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method, will be found in addition to UV detection. Then, 
the chemical composition of copolymers could be deter- 
mined, directly, by dual detections. If the activity of 
adsorbent can be kept constant, moreover, the calibration 
curve of Figure 6 may be determined by independent 
experiments and, hence, the CCD of copolymers with 
broad distribution may be determined by the present 
method. 
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ABSTRACT Angular-dependent X-ray photoelectron spectroscopy, X P S ( 0 ) ,  was used to determine the surface 
compositions and topographies of a series of PEO/PS/PEO triblock copolymer films cast from chloroform. 
The results indicate that the PS concentration a t  the air-polymer interface is substantially higher than the 
known bulk concentration of PS and that the copolymer surfaces are laterally inhomogeneous, i.e., there are 
isolated domains of PS and PEO residing at  the surface. Furthermore, the molar composition of the surface 
corresponds to  the surface area occupied by each component. A comparison of these results on triblock 
copolymers with those found earlier on the PS/PEO diblock copolymers indicates these two systems have 
remarkably similar surface compositions and topographies. This study has, for the first time, shown that 
data from XPS(0) measurements can provide information bearing on the question of phase-separation behavior 
in multicomponent polymer systems. Our results on the triblock copolymers suggest that the components 
in the copolymers are partially miscible in the surface region and that this miscibility is a result of electronic 
interactions between the PEO and PS blocks in the copolymers. 

In the first paper in this series,2 we reported on our 
studies of the surface properties of polystyrene (PS)/ 
poly(ethy1ene oxide) (PEO) diblock copolymers. Our 
results indicated that solvent-cast films had surface ex- 
cesses of PS; i.e., the concentration of PS in the surface 
region at the air-polymer interface was higher than the 
concentration of PS in the bulk. Furthermore, the surfaces 
of the block copolymer films were shown to be laterally 
inhomogeneous in PS and PEO, and isolated domains of 
each of these components were present a t  the surface. 
These domains were found to extend more than 50 A into 
the bulk. Models for the surface topography of the co- 
polymers suggested that the surfaces were nonplanar and 
that the PS domains were elevated above the PEO do- 
mains. 

The above experimental results, as well as those de- 
scribed in this paper, were obtained, using X-ray photo- 
electron spectroscopy (XPS) techniques. In the XPS 
experiment, one measures the binding energies of electrons 
ejected by the interaction of a molecule with a monoen- 
ergetic beam of soft  x-ray^.^ Information about the 

surfaces of solids is derived from measurements of the 
absolute binding energies, relative kinetic energies, and 
peak intensities corresponding to the direct photoionization 
of the core levels (e.g., C1, and O1J. XPS is inherently 
sensitive to the surfaces (top few  monolayer^)^ of solids 
because of the very short (<lo0 A) mean free paths for 
electrons and their strong dependence on kinetic 
By coupling our knowledge of electron mean free paths in 
polymers with measurements of the angular dependence 
of the photoelectron spectra [XPS(e)], it is possible to 
depth profiie surface compositional variations and to model 
the morphology and topography of polymer surfacesS2 

We now wish to report the results of further work on 
PS and PEO copolymers. In this paper, we have utilized 
XPS(0) techniques to investigate the influence of chemical 
composition on the surface properties of solvent-cast 
PEO/PS/PEO triblock copolymer thin films. We will 
compare the current results on the triblock copolymers 
with those previously reported on the PS/PEO diblock 
copolymers of comparable composition in order to assess 
the influence of copolymer structure on the surface 
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Table I 
Characterization Data for t he  

PEO/PS/PEO Triblock Copolymers 
segment 

% PS M ,  x 10-3 
sample wt mo 1 PE 0-PS -PE 0 

A 23.5 11.4 8.5-5.1-8.5 
B 38.5 21.0 8.4-10.5-8.4 
C 70.3 49.8 9.1-43.2-9.1 

properties in this system. Finally, we will describe how 
our XPS(8) results indicate differences in the phase- 
separation behavior of PS/PEO diblock and PEO/PS/ 
PEO triblock copolymers. 

