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down to L/d - 10. The present work theoretically 
substantiates their finding and suggests even a wider range 
of applicability (down to L/d - 4) of the Yamakawa-Fujii 
formula for E of the wormlike cylinder. 

Appendix 
We wish to calculate Eo for the straight touched beads 

model, using the sarne Oseen-Burgers procedure as for 
continuous models. The equation derived by Fujita (eq 
7 in ref 14) for the beads model is pertinent to this purpose. 
When the Kirkwood--Riseman appr~ximation’~ is used, it 
gives 

3?TVond/%~ = 1 + (d/2n) E E(  l / R L , )  (Al )  
‘fl 

for a straight rod coniposed of n touched spherical beads 
of diameter d. Here ( l /R l l )  is the mean reciprocal distance 
between the ith and the j t h  beads. Introduction of the 
relation ( l /Rl l )  = ( l j  - ild1-l into eq A-1, followed by 
summation, gives 

(-42) 

where y is the Euler constant equal to 0.5772 and $ is 
defined by 

3?Tgond/50 = $(n + 1) + 

d 
$s(z) = - In r(z) dz 
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Since +(n + 1) = In n + 1/(2n) - 1/(12n2) + 1/(120n4) + 
... for n >> 1, replacement of nd by L yields 
3x7,,L/E0 = In (L/d) + 0.5772 + (1/2)(d/L) - 

(1/12)(d/L)2 + (l/120)(d/L)4 + ... (A3) 
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ABSTRACT: X-ray photoelectron spectroscopy (XPS) is a surface characterization technique capable of 
providing detailed information about the structure and bonding of molecules in the solid state. In this study, 
we have used XPS to elucidate the surface topography and copolymer composition of a series of poly- 
styrene/poly(ethylene oxide) diblock copolymer thin films a t  the polymer-air interface. These copolymers 
undergo microphase separation when solvent cast into films. The XPS results clearly indicate that the copolymer 
compositions of the surfaces (e.g., outermost -50 A) are significantly different from the overall bulk compositions. 
Surface excesses of polystyrene are observed in all copolymer films cast from chloroform, ethylbenzene, and 
nitromethane. Angular dependent XPS studies [XPS(O)] support a model for the topography of the copolymer 
surfaces that has isolated domains of each homopolymer at  the surface appearing thick on the XPS scale 
of -50 A with a fractional area coverage proportional to the mole percent bulk composition of the copolymers. 

The application of X-ray photoelectron spectroscopy 
(XPS) to the study of polymer surfaces has been pioneered 
by Clark and co-workers over the past few y e a r ~ . l - ~  The 
inherent surface sensitivity (top few tens of angstroms) of 
XPS enables one to differentiate the surface from the 
subsurface structure ,and bonding in particular systems. 
Simply, the XPS experiment involves the measurement 
of binding energies of electrons ejected by interactions of 
a molecule with a monoenergetic beam of soft  x-ray^.^ 
The surface sensitivity and the capability of differentiating 
the surface from subsurface are a consequence of the 
extremely short (<lo0 A) mean free paths (A)  of electrons 
and their strong dependence on kinetic energy.5 By taking 
advantage of (1) the differences in X associated with 
electrons from different core levels in the same or different 
atoms and (2) angular XPS studies [XPS(O)],3 it is possible 
to depth profile the compositional variations in the surfaces 
of solids. 

0024-9297/79/2212-0323$01.00/0 

In this work we have utilized XPS to investigate the 
influence of chemical composition and film casting solvent 
on the surface structure of polystyrene (PS)-poly(ethy1ene 
oxide) (PEO) diblock copolymers. Earlier ~ t u d i e s ~ , ~  of the 
bulk morphologies and properties of the copolymers in- 
dicated that the PS and PEO components are highly 
incompatible and that they readily undergo microphase 
separation and domain formation. These studies also 
showed that the bulk morphology of the copolymer films 
was profoundly influenced by the solvent from which the 
films were cast. On the other hand, there have been no 
investigations of the surface properties of these copolymers 
and, in particular, their surface composition and topog- 
raphy at  the air-copolymer interface. We can anticipate, 
however, that the surface and the bulk will not be identical 
because of the significant differences in the solid state 
surface tension of PS (36 dyn/cmI8 and PEO (44 dyn/cm).8 
The XPS studies have indeed revealed significant dif- 
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Table I 
Bulk Compositions and Number Average Molecular 
Weights for the  Three PS/PEO Diblock Copolymers 

