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Therefore the entropy change of transition, from the 
compact to the extended coil form, of (MA-DSt), may be 
more negative than that of (MA-St), due to a more ex- 
tensive hydration of (MA-DSt), in the coil form. Also, the 
transition enthalpy AH,’ of (MA-DSt), can be expected 
to be somewhat larger than that of (MA-St),, because the 
increase in size of the phenyl residue on deuteration results 
in weak van der Waals interactions in the compact form. 
Thus the compact form of the deuterated polymer is 
suggested to be more stable than that of the nondeuterated 
one. 

The calorimetric AHto of (MA-DSt), has not yet been 
determined, and the van’t Hoff AH,’ (=AHvH) of (MA-St), 
could not be accurately determined. Also, the cooperative 
parameter c (=(AHcd/AHvH)z) for formation of the com- 
pact form in (MA-DSt), has not yet been studied. 
Therefore, the values of AH,’ and ASt’ for the maleic acid 
copolymers cannot be compared here. In the future, the 
calorimetric AHt’ or the u value of the transition of 
(MA-DSt),12v30 should be determined so that comparisons 
of the AH,’ and AS,’ values for (MA-St), and (MA-DSt), 
may be made, which may lead to additional evidence in- 
dicating the importance of enhanced hydrophobicity due 
to deuteration of the phenyl groups in the maleic acid 
copolymer. 

Although the conformational effects of deuteration of 
hydrogens in the hydrophobic polyelectrolytes have not 
yet been studied and discussed, stabilization of the com- 
pact form of (MA-St), obtained here by deuteration of the 
phenyl groups may be concluded to be due to cooperative 
enhancement of the hydrophobic interaction between the 
phenyl groups. 
Conclusions 

A maleic acid-deuterated styrene copolymer in the 
compact form at acidic pH can change conformation to the 
extended coil form by ionization of the carboxyl groups 
in aqueous NaC1. The pH, optical, viscometric, and ‘H 
NMR titrations indicated behaviors very similar to that 
of a maleic acid-nondeuterated styrene copolymer. How- 
ever, from the transition curve and the temperature de- 
pendence of the transition, the compact form of the deu- 
terated copolymer was concluded to be more stable than 
that of the nondeuterated copolymer. Increase in size of 
the side chain in the maleic acid-styrene copolymer upon 
deuteration of the phenyl groups may enhance the hy- 
drophobic hydration around the side chains and lead to 
a more stable compact conformation. 
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Deuterium-Exchange Preparation for Small-Angle Neutron 
Scattering Samples of Saturated Polymers 
Joseph D. Tanzer and Buckley Crist, Jr.* 
Department of Materials Science and Engineering, Northwestern University, Evanston, 
Illinois 60201. Received September 14, 1984 

ABSTRACT: Deuterium-hydrogen exchange catalyzed by a suspended rhodium catalyst has been used to 
achieve partial deuteration of a saturated polymer, hydrogenated polybutadiene. IR and density measurements 
show that about 6% of the hydrogen is replaced by deuterium. Small-angle neutron scattering indicates an 
exchange of 60% of the hydrogens in 10% of the chains. No evidence of unwanted side reactions involving 
the carbon-carbon backbone of the chain was observed. 

Introduction 
Small-angle neutron scattering (SANS) experiments are 

performed on mixtures of deuterated and hydrogenated 
polymer chains to determine information such as single- 

