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ABSTRACT: The conformation of the polyether soft segment, the polyester hard segment, and the entire 
chain was measured as a function of temperature in two series of polyether-polyester multiblock copolymers 
using small-angle neutron scattering. At room temperature, the average soft segment was found to  be in a 
slightly expanded random coil conformation, although some of the segments are probably extended. The 
measured soft-segment radius of gyration decreased somewhat as the sample was heated. This behavior was 
attributed to  the presence of fewer taut soft segments due to the relaxation of stresses in the material as the 
chains become more mobile above the glass transition temperature of the hard segments. The crystallized 
hard segments exhibited a chain-folded structure a t  room temperature. The measured fold length was 3-4 
hard-segment units long. The hard-segment radius of gyration increased substantially as the temperature 
was increased. This is attributed to the unfolding of some segments by a melting and recrystallization of 
the highly folded segments and to new hard segments crystallizing out of the amorphous phase into an extended 
crystalline conformation. The radius of gyration of the whole chain decreased a~ the temperature was increased 
between 25 and 150 “C. The reason for this is unclear, although it may be due to the relaxation of the stresses 
introduced into the system by molding the sample below the hard-segment crystalline melting temperature. 
Above 160 OC, the crystallization of new hard-segment material becomes an important process, along with 
lamellar thickening. These processes cause the radius of gyration of the whole chain to  increase. 

Introduction 
Polyether-polyester block copolymers are segmented 

thermoplastic elastomers that exhibit excellent physical 
properties and chemical resistance. T h e y  are marketed 
by E. I. du Pont de Nemours and Co. under the trade name 
of Hytrel. Polyether-polyesters exhibit a two-phase mi- 
crostructure ,  which is  responsible for  the i r  superior me- 
chanical characteristics. The two phases present in Hytrel 
systems are an amorphous phase and a crystalline or 
semicrystalline phase. The amorphous phase, also called 
the soft  phase, consists of a mixture  of polyether and po- 
lyester segments, which are also known as the soft and hard 

‘E. I. du Pont de Nemours and Co., Wilmington, DE 19898. * Argonne National Laboratory, Argonne, IL 60439. 

segments, respectively. The crystalline phase consists 
almost exclusively of crystallized polyester segments. The 
service temperature of the material lies between the glass 
transition temperature of the soft phase and the crystalline 
melting temperature of the hard phase. The microstruc- 
ture of these materials at intermediate  polyester compo- 
sitions features  a soft, rubbery  mat r ix  filled with a hard, 
reinforcing phase that acts as a physical cross-linker. The 
major driving force for  phase separat ion in  the poly- 
ether-polyester systems is the crystallization of the hard 
polyester segments. Any contribution to the driving force 
due to the incompatibility of the ester and ether  segments 
is smaller in magnitude,  unlike the si tuat ion i n  poly- 
ure thane  block copolymers, where the driving force is 
usually dominated b y  intersegmental repulsion. Chemical 
structure and processing conditions a r e  also known to 
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affect the degree of phase separation in polyether-poly- 
esters. 

A number of recent studies have been made on the 
morphology of polyether-polyester block polymers'+ and 
related monodisperse model polyether-polyester com- 
pounds.1° Polyether-polyesters with a hard-segment 
content above 24% are found to have a two-phase mi- 
cro~tructure~ due to the presence of hard-segment sub- 
sequences with more than two repeat units, which tend to 
segregate much more readily than do shorter hard seg- 
ments. This is consistent with the results of Miller et al.," 
who in a study of a series of polyether-polyurethanes found 
that single repeat unit hard segments are more soluble in 
the soft phase than are longer hard segments. The poly- 
ether-polyesters have been shown to possess a lamellar or 
pseudolamellar microstructure. The lamellar hard do- 
mains are also surprisingly regular in size and shape, sim- 
ilar to the structure in semicrystalline homopolymers.' 
This regularity in lamellar thickness has been taken as 
evidence for folding of the polyester segments, since there 
is a relatively broad distribution of hard-segment lengths. 
The interface between the two phases has been shown to 
be fairly using small-angle X-ray scattering 
(SAXS). In addition, a distinct spherulitic macrostructure 
is often observed. 