Macromolecules 

ClsCORE LEVELS 

T*,H 

Mn x i o +  
(by membrane 

osmometry) % PS 
sample wt mol PS-PEO 

A 19.6 9.6 21.2-87.2 
B 39.3 21.4 13.2-20.3 
C 70.0 49.5 24.3-10.4 

ferences between the surface and bulk properties of these 
copolymers but, more importantly, the ability to measure 
the angular  dependence of the spectra [XPS(O)] has en- 
abled us to propose and test models for the topography 
of the copolymer films. 

Experimental Section 
A. Samples. (i) Styrene/Ethylene Oxide Diblock Co- 

polymer Samples. The block copolymers were prepared by a 
two-stage anionic polymerization technique and purified to remove 
unwanted homopolymers by fractional precipitation from selected 
solvents under controlled conditions. The synthesis and char- 
acterization of these PS-PEO diblock copolymers has been 
described in detail elsewhere? The bulk compositions and number 
average molecular weights are shown in Table I. 

(ii) Homopolymers. The homopolymers used as references 
in the XPS study included polystyrene prepared by a standard 
anionic polymerization technique, purified by precipitation into 
hexane, and recovered as a fine powder. The polylethylene oxide) 
homopolymer (Union Carbide "Carbowax" 25K M,) was received 
in flake form and no further purification was performed. 

B. XPS Sample Preparat ion.  The three copolymers were 
obtained for XPS analysis as fine powders and were studied as 
thin films prepared by dip coating from dilute solutions of the 
appropriate solvents [spectroscopic grade chloroform (Burdick 
and Jackson), reagent grade nitromethane (Eastman Kodak) and 
ethylbenzene (Eastman Kodak)] onto flat aluminum substrates. 
The samples were dried in an Argon atmosphere at  ambient 
temperature to reduce surface oxidation of the copolymers and 
thick coatings were obtained by multiple dipping to insure the 
substrate Al, core level signals were attenuated to an unobservable 
level. No annealing or time (i.e., aging) effects were studied on 
the samples. 

C .  XPS Instrumentation. Spectra were recorded on an AEI 
ES2OOB spectrometer by using Mg K q 2  exciting radiation. 
Typical operating conditions were: X-ray gun, 12 kV, 15 mA; 
pressure in the source chamber ca. lo-@ torr. Under the ex- 
perimental conditions employed, the gold 4f7/* level a t  84 eV 
binding energy (BE) used for calibration had a full-width 
half-maximum (FWHM) of 1.2 & 0.1 eV. No evidence was 
obtained for radiation damage to the sample from long-term 
exposure to the X-ray beam. Due to the rather long analysis times 
required for the angular dependent studies a liquid-nitrogen-cooled 
X-ray cap was used throughout the study to eliminate hydrocarbon 
contamination of the sample surface and this device has been 
described in detail elsewhere.'O 

Calibration of the absolute energy scale was achieved by 
disconnecting the liquid-nitrogen-cooling cap on the X-ray anode 
and allowing hydrocarbon contamination to collect on the sample 
surface. The value of 285.0 eV was used for the CIS core level of 
the hydrocarbon and the details of this method of calibration have 
been discussed el~ewhere.~ 

4 0  /\ POLYSTYRENE 

295 290 , 

POLYETHYLENE 
OlS CORE LEVELS 3'3 \ OXIDE 

I \  > L lLL'_i'l 
293 289 285 536 533 530 

B E  (eV1 B E  (ev) 

Figure 1. CIS and 01, core level spectra for polystyrene and 
poly(ethy1ene oxide) homopolymers. 