Experimental Section 
A. Synthesis of PEO/PS/PEO Triblock Copolymers. The 

triblock copolymers were synthesized by anionic polymerization 
techniques and purified by fractional precipitation. A detailed 
description of the synthesis and characterization of these co- 
polymers can be found elsewhere.' The bulk chemical compo- 
sitions and number average weights for the three triblock co- 
polymers used in this study are shown in Table I. 

B. X P S  Sample  Preparation. Thin films ( - 5  pm) of the 
block copolymers were prepared by dip coating them onto flat 
aluminum substrates from dilute, spectroscopic grade, chloroform 
(Burdick and Jackson) solutions. The films were dried in an Argon 
atmosphere a t  ambient temperature to reduce surface oxidation 
of the copolymers, and the Clz, core levels were monitored to 
ensure all residual chloroform was removed from the film before 
the XPS  study was begun. 

C. XPS  Instrumentation. Spectra were recorded on an AEI 
ESZOOB spectrometer by using Mg Ka1,2 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 a t  
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 e l~ewhere.~ 

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 elsewhere.6 

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 and Discussion 
Surface Composition. In the previous publication,2 

we analyzed the XPS spectra of the PS and PEO hom- 
opolymers, and they provide the basis for the current 
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Figure C1, core level spectra for PEO/PS/PEO t r i t - x k  
copolymer samples A, B, and C. 

interpretation of the triblock copolymers. Table I1 
summarizes the relevant data on the two homopolymers. 
The major differences between PS and PEO include the 
1.5 eV chemical shift in the CIS core level spectra, the ?r* - ?r shake-up peak uniquely attributable to PS, the 01, 
core levels associated with PEO, and the relative peak 
intensity ratios for the C1, core levels. The details of these 
results were discussed previously,2 and they allow for an 
unambiguous analysis of the surface composition of the 
PEO / PS / PEO triblock copolymers. 

Representative C1, core level spectra for the three tri- 
block copolymers are shown in Figure 1. The spectra show 
the characteristic chemical shift of about 1.5 eV for the 
C1, levels associated with the PS and PEO components in 
the copolymers and the shake-up satellites a t  -292 eV 
associated with the ?r* - ?r transition in PS. The ratio of 
the shake-up peak intensity to the main C1, peak intensity 
for the PS component in each of the copolymers is shown 
on the left-hand side of Figure 1. Surprisingly, this ratio 
was found to vary with copolymer composition. In a 
subsequent section on phase mixing, we will discuss the 
implications of this finding. 

Through deconvolution of the C1, spectra in Figure 1 and 
the application of the appropriate correction factors (Table 
11) for the signal intensities for each of the components, 
one can calculate the corrected intensity ratio of the PS 
and PEO peaks. These data are tabulated on the right- 
hand side of Figure 1. I t  is clear that the surface con- 
centration of PS increases as the bulk concentration of PS 
increases in samples A-C. Figure 2 shows quantitatively 
the relationship between the surface and the bulk com- 
position of the triblock copolymers. In the top 50 A of 

Table I1 
Experimental Binding Energies and Peak Area Ratios for  t he  

Reference Homopolymers, Polystyrene and Poly(ethy1ene oxide) 
binding energy,O eV 

CIS ClA n*+n 1 01, peak area ratios 
polystyrene 285.0 291.6 C,,(PS)/C,,(PEO) = 1.60 r 0.1 
poly(ethy1ene oxide) 286.5 533.3 C,,(PEO)/O,,(PEO) = 0.73 t 0.05 

C , , ( n * ~ ~ ) ( P ~ ) / C , , ( P S )  = 0.081 k 0.005 
Referenced to hydrocarbon a t  285.0 eV. 
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Figure 2. Surface vs. bulk compositions for PS/PEO diblock 
and PEO/PS/PEO triblock copolymer films cast from chloroform 
solutions. 

these triblock copolymers, there is a significant surface 
excess of PS compared to the bulk. Figure 2 also contains 
comparable data for the PS/PEO diblock copolymers, 
taken from our earlier study,2 and it is interesting to note 
the striking similarity in the surface behavior of the tri- 
block and diblock copolymers. 