Small-angle neutron scattering (SANS) has recently 
been used to examine chain conformation in bulk polymer 
samples. The great power of this technique comes from 
the difference in scattering lengths between the two com- 
mon hydrogen isotopes. By substituting deuterium for 
hydrogen in a polymer chain, one can provide a contrast 
mechanism for the SANS experiments without altering the 
chemistry of the system being investigated. An analogous 
labeling experiment for X-ray scattering invariably changes 
the chemical interactions present in the system. The first 
use of SANS to study the chain conformation in polymer 
materials was by Ballard et  al.,'* who found that poly- 
styrene chains in a bulk, amorphous sample were in the 
random flight or Gaussian conformation, confirming the 
hypothesis of F10ry.l~ Subsequent studies on other 
amorphous polymers yielded the same conclusion and are 
reviewed by Higgins and Stein14 and Richards.15 

Small-angle neutron scattering more recently has been 
applied to phase-separated block copolymer systems. The 
chain conformation of the individual blocks can. be ob- 
tained by two different methods. The first involves uti- 
lization of polymer samples with a well-defined micros- 
tructure. Hadziioannou et  a1.16 investigated the confor- 
mation of the styrene block in a very regular lamellar 
styrene/isoprene block copolymer. The styrene phase 
contained both purely deuterated and purely protonated 
chains. When the plane of the lamellar surface was aligned 
perpendicular to the incident neutron beam, the interphase 
scattering due to interference between the lamellae was 
nearly eliminated. This left only the chain scattering from 
the labeled and unlabeled styrene chains, from which the 
styrene chain conformation was obtained. These re- 
searchers found that the styrene chains were in an ex- 
tended conformation relative to the bulk polystyrene 
homopolymer in the direction perpendicular to the lamellar 
surface. 

The second method for extracting the single-chain 
scattering function for a single block within one phase of 
a two-phase block copolymer makes use of the scattering 
theory developed independently by K~bers te in '~  and 
Jahshan and S~mmerfield. '~J~ The basic principle of this 
theory is that the single-chain scattering function can be 
obtained by a weighted subtraction of the scattering curves 

0 0 0 0 + C ~ ~ - O - ( C H ~ ) , - O ~ ~ ~ ~ - O + C H , C H , C H , C H ~ O ~ ~  
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Figure 1. Repeat-unit structure of the polyether-polyesters. 

Table I 
Mole Ratios of Reactants Used in the Syntheses 

sample DMT d-DMT BD d-BD PTMO d-PTMO 
5- 1 5 0 4 0  
5-2 5 0 4 0  
5-3 5 0 4 0  
5-4 0 5 0 4  
5-5 0 5 0 4  

10-1 10 0 9 0  
10-2 10 0 9 0  
10-3 10 0 9 0  
10-4 0 10 0 9 

0 10 0 9 10-5 

1 
0.2762 
0.6834 
1 
0 

1 
0.2816 
0.6930 
1 
0 

0 
0.7238 
0.3166 
0 
1 

0 
0.7184 
0.3070 
0 
1 

of two samples. The first sample consists entirely of un- 
deuterated chains. The second sample features one of the 
segment types having both protonated and deuterated 
chains. Bates et a1.20 applied this method to a diblock 
copolymer of styrene and butadiene, with the butadiene 
chains being the labeled species. The morphology exhib- 
ited by this system consisted of spherical butadiene do- 
mains within a styrene matrix. The butadiene chain 
conformation was found to be the same as for bulk buta- 
diene homopolymer. Miller et  a1.21 investigated the con- 
formation of the soft segment in a polyether-polyurethane 
multiblock copolymer by the same method. In that study, 
a series of samples that were nearly morphologically 
identical were prepared with different levels of deuteration 
of the poly(tetramethy1ene oxide) (PTMO) soft segment. 
As the degree of deuteration rose, the contrast between 
the hard and soft phase decreased. The portion of the 
coherent scattering that was due to the chain scattering 
from the soft segments therefore increased, while the in- 
terphase scattering decreased. The authors found that the 
polyether chain conformation was somewhat extended in 
this block copolymer relative to the conformation of the 
bulk oligomeric PTMO. 

The objective of the present investigation was to extend 
the application of SANS to polyether-polyester multiblock 
copolymers in order to obtain the conformation of the 
polyether segment, the hard polyester segment, and the 
overall polymer chain. It was also desirable to obtain 
information regarding the change in segment and chain 
conformation as a function of temperature in order to 
better understand the processes involved in phase sepa- 
ration and annealing. 