Overlapping peaks were resolved into their individual com- 
ponents by use of a DuPont 310 curve resolver (an analog 
computer). The detailed deconvolutions were based on a 
knowledge of line widths determined from studies of homo- 
polymers and model compounds." These studies have shown that 
for individual components of the core level spectra for C1, and 
01, levels, the line shapes are approximately Gaussian. 

Results 
Homopolymers. In order to establish a firm basis for 

the interpretation of the diblock copolymer data, i t  is 
necessary t o  s tudy  the component  homopolymers, poly- 
s tyrene (PS) and poly(ethy1ene oxide) (PEO), and de- 
termine their  absolute and relative binding energies and 
relative peak intensities. The XPS core level spectra  for 
PS and PEO are shown in Figure 1 and t h e  experimental 
binding energies and peak intensity ratios are tabulated 
in Table 11. 

The PS spectrum has a strong peak centered at 285 eV 
associated with the direct photoionization of the C1, core 
levels and a low-energy satellite peak at  291.6 eV arising 
from shake-up transitions (a* - a) accompanying core 
ionization. These low-energy shake-up transitions are 
understood both theoretically and experimentally and t h e  
spectrum observed i n  Figure 1 is entirely consistent with 
previous T h e  spectra for PEO show a single peak 
for the C1, levels at 286.5 eV, referenced to hydrocarbon 
at 285 eV, and a single peak for the 01, core levels at 533.3 
eV. The peak area ratio of the C1, to 01, core levels is 0.73; 
however, when these peak areas are corrected for the 
different theoretical photoionization cross sectionsls and 
electron mean free paths5 relative to t h e  C1, and 01, core 
level electrons t h e  correct stoichiometry for PEO is ob- 
tained. 

T h e  chemical shift of -1.5 eV for t h e  C1, core level peak 
in PEO, relative to PS, can be  a t t r ibu ted  to each carbon 
being a t tached  to an oxygen a t o m  and is consistent with 

Table 11 
Experimental Binding Energies and Peak Area Ratios for the Reference Homopolymers, Polystyrene and 

Poly(ethy1ene oxide) 
~ ~~ ~ ~ ~~~ ~~ ~~ ~ 

binding energy," 
CIS C,s(n* n )  0 , s  peak area ratios 

polystyrene 285.0 291.6 C,,(PS)/C,,(PEO) = 1.60 i 0.1 
poly(ethy1ene oxide) 286.5 533.3 C,,(PEO)/O,,(PEO) = 0.73 t 0.05 

C,,(n* c n)(PS)/C,(PS) = 0.081 t 0.005 
" Referenced t o  hydrocarbon a t  285.0 eV. 
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Figure 2. CIS and O,, core level spectra for the three PS/PEO 
diblock copolymers cast from chloroform. 

theoretical predictions and experimental results on related 
low-molecular-weight model c o m p o ~ n d s . ~ ~ J ~  As expected, 
there is no shake-up peak in the C1, core level spectrum 
for PEO since the polymer is fully ~ a t u r a t e d . ~  These 
significant differences in the XPS spectra of PS and PEO, 
i.e., the 1.5 eV chemical shift in the C1, core levels, the 
uniqueness of the H* - H shake-up peak associated with 
the PS component, coupled with the peak intensity ratios 
from Table 11, enable a unique analysis of the surface 
composition of the PS/PEO system. 

PS-PEO Diblock Copolymers 
Films of the three block copolymers were cast from 

chloroform, a mutual solvent for PS and PE0,6 and the 
measured C1, and 01, core level spectra are shown in Figure 
2. The spectra show the characteristic 01, peak of PEO, 
the shake-up satellite of PS, and an easily deconvoluted 
doublet for the C1, core levels in PS and PEO. It  is ap- 
parent from the spectra that the PS concentration at the 
copolymer surface increases as the PS in the copolymer 
increases. More importantly, however, an analysis of the 
spectral data clearly shows that the surface compositions 
are significantly richer in PS than would be predicted 
based on a knowledge of the bulk compositions of the block 
copolymers. 