0024-9297/85/2218-1291$01.50/0 

chain conformation in the bulk state. One of the problems 
with these experiments is the inability to match exactly 
the labeled and unlabeled species in terms of molecular 
size and chemical microstructure. A matched set of deu- 
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terated and hydrogenated chains is most helpful for in- 
terpreting SANS patterns from mixtures containing high 
concentrations (volume fraction 4 = 0.5) of either species.' 
Three possible methods of obtaining matched pairs are (1) 
saturation of a common parent polymer with different 
elements to obtain neutron scattering contrast (e.g., hy- 
drogenated polybutadiene and deuterated polybutadiene 
made from the same polybutadiene2), (2) parallel synthesis 
of otherwise identical polymers from labeled and unlabeled 
monomers, and (3) chemical exchange of a labeling element 
to form a labeled (deuterated) polymer from an unlabeled 
(hydrogenated) one. The first method requires an un- 
saturated parent polymer. While this method has been 
successfully utilized in SANS experiments, it is not ap- 
plicable to most polymer systems. The drawback to 
parallel synthesis is the precise control of reaction con- 
ditions and/or numerous polymerizations necessary to 
produce a matched pair of polymers. The third technique 
should be ideal for producing matched pairs of polymers, 
yet is has received very little attention to date. By re- 
placement of hydrogen with deuterium in an exchange 
reaction, a labeled polymer can be synthesized from the 
conventional polymer in one simple step. 

D-H exchange has been reported for the aromatic sites 
of polysty~ene,~ and the resulting polymers have been used 
for NMR studies of chain  dynamic^.^^ On the basis of 
successful D-H exchange with low molecular weight al- 
kanes in the presence of heterogeneous catalysts?f' we were 
encouraged to attempt a similar reaction with saturated 
polymers. We report here a partial D-H exchange ac- 
complished on hydrogenated polybutadiene (HPB) with 
no evidence of side reactions modifying the chemical mi- 
crostructure of the chains. HPB was selected for this 
initial experiment because we have considerable experience 
with molecular characterization and SANS of it and its 
partially deuterated a n a l o g u e ~ . ~ * ~ J ~  Furthermore, use of 
nearly monodisperse HPB eliminates any complication 
resulting from a possible molecular weight dependence of 
the reaction in this heterogeneously catalyzed system. 

Experimental Section 
HPB, a saturated polymer similar to polyethylene containing 

an average of 18 ethyl side branches per 1000 skeletal carbon 
atoms, was synthesized from polybutadiene as reported previ- 
0us1y.~ The molecular weight of the parent polybutadiene (PB) 
was 1.53 X lo5 as determined from both light scattering in cy- 
clohexane at 25 "C and intrinsic viscosity measured in tetra- 
hydrofuran at 25 "C. The PB was nearly monodisperse (M,/M,, 
< 1.05) as shown by gel permeation chromatography (Waters GPC, 
Model 200). It is important to note that there was no evidence 
for residual unsaturation in the HPB by IR spectroscopy. This 
means that the concentration of double bonds was less than 0.1 % 
in the polymer subjected to exchange. 

Deuterium labeling was done with a hydrogen-deuterium ex- 
change reaction. The HPB was dissolved in cyclohexane (2 g/L) 
and subjected to  500 psi deuterium at 92 O C  in the presence of 
a heterogeneous catalyst, 5% rhodium on charcoal (2 g/L). After 
5 h of reaction time, the exchanged polymer D-HPB, was recovered 
by hot filtration and subsequent precipitation in cold methanol. 
Intrinsic viscosities were measured in trichlorobenzene solutions 
at 135 "C to ensure that the exchange reaction did not severely 
affect the size of the polymer chains. The results were [q] = 2.07 
dL/g for the HPB and [q] = 1.90 dL/g for the exchanged D-HPB. 
These quantities are nearly the same, the difference being scarcely 
significant in view of the &5% precision of our technique for 
measuring [q] at high temperatures. A small (ca. 1%) decrease 
in [q] is expected due to the higher density of the exchanged 
D-HPB molecules. 