Experimental Section 
The polyether-polyester block copolymers were synthesized 

by a melt transesterification reaction involving dimethyl tere- 
phthalate (DMT), butanediol (BD), and a poly(tetramethy1ene 
oxide) (PTMO) oligomer, as described by Witsiepe.22 The ma- 
terials synthesized are listed in Table I. The polymer repeat 
structure is shown in Figure 1. The deuterated DMT and the 
deuterated butanediol, both with an isotopic purity of 99.3%, were 
obtained from Merck, Sharp, and Dohme, Inc. and used as re- 
ceived. The deuterated PTMO was synthesized by a ring-opening 
polymerization reaction. The d-PTMO had a number-average 
molecular weight of 945. The protonated PTMO used was Du 
Pont Teracol 1O00, a commercial material with a number-average 
molecular weight of 1000. The samples used for the scattering 
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Table I1 
Composition of Scattering Samples Based on Moles of 

Polyester Segments and Table I 
0 0 

0 

0 

0 

sample n - 1  n - 2  n - 3  n - 4  n - 5  
5-ss  0 0 1 0  0 
5-HS 0 0.7066 0 0.2934 0 
5-WC 0.0576 0 0 0  0.9424 

10-ss 0 0 1 0  0 
10-HS 0 0.7069 0 0.2931 0 
10-WC 0.0243 0 0 0  0.9757 

experiments were prepared by blending the materials synthesized 
in Table I according to the ratios given in Table 11. The blending 
was done by dissolving the materials in 1,1,2-trichloroethane a t  
50 "C, followed by drying under vacuum at  40 "C for 1 week. The 
samples were then molded at  200 "C for 5 min at  20 MPa and 
cooled to room temperature over a time span of 5 min. The 
samples were stored in a desiccator until needed for the scattering 
experiments. 

The numeric portion of the sample description indicates the 
number of DMT units in the average hard segment. The letter 
description indicates the particular segment conformation being 
investigated with that sample. -SS implies that the sample is being 
used to find the soft-segment conformation, while -HS and -WC 
mean that these samples are being used to measure the hard- 
segment and whole-chain conformations. Thus, 10-HS is a sample 
with an average hard-segment length of 10 tetramethylene ter- 
ephthalate (TMT) units and is used to determine the hard-seg- 
ment conformation. 

The small-angle neutron scattering data were obtained on the 
intense pulsed neutron source (IPNS) at  Argonne National 
Laboratory on the small-angle diffractometer (SAD) instrument. 
This facility has been described in detail elsewhere.24 The range 
of the magnitude of the scattering vector q, where q = (47rfX) sin 
8, X is the incident neutron wavelength, and 8 is the scattering 
angle, is from 0.008 to 0.350 A-1. The other operating conditions 
for this experiment were a resolution of 0.004 A-1 and a flux at  
the sample of -4 X lo4 neutrons/(s cm2). The samples were held 
a t  a fixed temperature inside a helium-purged vacuum furnace 
while the scattering data were being gathered. Data were collected 
for about 4 h at each temperature level, giving a total count of 
-200000 neutrons. 

Theory 
The neutron scattering from a two-phase system where 

one of the phases consists of a blend of labeled and un- 
labeled chains has been described by Kober~tein. '~ 

In this expression, RL(q) and RU(q) are the total Rayleigh 
factors for a partially labeled sample and a completely 
unlabeled sample and Rinc,L and Rinc,u are the incoherent 
background scattering terms for these samples. PA is the 
coherent scattering length density of pure A segments, PBH 
and PBD are the coherent scattering length densities for 
pure protonated B segments and pure deuterated B seg- 
ments, and x is the fraction of the B chains that are deu- 
terated. v, is the irradiated sample volume, bBH and bBD 
are the monomeric coherent scattering lengths for the 
protonated and deuterated B monomers, N B T  is the total 
number of B chains present in the scattering volume, and 
ZB is the average degree of polymerization of the B seg- 
ments. p B ( q )  is the single-chain scattering function, also 
known as the structure or form factor for the B segments 
or as the intramolecular interference function. p B ( q )  
contains the information on the chain conformation 
available from neutron scattering. 

Chain Conformation in Polyether-Polyester Copolymers 1729 

t a: 

0000 0040 0.080 0120 0160 0200 

q, Inverse Angstroms 

Figure 2. SANS data for the 51411 composition polyether-po- 
lyesters. The (X) represents the phase contrast matched sample, 
5-SS, while the (0) denotes the scattering from a sample with no 
deuteriolabeling. The scattering in this case is due only the the 
two-phase microstructure. The data shown are a t  room tem- 
perature. 