Earlier work on these copolymers6 established that 
varying the film-casting solvent had a profound influence 
on sample morphology as determined by optical and 
electron microscopies. Therefore, we decided to determine 
if these morphological changes were accompanied by 
changes in surface clomposition as measured by XPS. 
Copolymer films were cast from ethylbenzene, a prefer- 
ential solvent for PS, nitromethane, a preferential solvent 
for PEO, and chloroform, a mutual solvent. An example 
of the C1, and 01, core level spectra taken for one of the 

- l I l l 1 1 1 1 1 1 ~ ~ 1  
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Figure 3. C1, and O,, core level spectra for the PS/PEO diblock 
copolymer (B) cast from chloroform, ethylbenzene, and nitro- 
methane. 

copolymers (sample B) cast from these three solvents is 
shown in Figure 3. I t  is immediately apparent that  the 
surface composition of the diblock copolymer varies sig- 
nificantly as a function of the casting solvent. The PS 
content a t  the copolymer surface increases as the solvent 
becomes more preferential for PS and with ethylbenzene 
one finds the extraordinary result that  the surface com- 
position is about 70% PS whereas the bulk composition 
is only 21.4 mol 7'0 PS. 

In Figure 4 are shown the surface vs. bulk composition 
data for the three block copolymers cast from the three 
solvents. The trends in surface vs. bulk compositions are 
the same for all three copolymers when the films are cast 
from the aforementioned solvents. 

Angular Dependent XPS Studies. Depth 
Profiling Surfaces 

Up to this point all the XPS measurements have been 
made by analyzing the photoemitted electrons normal to 
the surface of the sample under investigation. This ex- 
perimental arrangement is the most commonly used in 
XPS studies, and with it the effective sampling depth is 
maximized. For systems such as PS/PEO, the effective 
sampling depth is about 50 A; Le., about 95% of the signal 
comes from the outermost -50 A, based upon a previous 
knowledge of the electron mean free paths appropriate to 
photoemitted electrons from the CIS (-960 eV) and 01, 
(-720 eV) core  level^.^ Therefore, the surface composition 
data shown in Figure 4 are the average composition on this 
effective sampling depth of -50 A. 

These measurements can be further refined by con- 
trollably decreasing the effective sampling depth. This 
will, in effect, allow for depth profiling the composition 
of the upper 50 A of the surface and provide us with a 
means to explore the molecular organization of the surface 
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Figure 4. Surface vs. bulk compositions as a function of solvent 
and copolymer composition. 
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Figure 5. Angularly dependent studies for polymer samples in 
which spectra are studied as a function of electron take-off angle 
0 with respect to the sample surface. 

macromolecules. The method for varying the effective 
sampling depth is shown schematically in Figure 5 .  The 
sample is rotated relative to the fixed position energy 
analyzer by angle 8, designated as the angle between the 
normal to the sample and the slits in the analyzer. It is 
readily seen that electrons collected at  grazing exit angles 
relative to the surface (8 - 90°) will enhance surface 
features relative to electrons collected normal to the 
s u r f a ~ e . ~ i ~ * ~ ~  

In Figure 6 are shown the C1, and 01, core level spectra 
from the angular dependent XPS studies, [XPS(8)], on 
copolymer B cast from chloroform. Spectra were recorded 
a t  three different angles, 8 = 0, 45, and 80°, in order to 
achieve effective sampling depths of -50, - 25, and - 10 
A, respectively. Both the C1, and 01, core level spectra 
clearly show that each component of the copolymer is 
present a t  all sampling depths. Furthermore, from the 
relative intensity ratios of the deconvoluted C1, peaks 
associated with the PS and PEO components, we find that 
in particular cases, there is a concentration gradient in the 
top 50 8, of the surface and that the relative concentration 
of PS to PEO increases as the air-solid polymer interface 
is approached. 