Depth Profiling and  Surface Topography. In the 
previous paper, we described the fundamentals and 
demonstrated the utility of angular-dependent XPS 
measurements, XPS(8), in depth profiling the composi- 
tional variations of the diblock copolymers near the air- 
polymer interface.2 Experimentally, the XPS(8) mea- 
surements are made by rotating the sample relative to the 
fixed position electron analyzer and this, in effect, varies 
the sampling depth. The sampling depth is maximized 
when the electrons are collected normal (8 = 0) to the 
sample surface and minimized as 8 - 90". For C1, 
electrons excited by Mg K q 2  radiation, the inelastic mean 
free path is - 15 8,: and, therefore, about 95% of the signal 
arises from the top 50 A a t  8 = 0" and from the top 10 8, 
at 8 = 80". Thus, by taking spectra at angles of 8 ranging 
from 0-80 "C, one can determine the average composition 
at each effective sampling depth and establish a com- 
positiondepth profile in the outermost 50 8, of the sample. 
(Although the value of 15 8, for the inelastic mean free path 
in ref 7 was determined on poly@-xylylene), it is assumed 
this value will differ little for our system.) 

In Figure 3 are shown the C1, and 01, core level spectra 
from an XPS(8) study of sample B, which has a bulk 
composition of 21.0 mol % PS. The spectra were recorded 
at 8 = 0,45, and BO", and the CIS core level spectra, as well 
as the corrected PS to PEO intensity ratios, show a 
progressive increase in PS concentration as 8 is increased 
from 0 to 80°, thus indicating a compositional gradient in 
the outermost 50 8, of the sample near the air-polymer 
interface. Figure 3 also contains the 01, core level spectra 
for sample B as a function of 8 and a tabulation of the 
CIB/O1, intensity ratios for the PEO component in the 
polymer. The measured values, ranging from 1.2-1.4, are 
significantly higher than the Cls/O1, intensity ratio of 0.73 
found for PEO homopolymer. These data suggest there 
is some mixing of PS and PEO. A more detailed inter- 
pretation of these data will be proposed in the following 
section on phase mixing. 

Table I11 contains the results of our XPS(9) measure- 
ments on the surface-composition profile of the three 
triblock copolymers and, for comparative purposes, our 
earlier results2 on the PS/PEO diblock copolymers. In 
general, the trends in both sets of copolymers are similar; 
i.e., there is a significant surface excess of PS at all co- 
polymer compositions and angles 9, and there is a gradient 

PS/PEO 
INTENSITY RATIO 

iCORRECTED1 

I , , ,  I I , 1 1 1 1 1 ,  

295 290 285 
u 
536 533 530 

01, c IS 

B E  i l n e v !  B E  itn CV! 

Figure 3. C1, and 01, core level spectra taken as a function of 
angle, 0, for PEO/PS/PEO triblock copolymer B cast from 
chloroform. The PS/PEO C1, intensity ratios are corrected, using 
the ratios of the absolute signal intensities shown in Table 11. 

Table I11 
Surface Compositions of PSIPEO and PEO/PS/PEO 

Block Copolymer Films Determined 
by the XPS(0 ) Technique 

surface comp by XPS( e ) bulk comp copolymer 
(mol % PS) type e = 0" e = 45" e = 80" 

-10 diblock 42 54 62 
triblock 39 45 63 - 20 diblock 46 52 56 
triblock 58 62 68 - 50 diblock 82 85 86 
triblock 84 87 89 

in surface composition in the top 50 8, for all but the 
copolymers having -50 mol % PS bulk compositions. 