Equation 1 states that pB(q) can be obtained by the 
subtraction of the scattering by an unlabeled sample from 
that of a labeled sample. The subtraction is weighted by 
the term in brackets that appears on the left-hand side of 
eq 1. For one particular value of x ,  the degree of deu- 
teration of the B chains, this weighting factor is zero. This 
condition is known as the phase contrast matched con- 
dition.2' I t  is described by 

(2) 
When this condition is true for the labeled sample, there 
is no need to measure the scattering from an unlabeled 
sample. This makes the results of the scattering experi- 
ment easier to interpret and more reliable, as has been 
shown by Miller et There is no need to match the 
morphology of two samples exactly, which is a requirement 
for using eq 1. This is often difficult for multiblock co- 
polymer systems. Figure 2 shows scattering data from a 
labeled, phase contrast matched system and from an un- 
labeled sample of the same chemical composition. The 
samples shown are the 5-SS sample and an unlabeled 
sample with a 5/4/1 molar composition. The most prom- 
inent feature in this figure is the absence of peak due to 
interphase scattering in the phase contrast matched sam- 
ple. The intensity of the maximum due to interphase 
scattering in the unlabeled curve is substantially larger 
than the magnitude of the intrachain scattering from the 
5-SS sample. 

The phase contrast matching criterion can be extended 
to include partial labeling of both phases. The restriction 
here is that the coherent scattering length densities of both 
pure phases be the same. The phase contrast matching 
requirement is met by a linear function of the degree of 
deuteration of the soft segments and of the hard segments. 

PA - ~ P B D  - (1 - ~ ) P B H  = 0 

In this expression x and y are the fractional deuteration 
levels of the soft and hard segments, respectively. This 
expression implies that an increase in the hard-phase co- 
herent scattering length density caused by labeling the 
hard segments can be offset by deuterating the soft seg- 
ments to a greater extent. 

One concern when using a phase contrast matched 
sample is that the degree of deuteration of the soft phase 
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Similar expressions can be written for the -HS samples and 
the -WC samples. 

4a  
R H S ( q )  = -(bSD - bSH)2NSzS2xHS(l  - x H S ) P s ( q )  + 

VS 

Table I11 
Distribution of Polyester Sequence Lengths for 5- and 10- 

Series Materials 
~~ 

5- 10- 5- 10- 
DMT units series series DMT units series series 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

0.2000 
0.1600 
0.1280 
0.1024 
0.0819 
0.0655 
0.0524 
0.0419 
0.0335 
0.0268 
0.0214 
0.0171 
0.0137 

0.1000 
0.0900 
0.0810 
0.0729 
0.0656 
0.0590 
0.0531 
0.0478 
0.0430 
0.0387 
0.0348 
0.0313 
0.0282 

14 
15 
16 
17 
18 
19 
20 
2 1  
22 
23 
24 
25 

0.0109 
0.0087 
0.0070 
0.0056 
0.0045 
0.0036 
0.0028 
0.0023 
0.0018 
0.0014 
0.0011 
0.0009 

0.0254 
0.0228 
0.0205 
0.0185 
0.0166 
0.0150 
0.0135 
0.0121 
0.0109 
0.0098 
0.0088 
0.0079 

will be quite high. TLis may result in a substantial effect 
on the scattering due to interchain interference. However, 
Akcasu et al.25 and Wignall et a1.26 have shown that the 
level of deuteration has little or no effect on the radius of 
gyration measured by SANS. Having a substantial fraction 
of the soft-segment chains being labeled also causes con- 
cern over the correlation of the individual labeled seg- 
ments. If the correlation is strong, chain sub-sequences 
of the type S-H-S, where S and H refer to the soft and 
hard segments, will contribute substantially to the scat- 
tering when only single S unit scattering is desirable. 

For S-H-S sub-sequences to contribute to the scattering 
as an entity larger than a single S unit, both soft segments 
in the sub-sequence must be deuterated. If one S is pro- 
tonated and one is deuterated, only scattering from a single 
S unit will occur. Roughly 9% of the sub-sequences of the 
S-H-S type will have both soft segments deuterated in the 
-SS samples. The scattering intensity from the S-H-S 
sequences when both soft segments are deuterated is 
proportional to the product of the number of Sd-H-Sd 
sequences and the number of Sh-H-Sh sequences, where 
d and h refer to the deuterated and protonated soft seg- 
ments. For the -SS samples, this product is around 4-5% 
of the coherent scattering. 