Similar spectra were recorded for the other block co- 
polymers as a function of take-off angle (8 )  and film casting 
solvent, and Table I11 contains the tabulated copolymer 
compositions at  the various sampling depths. An ap- 
preciable surface excess of PS, relative to the bulk, is found 

L,,A, x3.3 

536 533 530 
Ols B E. (eV) ClS i 3 . E . W  

Figure 6. C1, and 01, core level spectra for XPS(0) studies on 
PSjPEO diblock copolymer (B) cast from chloroform. The 
experimental intensity ratios are corrected for absolute signal from 
Table I1 to obtain the molar ratios. 

Table 111 
Copolymer Compositions of the PS/PEO Diblock 

Copolymers Calculated from the XPS Data as a Function 
of Casting Solvent and Sampling Depth - 

mol % of PS at surface 
sample e = 0" e = 45" e = 80" 

A (chloroform) 
B (chloroform) 
C (chloroform) 
A (ethylbenzene) 
B (ethylbenzene) 
C (ethylbenzene) 
A (nitromethane) 
B (nitromethane) 
C (nitromethane) 

42 54 62 
46 52 56 
8 2  85 86 
34 38 46 
67 7 1  74 
88 86 88  

28 28 29 
50  52 55 
59 58 72 

at  all sampling depths and the surface excess is largest a t  
8 = 80" where the effective sampling depth is - 10 A. Not 
all of the sample films, however, exhibit a composition 
gradient over the top 50 A. Films cast from solvents 
preferential for the major component in the copolymer do 
not show any significant angular dependence in the 
composition. Conversely, there is an angular dependence 
in films cast from solvents preferential for the minor 
component in the copolymer and from the mutual solvent, 
chloroform. In these systems, the gradient in composition 
is relatively small and gradual. 

Measurements of the signal intensities of the CIS and 01, 
peaks of the PEO component of the copolymers were also 
made during the XPS(8) study. As will be discussed later, 
the C1,/O1, peak area ratios for PEO in the copolymer are 
important in a proposed model for the copolymer surfaces. 
In this study, the C1,/O1, ratio remained invariant with 
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Figure 7. Models for the surface topography of the PS/PEO 
diblock copolymers. 

changing angle 6, except for a film of copolymer C cast 
from nitromethane where it increased slightly as 0 was 
increased. 

Discussion 
In this section we present various models for the to- 

pography of the block copolymers, and we will use the 
experimental results to test their applicability. The 
well-known continuous overlayer mode121,22 as well as 
alternate models based on discontinuous, heterogeneous 
surfaces will be proposed and evaluated. The models to 
be discussed are shown in Figure 7. 

The lateral and vertical homogeneity of a sample can 
best be explored by XPS(6) studies when the sample 
contains core levels which have significantly different 
electron mean free paths for the photoemitted  electron^.^ 
The intensity of a signal coming from a given core level 
can be expressed in terms of the two basic equations for 
signal attenuation given below 

(1) I,” = f,(t~)Fa,N,k,A,(l - e-d/X@oso) 

I,, = JJ(6)F~,N,k,X,e-d~X~cos8 (2) 

where I,” = signal intensity arising from overlayer core 
levels (i); I = signal intensity arising from substrate core 
levels (j); f,(6), !,(e) = signal intensity as a function of (0) 
for core levels ( 1 )  and (j); F = X-ray flux, unattenuated over 
the sampling depth; a,, a, = cross section for photoioni- 
zation of core levels (i) and (j); N,, N, = number of atoms 
per unit volume on which core levels (i) and (j) are 
localized; k,, k, = spectrometer factor for core levels (i) and 
(j); A,, A, = electron rnean free path for core levels ( 1 )  and 
(j); d = overlayer thickness; and 6 = angle between normal 
to sample surface and electron optics of energy analyzer. 

Equations 1 and 2 can be simplified to treat the con- 
tinuous overlayer model (Figure 7a). In this model, the 
substrate is covered with a continuous overlayer of 
thickness d, and the predicted intensities of the core-level 
signals from the overlayer and substrate are given in eq 
3 and 4, respectively. 