The similarity in the XPS(8) data in Table 111 for the 
triblock and diblock copolymers indicates that the triblocks 
have surface topographies similar to those found earlier2 
for the diblocks. We can eliminate a continuous overlayer 
model,2 in which PS would form a continuous surface 
overlayer on top of the PEO component, because we do 
not observe the predicted exponential dependence of the 
PS relative intensity as 8 is varied from 0 to 80". The 
evidence indicates that the PS and PEO components in 
the copolymers are both exposed a t  the surface and that 
they are organized into domains which are thick compared 
to the XPS sampling depth. The slight angular depen- 
dence we do observe as 8 is varied again points to a 
nonplanar surface topography in which the PS domains 
are slightly elevated above the PEO domains, as described 
in the diblock copolymer papere2 

Phase Mixing. There have been numerous studies 
employing calorimetric: dynamic mechanical,ll dielectric,12 
and morph010gical~~J~ techniques to elucidate the solid- 
state behavior of styreneethylene oxide block copolymers. 
These measurements have focused on transition-tem- 
perature phenomena, and they have provided reference 
data on the bulk properties of the copolymers. The ev- 
idence accumulated to date indicates that PS  and PEO 
are incompatible in the bulk. While this appears true, in 
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Table IV 
XPS(e ) Data for PS, PEO, and the  

PEO/PS/PEO Triblock Copolymers 

angle (e ) ,  C,,/O,, n* +- n /  
sample deg (PEO) Cis(PS) 

PEO 0 ,  45. 80 0.73 
PS 0 ;  45; 80 0.07 5 
PE 0-PS-PEO 0 1.22 0.016 

(11.4 mol % PS) 45 
80 

(21.0 mol % PS) 45 
80 

(49.8 mol % PS) 45 
80 

PEO-PS-PEO 0 

PEO-PS-PEO 0 

1.23 0.023 
1.22 0.032 
1.20 0.043 
1.30 0.043 
1.40 0.049 
1.23 0.065 
1.23 0.072 
1.23 0.075 

general, one cannot rule out the possibility that PS and 
PEO have some limited degree of miscibility in the co- 
polymers. It is also unknown, at this time, what influence 
an interface (e.g., the air-polymer interface) has on 
polymer-polymer compatibility and whether the degree 
of phase separation is the same or different in the bulk and 
in the surface. The present study, in part, addresses these 
issues by uniquely focusing on the surface properties rather 
than on the bulk properties of the copolymers. Our data 
suggest that, indeed, there is some compatibilization of PS 
in PEO. 

In this section, we will discuss the interesting results, 
noted earlier, on the C1,/O1, intensity ratios for the PEO 
component and the Cl,(n* - 7r)/Cls intensity ratios for 
the PS component in the triblock copolymers. Table IV 
contains the measured intensity ratios for the two hom- 
opolymers and the three triblock copolymers. The tri- 
blocks deviate from the homopolymers in two ways: First, 
they have unusually high C1,/O1, ratios for the PEO 
component compared to the PEO homopolymer, and 
second, they have unusually low Cls(n* - x)/Cl, intensity 
ratios compared to the PS homopolymer. We will consider 
both of these significant deviations, in turn, and we will 
propose that these data are evidence of phase mixing in 
the solvent-cast PEO/PS/PEO triblock copolymer films. 

