various times up 
to 2 weeks. The depth profile was obtained using either 
conventional or time-of-flight (t.o.f.) forward recoil 
spectrometry (f.r.e.s.). The predicted profile (equation (4)) 
was convolved with a Gaussian function with a full width 
at half-maximum (f.w.h.m.) of 740A for conventional 
f.r.e.s, and 300 A for t.o.f.-f.r.e.s, to take into account the 
depth resolution. The enhanced resolution in t.o.f.-f.r.e.s. 
comes from the ability to remove a stopper foil, which 
was required in conventional f.r.e.s, to keep the elastically 
scattered 4He2 + particles from reaching the detector ~ 9.20. 

Fi.qure 2 shows an example of the equilibrium surface 
segregation profile in the blend of d-SAN-GH and 
SAN-27 annealed at 163~C for 2 weeks. The predicted 
structure of the actual profile (inset) can hardly be seen 
owing to the poor  resolution, but the surface excess z* 
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Figure 5 Surface vo lume fract ion ¢b~ measured  using neu t ron  
reflection by Mansfield et al. 2~ is p lot ted  as a function of the bulk 
volume fraction qS,. The full curve is the non- l inear  leas t -squares  fit 
to the da ta  using the funct ional  form of a[1-exp(-x/b)]  (where a = 0.779 
and h -0 .0654) .  The broken  and cha in  curves are the calcula ted values 
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a s suming  the same surface energy difference given in Fi#ure 8. Refer to 
the text for the details.  The dot ted  line represents  the line q5 z = 0 • 

could be measured accurately with this technique. In 
contrast as seen in Figure 3 (the blend of d-SAN-EF and 
SAN-27: annealed at 163'C for 9 h), with the better 
instrumental resolution of t.o.f.-f.r.e.s., one could see 
more details of the change in concentration near the 

surface, including a depletion layer below the surface- 
cnriched layer. The full curve through the data is based 
on the profile shown in the inset, using the form of 
equation (4). From this profile, D,pp could be extracted. 

The mutual diffusion coefficient D in the blend of 
d-SAN and SAN-27 at 4=0 . 34  was measured by 
monitoring the broadening of the interface between the 
two layers, which were prepared by putting the top layer 
of about  3000A thickness with 0=0 .32  on a bot tom 
layer with 0=0.36.  To minimize the influence of the 
composition dependence on diffusion, A0 was made 
small. Details of this procedure may be found 
elsewhere 21. 

RESULTS 

We first examined the blend of d-SAN and SAN of 
M,, = 180000 with a similar AN content (22.9 wt%). No 
surface excess was de tec ted t  The equilibrium values of 
z* in the blends of d-SAN and SAN-27 at 163~C are 
shown in Figure4. Data obtained using t.o.f, and 
conventional f.r.e.s, together with the neutron reflecto- 
metry (n.r.) data by Mansfield et al.++ are plotted as open 
symbols for d-SAN-EF and as filled symbols for 
d-SAN-GH. The neutron reflectiviy (n.r.) is extremely 
sensitive to sharp changes in the scattering length density 
profile, enabling the value of q5 t to be extracted accurately 
from the reflectivity data at large wavevectors t~. 
Mansfield's n.r. data on the surface volume fraction qS~ 
cersus 0 ~ are shown in Figure 5. 

The mutual diffusion coefficients /) in the blend of 
d-SAN and SAN-27 at 0=0 . 34  are shown as open and 
filled circles with error bars in Figure6 for d-SAN-EF 
and d-SAN-GH, respectively. The tracer diffusion 
coefficients D* of d-SAN in SAN-27 have also been 
measured TM. These are shown as open and filled circles 
at qS=0 in Figure6 for d-SAN-EF and d-SAN-GH, 
respectively. 

DISCUSSION 

Kinetics 
We first considered the blend of d-SAN-EF and 

SAN-27, the same materials that Mansfield et al. used in 
their neutron reflectometry (n.r.) investigation 11. The 
equilibrium profile 0equil(X), which is also qS~(x) in 
equation (4) when ~b b = qS,, was taken as an exponentially 
decaying function from 01 to 0-z, which approximates 
well the result of the mean-field theory of Schmidt and 
BinderS,la.lg. 

6~q,il(X)=(01 - 6 ~) exp(- x,/c~,) + ~b ,, (7) 

The correlation length ~, as a function of ~b~ could be 
calculated from the experimental z* (full curve in Figure 4) 
and 4~t [full curve in Figure5) as follows, and is shown 
as a full curve in Figure 7: 

~.,=:*/(0,-0,~) (8) 

f O u r  observa t ion  shows that  par t ia l  deu te r ium subs t i tu t ion  in those 
molecular-weight  SAN polymers  does not afford enough the rmodynamic  
gain at the surface to overcome the ent ropic  cost for c rea t ing  a gradient  
at the surface 
7~The t empera tu re  at which Mansfield annea led  his samples  was 167 C 
Iref. 11i ra ther  than  163 C. We ignored this difference 
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Figure 6 Various diffusion coefficients as a function of volume fraction 
q5 of d-SAN: the apparent diffusion coefficients D,pp for d-SAN- 
EF/SAN-27 blend ( l .7x 10 15cm2s 1 chain line) and for d-SAN- 
GH/SAN-27 blend (4.0 × 10 ~5 cm 2 s-  ~, dotted line) predicted mutual 
diffusion coefficients/3 from equation (12) for d-SAN-E F/SAN-27 blend 
(full curve) and for d-SAN-GH/SAN-27 blend (broken curve); measured 
tracer diffusion coefficients D* in SAN-27 of d-SAN-EF (open circle 
at ~b=0} and of d-SAN-GH (filled circle at q~=0): and measured /9 at 
q~=0.34 for d-SAN-EF/SAN-27 blend (open circle with error bar) and 
for d-SAN-GH/SAN-27 blend (filled circle with error barl 

We note that this ~, has the experimental value of ~ 
embedded in it, in contrast with the one which would be 
predicted from the value of z* only in the absence of q~ 
data using the Schmidt and Binder theory 1J. There will 
be more discussion on ~ and 4'~ in the following 
subsections on "Correlation length" and 'Surface energy 
difference'. 