(3) 

I ,  = f ( ~ ) l , - e - d / h . c o s ~  (4) 

I ,  = f(6)Iom(l - e - d / X o c o s o )  

In the case of the discontinuous models (Figure 7b,c,d), 
there is no continuous overlayer but, instead, both com- 
ponents in the system reside a t  the surface and occupy 
some fractional area coverage, A. These models result in 
the predicted core level signal intensities shown in eq 5 
and 6.5 
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I ,  = f(6)[AIOm(l - e - d / ~ c o s o ) ]  (5) 

I ,  = f ( 6 )  [ (1 - A),- + AIsme-d/Xacoss] (6) 

Although the intensities in eq 5 and 6 are labeled 
substrate and overlayer, it should be clear that  in the 
discontinuous models there is no clearly defined overlayer 
and substrate. Therefore, eq 5 and 6 should be regarded 
as the predicted signal intensities of each of the compo- 
nents in the system. For consistency among eq 3-6 and 
Figure 7, we will consider I ,  as the signal from P S  and I ,  
as the PEO signal intensity. The significantly lower solid 
state surface tension of PS (36 dyn/cm) compared to PEO 
(44 dyn/cm) and our experimental results showing a 
surface excess of PS are the basis for this assignment. 

Let us first consider the continuous overlayer model. If 
the overlayer thickness d is small compared to the sam- 
pling depth (with known electron mean free paths, A), the 
signal intensity for the PS overlayer is predicted to increase 
exponentially with increasing angle 0. Conversely, the 
signal intensity from the PEO substrate is predicted to 
decrease exponentially. If, however, d is larger than the 
sampling depth, then only the C1, signal from PS will be 
observed, and it will not show angular dependence. In 
addition, this model predicts that the Cl,(PEO)/Ol,(PEO) 
signal intensity ratio for the PEO component will increase 
because of the differences in electron mean free paths from 
these levels, A(Cl,) > A(Ol,). 

Our experimental results are not consistent with the 
continuous overlayer model. The data in Table I11 show 
the presence of both components in the surface layer 
probed by XPS. We also found, with a single exception, 
that the Cl,(PEO)/Ol,(PEO) signal intensity ratio re- 
mained invariant with angle, 0. This result clearly indicates 
that  PEO is not covered by PS. If PEO is, therefore, 
exposed at  the air-solid interface and the C1,/O1, ratio is 
not angular dependent, then the PEO must be arranged 
morphologically in the copolymer in such a manner that 
its thickness is large compared to the XPS sampling depth. 
Finally, the [XPS(6)] data shown in Figure 6 and Table 
I11 depict a small, gradual increase in PS concentration 
with increasing angle 0 rather than the predicted expo- 
nential increase. 

Having demonstrated that our experimental results are 
not consistent with the classic overlayer model, let us now 
consider the alternative discontinuous models shown in 
Figure 7 and described by eq 5 and 6. The model shown 
in Figure 7b has discontinuous islands of PS at the surface 
and the thickness d of these islands is less than the XPS 
sampling depth of -50 A. With this model, and eq 5 and 
6, an exponential increase in PS signal intensity, relative 
to the PEO, is predicted as angle 0 is increased where a 
plateau value would be reached corresponding to the first 
term in eq 6. Our data in Table I11 show either no increase 
or a small increase in PS signal intensity as 8 is increased; 
therefore, this model does not fit the experimental results. 

The models shown in Figure 7c,d are similar in many 
respects, but they predict slightly different angular de- 
pendencies for the PS component a t  large angles of 0. In 
these models both components are exposed at the surface, 
and they are organized into domains that are thick 
compared to the XPS sampling depth. This makes both 
models consistent with our observation that the C1,- 
(PEO)/Ol,(PEO) signal intensity ratio for PEO in the 
copolymer is invariant with angle 8. The major difference 
between the models shown in Figure 7c,d is that in the 
latter model, the PS domains are slightly raised above the 
PEO domains at  the surface, thus effectively “shadowing” 
the PEO at  high take-off angles, 0. This difference is 