Evidence of D-H exchange was obtained by IR, density mea- 
surements, and SANS patterns. The IR spectra were recorded 
on a Perkin-Elmer 283 spectrometer. Densities of compression- 
molded, ice-water-quenched samples were determined in a gra- 
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Figure 1. Infrared spectra for (a) HPB, (b) D-HPB, and (c) a 
4 = 0.1 blend of DPB in HPB prepared from a common PB. 

dient column of water and 2-propanol. SANS measurements were 
done on the undiluted exchanged sample (D-HPB) and on a 4' 
= 0.5 blend of D-HPB with the unexchanged HPB. (4' designates 
the volume fraction of D-HPB, as opposed to 4, the volume 
fraction of labeled molecules.) The exchanged sample were run 
on the 30-m facility at Oak Ridge National Laboratory with a 
sampledetector distance of 11 m. The blend was run on the 10-m 
facility with fixed sample-detector distance of 4.5 m. Both ex- 
periments used neutrons of wavelength h = 4.75 A. Corrections 
were done in the usual mannerg to obtain azimuthally averaged 
profiles of the coherent intensity. These were converted to ab- 
solute differential cross sections by comparison to the scattering 
from an A1 secondary standard. 

Results and Discussion 
Qualitative evidence that D-H exchange has indeed 

taken place is seen from the IR spectra in Figure 1. There 
are shown the absorption spectra of the unexchanged HPB 
(curve la),  the exchanged D-HPB (curve lb), and a 4 = 
0.1 blend of deuterated polybutadiene, DPB, in a matrix 
of HPB (curve IC). The latter sample has been used in 
SANS studies reported previo~sly.~ Those polymers 
containing deuterium have three absorption maxima at  v 
= 2100 cm-l. The spectrum of perdeuteriopolyethylene, 
(CD,),, not shown, does not have the central peak at  Y = 
2140 cm-l; that is presumably due to vibrations of the CDH 
moiety. Since we do not have a reliable absorption coef- 
ficient for this additional peak, IR intensities cannot be 
used to establish the concentration of deuterium in these 
partially deuterated samples. We have determined by 
separate means, however, that the fraction of ,deuterium 
in the DPB sample is y = 0.4.9 As the intensities are 
similar for the undiluted exchange sample (Figure lb) and 
the 4 = 0.1 blend of DPB (Figure IC), we conclude that 
the exchange reaction described above led to replacement 
of -5% of the hydrogens in HPB. 

A similar quantity is obtained from measurements of the 
density increase resulting from the exchange reaction. We 
make the assumptions that deuteration conserves molar 
volume and further does not affect morphology (crystal- 
linity). Then the densities of the unexchanged HPB (pH 
= 0.9026 g/cm3) and the exchanged D-HPB (pD = 0.9108 
g/cm3) having identical quenched thermal histories can 
be used to determine the overall fraction of deuterium 
according to 

(1) 

where mH = 56.10 is the magnitude of the formula weight 
of a C4H8 repeat in HPB. This procedure yields ( y )  = 
0.065, in good agreement with the semiquantitative IR 
results. 

(Y) = mH(PD - P H ) / 8 P H  



Macromolecules, Vol. 18, No. 6, 1985 

\ \ \', 

2 7 -  ~~ 

18-  

' 0  ,008 ,016 ,024 ,032 .C 
CL 

3 

Figure 2. SANS scattering data for the unblended D-HPB (0) 
and the 50% D-HPB/HPB (w). The solid curves represent the 
best fits of eq 2 and 5 to  the data. The broken curves are for R, 
= 150 A (---) and rg = 280 A ( - e - ) ,  which are 30% deviations 
from the best-fit curve of 215 A for the unblended sample. 

Since both IR and density show that only a small frac- 
tion of the hydrogens were exchanged for deuterium, the 
question to be answered is how uniform is the exchange 
reaction? Were all chains exchanged by the same small 
amount, or are some chains reacted appreciably more than 
others? This can be answered by analysis of the SANS 
patterns, using the relation for the coherent cross section 
of an ideal molecular mixture of labeled and unlabeled 
chains's2 

where N is the degree of polymerization, P(q)  is the nor- 
malized single-chain scattering function (P(0) = l), and 
the magnitude of the scattering vector is q = 4aX-I sin (8/2) 
where 8 is the scattering angle. The contrast factor K is 
given by 