Let us consider now the suggestion that the high C1,/O1, 
intensity ratio for the PEO component is due to partial 
phase mixing of PS and PEO. We can ask the question: 
“How much hydrocarbon would have to be intimately 
mixed with the PEO component to attenuate the oxygen 
signal of the PEO component and thereby effectively 
increase the C1,/O1, intensity ratio from 0.73 (PEO 
homopolymer) to the 1.2-1.4 range of values shown in 
Table IV for the copolymers?” In other words, what 
carbon to oxygen stoichiometries in a mixed phase of 
amorphous PEO and amorphous PS will result in mea- 
sured C1,/Ol, intensity ratios of 1.2-1.4? Using 
C1,/Ol,(PEO in copolym) = 

x,[Cl,/O~,(unmixed PEO)] + 
(1 - x,)[Cl,/Ol,(mixed PS-PEO)] (1) 

where the term on the left-hand side of eq 1 is the mea- 
sured intensity ratio for the copolymer (values ranging 
from 1.2 to 1.41, x, is the degree of crystallinity of the PEO 
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Figure 4. Calibration curve relating experimentally measured 
C1,/O1, intensity ratios to the known carbon-to-oxygen stoi- 
chiometries of a series of oxygen-containing homopolymers: POM, 
poly(oxymethy1ene); PVAc, poly(viny1 acetate); PEO, poly- 
(ethylene oxide); PMMA, poly(methy1 methacrylate); and PET, 
poly(ethy1ene terephthalate). 

component measured by calorimetry8 and assumed to be 
the same for the surface region as for the bulk, and the 
term in the first bracket is the measured value of 0.73 for 
PEO homopolymer, we can calculate the term Cis/ [01,- 
(mixed PS-PEO)], which is the intensity ratio for an 
intimate mixture of amorphous PEO and PS. To convert 
the calculated intensity ratios of the mixed phases in the 
copolymers into chemical compositions of the mixed 
phases, we need an experimental calibration curve relating 
these two quantities. This calibration curve is shown in 
Figure 4, in which we report C1,/O1, intensity ratios for 
a series of related homopolymers with known carbon to 
oxygen stoichiometries ranging from 1:l in the case of 
poly(oxymethy1ene) to 4-51 in the case of poly(ethy1ene 
terephthalate). In using these polymers as model systems, 
we make the reasonable assumptions that the electron 
mean free paths differ insignificantly for these polymers 
at the same kinetic energy for photoemitted electrons and 
that the carbon and oxygen species are randomly arranged 
in the surface regions of these polymers. 

The above procedure was used to calculate the com- 
position of the mixed phase in each of the triblock co- 
polymers. The results of the calculations are tabulated in 
Table V, and they show that the molar ratio of ethylene 
oxide to styrene in the mixed phase varies from 0,6:1 to 
1.5:l in going from sample A to C. Mixing of PS with 
amorphous PEO is most prevalent in sample A, which has 
the smallest concentration of PS and the shortest PS block 
length (ATn = 5.1K). Almost 50% of the PS in the surface 
region of sample A films is mixed with PEO, whereas only 
6% of the surface PS is mixed in sample C. I t  seems clear 
that PS and PEO are partially miscible in the surface 
regions of these triblock copolymers. Our finding that PS 

Table V 
Phase Mixing in PEO-PS-PEO Triblock Copolymers from Analysis of C,, /O, ,  (PEO) Intensity Ratios 
surface comp 

mol % of PEO (mol %) deg of cryst E O/S comp mol % PS mol % PS 
PS PEO (PEO) cryst amorp (mixed phase) (mixed) (unmixed) 

39.0 61.0 0.82 50 11.0 0.611 18.3 20.7 
58.5 41.5 0.70 29 12.5 1.0/1 12.5 46.0 
83.8 16.2 0.54 8;7 7.5 1.511 5.0 78.8 
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Figure 5. A comparison of the C1, core level spectra and shake-up 
satellites found in PEO/PS/PEO triblock and PS/PEO diblock 
copolymers containing about 21 mol % PS. 

is most miscible with PEO when the molecular weight and 
concentration of PS are low is qualitatively consistent with 
current concepts of phase-separation behavior in block 
c~polymers’“’~ and polyblends.18 

Let us now turn our attention to other evidence bearing 
on the issue of phase mixing in PEO/PS/PEO copolymers. 
Inspection of the Cl,(n* - s)/C1, intensity ratios in Table 
IV reveals that these ratios decrease with decreasing PS 
concentration in the surface regions of the copolymers and 
that, for samples A and B, the ratios are significantly lower 
than the value of 0.75 for PS homopolymer. I t  is proposed 
that the low Cl,(a* - a)/Cl, intensity ratios are a result 
of PS mixing with amorphous PEO in the surface and that 
the mixed PS and PEO components are electronically 
interacting. The effect of this interaction is to decrease 
the probability, relative to PS homopolymer, of a a* - 
a transition occurring simultaneously with photoejection 
of a C1, core level electron from a given aromatic ring in 
the copolymer. 