328 Thomas, OMalley Macromolecules 

. CHLOROFORM . NITROMETMNE . ITHILBENIENE 

0 zo 40 eo 80 100 
MOLE % PE (8" lPS,iPE0, 

Figure 8. Surface copolymer composition determined by XPS 
vs. fractional area coverage, A, determined from eq 5 and 6 for 
copolymers east from chloroform, ethylbenzene, and nitromethane. 

significant because the model in Figure 7c is predicted to 
have no angular dependence in the PS and PEO signal 
intensities whereas the model in Figure 7d is expected to 
show a relative increase in the PS signal intensity at  large 
values of 8. Data in Table I11 can be selected to support 
both of these models, but there is more evidence in favor 
of the model shown in Figure 7d. Copolymer films cast 
from chloroform, a mutual solvent for PS and PEO, clearly 
fit the model shown in Figure 7d whereas copolymers cast 
from preferential solvents for the major component in the 
copolymer apuear to behave like the model structure 
shbwn in Figure 7c. 

Having established the general topography of the block 
copolymer films, we can now use eq 5 and 6 to calculate 
A A d  (1 - A), the fractional surface &eas occupied by the 
PS and PEO components, respectively. The experi- 
mentally measured intensity ratios for the PS (Io/Iom) and 
PEO (IJIsm) components in the copolymers were sub- 
stituted into eq 5 and 6 and values of A and (1 - A) were 
calculated for the three block copolymers cast from 
ethylbenzene, nitromethane, and chloroform. The results 
are shown in Figure 8 where A is plotted against the molar 
composition of the surface (mol % PS) determined by 
XPS and previously shown in Figure 4. Figure 8 shows 
a remarkahle correlation between the two values, thus 
indicating that the fractional surface area occupied by the 
copolymer components is proportional to the composition 
of the copolymer a t  the surface. 

It would be of considerable interest to be able to cor- 
relate surface morphologies determined by electron mi- 
croscopy with surface topographies determined by XPS. 
This bas not been done systematically: however, we are 
encouraged by the results of the investigation of one 
particular case. Shown in Figure 9 is a replication electron 
micrograph6 of a free surface made from a film of co- 
polymer A (rich in PEO) cast from nitromethane, a 
preferential solvent for PEO. Globules of PS decorate the 
surface of the fibrillar PEO component in the copolymer. 
A comparison of the area ratio of the PS globules to the 
PEO continuous phase averaged over the entire micro- 
graph (e.g., within and outside the sheaf) reveals -27% 
of the surface is occupied by the PS globules. From Table 
111, one finds that XPS measurements show a surface 
composition of 28 mol % PS. The shadowing of the edges 
of the PS domains from the replication electron micro- 
graph, Figure 9, indicates that the PS globules are slightly 
raised above the PEO continuous phase. These two 
morphological observations are consistent with the model 
developed from XPS(8) studies on the PS/PEO system. 
Conclusions 

XPS was used to determine the surface composition and 
topography of PS-PEO block copolymer films having 

Figure 9. Replication electron micrograph of free surface of 
copolymer A cast from nitromethane. Reprinted with permission 
from ref 6. Copyright 1970 Plenum Press. 

different chemical compositions and cast from selective 
and mutual solvents. From our experimental results, and 
a proposed model for the surface, we conclude that: 

1. The surfaces of all the solvent cast copolymer films 
are significantly richer in PS than is the bulk. 

2. The concentration of PS at the surface of a given 
copolymer is solvent dependent and the trends follow the 
order ethylbenzene > chloroform > nitromethane. 

3. The copolymer surfaces are laterally inhomogeneous 
in PS and PEO and the PS component is often raised 
above the PEO component (nonplanar). 

4. The morphology consists of isolated domains of each 
component extended into the surface to depths greater 
than 50 A. 

5. The molar composition a t  the copolymer surface 
determined by XPS corresponds to the surface area oc- 
cupied by each copolymer component. 