(3) 

where nt is the total number of scattering centers (here 
chosen as C4HB repeats) per unit volume, $ is the volume 
fraction of labeled chains, and BD - BH is the difference 
in coherent scattering lengths of repeat units in the D-HPB 
and HPB polymers: 

(4) 

In eq 4 the average fraction of deuterium on labeled chains 
is given by y, and bD - bH = 1.041 X 10-l' cm is the dif- 
ference in coherent scattering lengths between deuterium 
and hydrogen.ll 

The coherent SANS cross section for the undiluted 
D-HPB and the $' = 0.5 blend of D-HPB in HPB are 
shown in Figure 2. Most apparent is the considerable 

K = (BD - BH)2W$(l - 4) 

BD - B H  = 8y(bD - bH) 
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Table I 
Radius of Gyration for Labeled HPB of M = 158000 

R., A comment sample 6 
D-HPB 0.11 215 this work 
D-HPB/HPB 0.05 205 this work 
DPB/HPB 0.50 209 ref 9 
DPB/HPB 0.10 213 ref 9 

intensity from the exchanged sample, which, combined 
with the roughly 50% decrease in intensity on dilution with 
HPB, shows that 4 << 1 for undiluted D-HPB. 

Before we proceed further, some attention should be 
given to the shapes of the scattering curves, from which 
we wish to evaluate the average size of the labeled scat- 
tering chains. Conventional Guinier or Zimm plots are not 
adequate, as the radius of gyration is too large for the q 
range accessible (q > 0.007 A-1). Therefore, the observed 
intensity profile was fitted to a Gaussian coil scattering 
function12 

(5) 

where u = q2R,2 and R is the mean square radius of 
gyration of the chain. Tais method has been shown to be 
justified on HPB/DPB blends over a large range of mo- 
lecular weights and at all concentrations, even though the 
polymer is -40% cry~talline.~p~J~ The solid lines in Figure 
2 represent the best fits to eq 5, and the dashed lines are 
obtained by varying R by f30%. The largest intensities 
at low q are most reliatle for this comparison, from which 
is is seen that R, can be determined to within f20%. The 
results are summarized in Table I, together with R ob- 
tained by the same method with HPB/DPB blenc!s of 
polymers made by saturation of the identical parent po- 
lybutadiene used in the present experiments. I t  can be 
seen that R, is the same in exchanged and directly deu- 
terated systems. We conclude therefore that the exchange 
reaction effectively labels (some of the) chains over their 
entire length and furthermore does not cause any signif- 
icant changes in chain dimension (Le., scission or cross- 
linking). This latter point is confirmed by the essential 
constancy of [ q ]  mentioned above. 

Since it appears that we are observing scattering from 
an unknown fraction of chains which are labeled uniformly, 
in a statistical sense, eq 2-4 can be employed to evaluate 
y and 4. The extrapolated intensity at q = 0, together with 
N from characterization of the parent polybutadiene, gives 
the product y2$(1 - 4). The other required relation is 
provided by the overall extent of deuteration derived from 
density (eq l), which may be written as 

( y )  = y 4  = 0.065 (6) 
where 4 is the volume fraction of labeled chains in the 
exchanged sample D-HPB. The results of this analysis are 
y = 0.59 and 4 = 0.11. The implied volume fraction is 
confirmed by the much lower intensity of the 4' = 0.5 
D-HPB/HPB blend; dilution by 50% is predicted to de- 
crease the intensity to 0.53 of the value for the exchanged 
sample, in good agreement with the factor of 0.6 seen in 
Figure 2. 