Although the precise nature of the electronic interaction 
between PS and PEO is unknown at this time, we spec- 
ulate that it involves the interaction of the electron-rich 
oxygen atoms in the PEO block with the aromatic rings 
in the PS portion of the copolymers. Based on the work 
of Dilks,’”21 which we will discuss in some detail below, 
we can anticipate that an electron donor/acceptor in- 
teraction between the ether oxygen in PEO and the phenyl 
rings in PS would result in (1) a shift in the PEO CIS peak 
to lower binding energy because the influence of ether 
oxygen electrons on the adjacent carbon atoms in PEO is 
effectively being modulated by the interaction of these 
electrons with the phenyl ring in PS and (2) a change in 
the line shape for the a* - a shake-up satellite peak. Both 
of these anticipated spectral changes are observed, as 
discussed below. 

Figure 5 shows the C1, core level spectra for a triblock 
copolymer and a diblock copolymer, both of which contain 
21 mol % PS. Deconvolution and line-shape analysis of 

the main C1, envelope for each copolymer indicate that the 
full width at half-maximum of the individual component 
peaks does not vary with copolymer structure. However, 
there is an obvious “filling in” of the region between the 
two C1, component peaks in the triblock copolymer 
spectrum. We attribute this to an additional PEO C1, 
peak, shifted by about 0.3 eV to lower binding energy, that 
arises from an electronic interaction between PEO and PS. 

Upon close inspection of the shake-up peaks for the 
diblock and triblock copolymers, shown in Figure 5, the 
shake-up peak associated with the triblock copolymer 
differs quite significantly from that found for the diblock. 
The shake-up peak shown in the diblock copolymer 
spectrum is virtually identical in line shape and intensity 
with that found in the polystyrene homopolymer.2 The 
asymmetry to higher binding energy is due to the electronic 
transitions,lS2’ b*1, - bl, and b*1, - a+ which are 
separated by only -0.8 eV and have intensities of 3.3 and 
4.8%, respectively, relative to the signal due to atoms in 
and attached to the phenyl ring. However, the shake-up 
peak associated with the triblock copolymer displays a 
distinct “doublet”, rather than just an asymmetric 
structure, and a significantly decreased intensity relative 
to the primary PS C1, core level peak. In seeking an 
explanation for this line shape and intensity change in the 
triblock copolymer shake-up peak, we turn to earlier 
studies by Dilks and Clark6J“21 on the XPS spectra of 
para-substituted polystyrenes. These workers showed that 
para substitution of strong a-electron donor or acceptor 
groups on the phenyl groups in polystyrene resulted in a 
significant perturbation of the asymmetry of the shake-up 
peak. Additionally, the centroids of the satellite structure 
increased in energy separation with respect to the main 
C1, peak as the para substituent was changed from a 
a-electron donor to a a-electron acceptor. Furthermore, 
Dilks and Clark6JSz1 found that the relative intensity of 
the a* - a peak to the main C1, photoionization peak 
depended on the nature of the para substituent; Le., the 
a* - a peak intensity decreased with increasing a-elec- 
tron-donating power of the para substituent. Their results 
on poly@-methoxystyrene) closely parallel our findings on 
the triblock copolymers. In the PEO/PS/PEO triblock 
copolymer system, the oxygen in the PEO component 
could act as an electron donor to the aromatic rings in PS, 
in a manner analogous to the poly@-methoxystyrene) 
system. The manifestation of this electronic interaction 
would be the a* - a energy shift (doublet structure) and 
the intensity decrease we observe for the triblock co- 
polymer shake-up satellite peak in Figure 5. 