The work reported here illustrates the vast potential of 
the use of detailed angular-dependent XPS studies on the 
surfaces of block copolymer systems. In this particular 
case, a quantitative and qualitative description of the 
surface was possible and the technique of [XPS(S)] is being 
applied to other block copolymer systems as well as 
homopolymer and copolymer blends in an attempt to 
obtain a clear picture of the surface structure and bonding 
in polymer systems in general. 
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Photon Correlation Spectroscopy of Polystyrene in the 
Glass Transition Region 
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ABSTRACT: The dynamic characteristics of the light scattered by atactic polystyrene in the temperature 
range 92-110 “C are determined by digital photon correlation spectroscopy. Two discrete relaxation processes 
are present. A slow mode can be represented by an asymmetric Williams-Watts distribution of relaxation 
times and is essentially identical to that observed by Patterson et al. in the depolarized light-scattering spectrum. 
A fast process is well defined by a single exponential decay. The characteristic mean relaxation times are 
compared with the conventional relaxation map for polystyrene, as obtained by dynamic mechanical and dielectric 
techniques. Concordance between mechanical and photon correlation results in respect to the glass transition 
process is observed. While the activation energies are also identical with those derived from dielectric data, 
the characteristic frequencies are lower by two orders of magnitude. As for the p process, the derived activation 
energy of about 15 kcal/mol is in the range of general expectation, but lower by a factor of 2 than most of 
the mechanical information reported in the literature. Photon correlation techniques employing both the 
anisotropic and isotropic components appear to be powerful tools for dynamic relaxation spectroscopy in the 
glassy state. 

Photon correlation spectroscopy has become a well- 
es tabl ished technique for examining the hydrodynamic 
behavior  of concentrat ion f luctuat ions in polymer solu- 
t ion~. ’ -~  Subsequent ly ,  investigators have successfully 
applied this probe t o  s t u d y  the dynamics of s t ruc tura l  
relaxation in viscous liquids6 and inorganic g l a s ~ e s . ~ ~ ~  More 
recently, interest  has developed in applying the method 
t o  characterize the relaxational behavior of configurational 
f luctuat ions of bulk polymers.g-” Discrete fast and slow 
exponent ia l  decay processes have been reported i n  t h e  
isotropic light-scattering component of poly(methy1 me- 
t h y l a ~ r y l a t e ) . ~ J ~  It was concluded that t h e  slow process 
is  re la ted to the glass t ransi t ion relaxation, while the fast  
mode is due to side-chain r e o r i e n t a t i ~ n . ~ J ~  T h e  depolarized 
Rayleigh spectrum of polystyrene in  the melt near the glass 
t ransi t ion temperature has been extensively s tud ied  by  
Patterson et  al.” A very wide dis t r ibut ion of relaxation 
t imes  covering five decades of t i m e  is  observed which is 
accurately characterized by  t h e  Williams-Watts function12 

d t )  = a e x p [ - ( t / ~ o ) ~ l  (1) 
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where a,  To, and 0 C /3 I 1 are adjustable parameters. The 
depolarized spec t rum of polystyrene is characterized b y  
an average relaxation t ime and an activation energy which 
a r e  s ta ted  to be in the range observed by  other dynamic  
relaxation methods  for the glass-rubber transition i n  
polystyrene.’’ 

In this p a p e r  we report a s t u d y  of the relaxat ion 
spec t rum of the total intensi ty  of l ight  scattered b y  
polystyrene over a similar range of temperatures. In these 
experiments, we detect  the superposition of the isotropic 
and depolarized scat ter ing components. Two discrete 
relaxation modes  appear to be present: a slow mode 
identical to that reported by  Patterson et al.,” and a single 
exponential decay which is two orders of magnitude faster 
than the former. 

Experimental Section 
(a) Sample Preparation. Monomer styrene was obtained 

from Aldrich Chemical Co., containing 10-15 ppm of p-tert- 
butylcatechol as inhibitor. The latter was removed by washing 
with aliquots of 20% NaOH solution and water, and the monomer 
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