Conclusions 
D-H exchange catalyzed by rhodium metal results in 

appreciable deuteration (y = 0.6) of about 10% of the 
saturated HPB chains under the conditions employed here. 
This reaction appears to proceed with no unwanted side 
reactions, i.e., chain scission or cross-linking. The chain 
dimensions inferred from SANS patterns are the same as 
those obtained from directly deuterated DPB, and the 
viscosity-average molecular weight is essentially unchanged 

P(u) = 2~-~[exp(-u) - 1 + u]  



1294 Macromolecules 1985, 18, 1294-1302 

by the exchange reaction. Given the fact that only a 
minority of the chains are exchanged, a fairly substantial 
change in N of the reacted macromolecules would lead to 
a modest change in [77] in any case. Therefore, the con- 
stancy of R is considered more significant evidence that 
the skeletaf chemistry of the HPB is unaffected by the 
D-H exchange reaction. This point will be checked more 
thoroughly with techniques such as gel permeation chro- 
matography and melt rheology in future work. 

The observation that only a small fraction of the chains 
are appreciably reacted is something of a surprise, though 
this probably results from the use of heterogeneous cata- 
lyst. We note, however, that a similar product distribution 
is obtained in analogous deuterium-exchange reactions 
involving n-hexaneI3 and n-heptane14 over metal catalysts. 
Addition reactions, on the other hand, appear to proceed 
more uniformly; saturation of polybutadiene with either 
H2 or D2 over a heterogeneous palladium catalyst results 
in quantitative addition to all c h a i n ~ . ~ J ~  It  is clear that 
more experiments, including those using a deuterated 
solvent, are needed to improve the yield of labeled chains 
by exchange. Another point to be investigated is the 
possible dependence of exchange kinetics on molecular 
weight, as this would affect interpretation of SANS pat- 
terns of polydisperse samples prepared in this manner. 
Such work is currently under way. 

This exchange technique should be applicable to other 
polyolefins and polymers containing olefinic sequences. 
The availability of a direct method for obtaining deuter- 
ated polymers will significantly expand the power of SANS 

experiments to study polymeric systems. 
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Deformation Behavior of Styrene-Butadiene-Styrene Triblock 
Copolymer with Cylindrical Morphology 
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ABSTRACT: Morphological changes related to deformation of styrene-butadiene-styrene block copolymers 
with a cylindrical microdomain structure have been studied by small-angle X-ray scattering. The behavior 
of originally isotropic, solution-cast samples has been compared with the deformation and related structural 
changes of samples with original macroscopically oriented morphology. The structure related to various stages 
of deformation has been determined from SAXS patterns by considering separately changes in the single-particle 
scattering and changes in the lattice factor, both of which influence the scattering patterns. The early and 
intermediate stages of deformation of the triblock copolymer are controlled by its morphology, while a t  large 
extensions the deformation and resulting structure are determined by molecular orientation in the polybutadiene 
phase. 

I. Introduction 
Peculiar mechanical properties of triblock styrene-bu- 

tadiene-styrene (SBS) polymers have been observed by 
many When stretched, in some cases, these 
polymers initially show a stress-strain dependence similar 
to those of glassy polymers drawn below the glass tran- 
sition temperature. Beyond the yield point, however, the 
SBS polymer becomes rubbery with high elasticity and 
large recoverable d e f o r m a t i ~ n . ~ - ~  Moreover, after 
stretching and especially upon annealing after removal of 
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*Present address: Hyogo University of Education, Yashiro-cho, 
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the external stress, the specimens can show a healing effect 
in that properties of the original undeformed state are 
reco~ered .~-~  Attempts have been made to explain these 
effects on the basis of structural changes at  various stages 
of deformation. The strain-induced plastic-to-rubber 
transition in SBS block copolymers has been attributed 
to fragmentation of the originally rigid structure by large 
plastic deformation of the glassy component. The healing 
process has been attributed to the reformation of the or- 
iginal structure."' The understanding of the deformation 
mechanism in this type of polymer is, however, still not 
satisfactory. 

Detailed consideration of these effects must take into 
account the morphology of these polymers, which is highly 
heterogeneous and ordered on various dimensional levels. 
Figure 1 shows schematically the cylindrical microdomain 
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