These initial insights into electronic interactions of the 
components in the PEO/PS/PEO triblock copolymers and 
their role in polymer-polymer compatibility have insti- 
gated a rather intense study of similar systems involving 
PS derivatives and polyblends with polyethers. The results 
of these studies will be reported in the future. 

Summary and Conclusions 
XPS(0) studies were used to determine the surface 

compositions and topographies of a series of PEO/PS/ 
PEO triblock copolymer films cast from chloroform. The 
results indicate that the PS concentration at  the air- 
polymer interface is substantially higher than the known 
bulk concentration of PS and that the copolymer surfaces 
are laterally inhomogeneous; i.e., there are isolated domains 
of PS and PEO residing at the surface. Furthermore, the 
molar composition of the surface corresponds to the surface 
area occupied by each component. A comparison of these 
results on triblock copolymers with those found earlier on 
the PS/PEO diblock copolymers indicates these two 
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systems have remarkably similar surface compositions and 
topographies. 

This study has, for the first time, shown that data from 
XPS(0) measurements can provide information bearing on 
the question of phase separation behavior in multicom- 
ponent polymer systems. Our results on the triblock 
copolymers clearly suggest that the components in the 
copolymers are partially miscible in the surface region and 
that this miscibility is a result of electronic interactions 
between the PEO and PS blocks in the copolymers. 
Additional studies to explore these interactions in related 
systems are warranted and are in progress. 
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Studies on the Conformation of Heparin by lH and I3C NMR 
Spectroscopy 
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ABSTRACT: A convolution-difference 270-MHz ‘H NMR spectrum of heparin has afforded a complete set 
of interproton coupling data for the major constituent residues of heparin, i.e., a-L-idopyranosyluronic acid 
2-sulfate and 2-deoxy-2-su~famino-a-D-gluc0pyran0~e 6-sulfate. According to these data, the conformation 
of the iduronic acid residue is ‘C4(~) or a slightly distorted form thereof, whereas that of the amincdeoxyhexose 
residue is 4C1(~);  the exocyclic CH20S03- group of the latter residue favors the gauche,gauche rotamer. The 
5-proton of each residue exhibits selective line broadening and a large chemical shift displacement in the pK, 
region of the uronide carboxyl group, which indicates that these particular protons are in close proximity 
within the molecule. This observation helps to define a solution conformation for the polyelectrolyte chain. 
Other information on stereochemical aspects, and on pH and temperature effects, is provided by 13C NMR 
spectra. The latter are utilized also to highlight differences between beef lung (B type) and hog mucosal (A 
type) heparins, associated with the presence of minor constituent sugar residues, particularly through the 
acquisition of a difference 13C spectra. I t  is also shown that signal dispersion in 13C spectra of heparin is 
satisfactory a t  relatively low field (22.6 MHz) as well as a t  67.9 MHz, provided that conditions of p H  and 
ionic strength are optimized. 

Heparin is a carbohydrate polymer that is widely dis- 
tributed in animal tissues and is best known for its use in 
therapy as a blood anticoagulant. It is c l a s ~ e d ~ , ~  as a 
mucopolysaccharide, or glycosaminoglycan, although it also 
may be aptly described as a glycosaminoglycuronan since 
it is formally a copolymer of a hexosamine and a uronic 
acid. 

Most of the heparin molecule is accounted for4+ by 
repeating disaccharide unit 1 that consists of a residue of 
a-L-idopyranosyluronic acid 2-sulfate and of 2-deoxy-2- 
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oso; 

, n: lo-30  
I 

sulfamino-a-D-glucopyranose 6-sulfate, each of which is 
glycosidically linked through position 4. This repeating 
sequence at  least 85% of heparins from beef 
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