The full curve in Figure 3 is the profile obtained by 
matching z* and the (b(x) given by equation (4) to the 
t.o.f.-f,r.e.s, depth profile of the d-SAN-EF/SAN-27 blend 
annealed at 163°C for 9 h (w= 1530 A and z*=88  A). The 
diffusion coefficient Dap p of 1.7X10 1~cm2s ~ was 
extracted. The same procedure using samples annealed 
for 4.5 and 54 h gave a similar number for Davp within 
experimental error. This value will be compared with the 
diffusion coefficients obtained independently in the next 
section. 

hmwaclion parameter and d(ffiesion coe.fficients 
The Flory interaction parameter 7. in the blend of 

d-SAN-EF and SAN-27 was extracted using equation (5) 
to fit the z* versus 4)~ data. In Figure4 the full curve 
was drawn through the open symbols using 7. = 8.2 x 10 '~ 
and ~b~(qS~ ) shown in Figure 5. Cowie and Lath proposed 
the following relation for 7. in random copolymer 
blends22.23:  

Z=(X 2 - - Y )  7.S-A N (9) 

where/s  AN is the 'common' binary interaction parameter 
between S and AN units, and x and y are the mole 
fractions of one of the component monomers of each 
SAN. They estimated 7.s AN to be 0.76 from Molau's phase 

separation observations ~°. According to equation (9), 7. 
is calculated to be 13.4x 10 -4 from our AN content 
difference, which is in reasonable agreement with the 
value extracted from z* data. The Z we obtained 
(8.2 x 10 4) was close to but smaller than 7. at the critical 
point 7.~ (=8.5 x 1 0 - 4 ) ,  which is given as: 

(N~ j2 + N~"2) 2 
Zc - ( 1 0 )  

2NANB 

At our experimental temperature (163°C), the system is 
therefore in the one-phase region over all compositions 
because Z is always smaller than its value at spinodal (g~): 

l /  1 1 \  
(11) 

On the other hand, this also suggests that it is 
impossible for a wetting (or pre-wetting) layer to grow 
within a framework of mean-field theory, and, in fact, no 
difference in z* was observed by increasing the annealing 
time after z* reached its expected equilibrium level. 
However, since our blend system approaches the critical 
point as qS~ becomes closer to the critical composition 
qS~ (and therefore as 4~ increases), it is expected that 
deviations from the mean-field behaviour will become 
important. We note that the blend at 4) c would provide 
a model system for studying other thermodynamic or 
mechanical behaviour close to the critical point in the 
one-phase region. 

The mutual diffusion coefficient/~ was then calculated 
from the following equation24"25: 

fi=2(Z~--7.)C~A~aB(~.D~,NA +~AD~N.) (12) 

where N i is the degree of polymerization and ~bi is the 
volume fraction of component i. Assuming that the 
monomer friction coefficient Co of SAN-27 in d-SAN is 

200 

°~150 

--~ IOO 
g 

5 0  

Figure 7 

I I I " I I I 
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Bulk volume froct ion of d -SAN-E f t ,  qb m 

The surface correlation length ~, obtained from equation (8) 
(full curve) and the bulk correlation length ~b obtained from equation 
{11) (broken curve) in the blend of d-SAN-EF and SAN-27 as a function 
of bulk volume fraction ~b~ of d-SAN-EF 
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calculated values of ~a for d-SAN-GH as a function 
of 95_~ are also shown in Figure5 as a broken curve 
iusing Z = 1 0 . 6 ×  10 -'~) and as a chain curve (using 
Z= 8.2 × 10-4)t.  

We also could extract the D~pp ( = 4 . 0  × 10- t5 cm 2 s-  1) 
utilizing the intermediate segregation profiles and the 
above information on equilibrium. The D~pp [dotted line) 
and predicted /3 from equation (12) (broken curve) are 
shown in Figure6, together with the /3 measured 
independently (filled circle with error bar at 95 = 0.34) and 
the D* of d-SAN-GH into SAN-27 (filled circle at 95=0). 
They show the same trend as we saw in the d-SAN-EF 
and SAN-27 blend: D~pp is a little smaller than the 
predicted/3 when Z=0 ,  but significantly larger than the 
measured or predicted /3. 

C O N C L U S I O N S  

Low-AN-content  SAN segregates to the surface. Surface 
segregation of low-Mw SAN is smaller than that of 
high-Mw SAN. When the kinetics of surface segregation 
is assumed to be diffusion-limited, Dap p could be 
extracte& which was observed to be larger than/3 at the 
bulk concentration. The surface energy difference 
between d-SAN with 22.6wt% AN content and SAN 
with 27.2 wt% SAN is ~0 .25 mJ m 2 at a surface volume 
fraction 951 of d-SAN of 95~ ±0 .4  and decreases with 95 ~. 
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f Jones and Kramer indicated in ref. 16 that for most chemically 
dissimilar polymer blends, which usually have a surface energy 
difference A;' of much greater than 2 mJ m 2, z* and ~ are insensitive 
to Z, while it is illustrated here that z* and ~bz are rather sensitive to 
Z, because of the small magnitude of A;. ( <0.25 mJ m 2) 
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