Not all of the Sd-H-Sd sequences will contribute to the 
scattering as a species larger than a single S unit. For 
example, when the intervening hard segment is part of a 
hard-phase crystallite, the soft-segment chains will be in- 
dependent. Lilaonitkul and Cooper3 and Vallance et al.* 
report that roughly 50% of the polyester segments are 
located within hard crystalline domains for materials with 
about the same chemical compositions as those studied in 
this investigation. The presence of a long polyester se- 
quence between the soft segments will also cause the soft 
segments to be relatively independent. P e e b l e ~ ~ ' , ~ ~  has 
derived the equations governing the sequence length dis- 
tributions in multiblock copolymers synthesized by either 
a one-step or two-step polymerization. The polyester se- 
quence length distributions for the first 25 TMT units have 
been calculated by using Peebles' equations and are listed 
in Table 111. A hard segment that is n TMT units long 
contains (n  - 1) butanediol monomers. The smallest hard 
segment is therefore a single DMT unit. When all of the 
above factors are taken into consideration, the overall 
contribution to the scattering from deuterated S-H-S 
sub-sequences is quite small, on the order of 1-2% of the 
total scattering. This is within the error of the experiment, 
thus this contribution can safely be ignored. 

For the phase contrast matched -SS samples we can 
describe the coherent the scattering by 

41r 
- ( ~ w D  - b w H ) 2 N w & v 2 z w c ( l  - z w c ) p w ( Q )  (6) 

In these expressions, Rss(q), R H S ( q ) ,  and Rwc(q) refer to 
the coherent scattering from the specified samples. The 
subscripts SS, HS, and WC refer to properties of the 
specific samples. As before, x and y are the fraction of 
deuteration of the soft and hard segments, while z is the 
fraction of whole chains that are deuterated. Ps(q), p H ( q ) ,  
and Pw(q) are the single-chain scattering functions for the 
soft and hard segments and the whole chain. 

To this point we have been dealing with two-phase 
systems that possess pure phases. The effect of phase 
mixing, i.e., the presence of hard segments in the soft phase 
and vice versa, must be considered. I t  can be shown that 
phase mixing has no effect on the phase contrast matched 
condition of eq 3. This is not surprising, since if the pure 
phases have the same contrast, then a mixture of the pure 
phases would also be expected to have the same contrast. 
One can then calculate the degree of deuteration that will 
produce zero interphase scattering provided that the 
pure-phase densities are known with reasonable accuracy. 
Knowledge of the mixed-phase densities and compositions 
is not necessary. Also, changes in the degree of phase 
separation, such as may occur upon annealing, will not 
change the phase contrast matched properties of the sam- 
ple. 

Although the phase contrast matching criterion is in- 
dependent of the degree of phase mixing in a sample, one 
must consider the effect of phase mixing on the chain 
scattering from the sample. Ideally the SANS experiments 
will product intrachain scattering due to the contrast be- 
tween isotopically different segments and not between 
chemically different segments. The amorphous soft phase 
in this experiment is composed of a blend of protonated 
hard segments and deuterated and protonated soft seg- 
ments. Hadziioannou et aLZ9 give the scattering equation 
from a two-component single-phase blend where one of the 
components is partially labeled, such as the soft phase in 
this experiment. This expression is 

VS 

where VA and VB are the molar volumes of the repeat units 
for A and B. QBB(q) is the intermolecular interference 
function. The prefactor in brackets for the second part 
of the right-hand side of eq 7 is zero whenever the phase 
contrast matched condition applies. Since this prefactor 
multiplies the only intermolecular interference term, when 
the sample is phase contrast matched, the only coherent 
scattering that occurs is due to the labeled and unlabeled 
B segments. Generalizing this to the case where both the 
soft segments and the hard segments are a blend of deu- 
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terated and protonated species, in a phase contrast 
matched material, the only coherent scattering that occurs 
is due to correlations between labeled and unlabeled seg- 
ments of the same type. There is no contribution due to 
interphase scattering or due to correlations between the 
different segment types. 

Once the chain scattering has been obtained by a SANS 
experiment, the components of the single-chain scattering 
must be separated. In the -SS sample, the chain scattering 
is due only to the soft segments and no separation is 
necessary. For the -HS samples, both soft-segment and 
hard-segment single-chain scattering are present. Since 
the soft-segment single-chain scattering is a known quan- 
tity from the results of the -SS experiment and the sample 
composition, one can easily separate the hard- and soft- 
segment scattering contributions by a weighted subtraction 
using eq 4 and 5. Similarly, in the -WC experiment, 
weighted subtractions of both the hard- and soft-segment 
single-chain scattering using eq 4-6 yield the single-chain 
scattering from the total chain. 

The single-chain scattering function can be modeled by 
a number of different particle shapes. For particles where 
the actual shape is not known, the approximation of 
Guinier30 can be applied. 

lim I ( q )  = Ke-q2R,2/3 (8) 
(7-0 

In this expression, R, is the radius of gyration of the 
particle and K is a proportionality constant. This model 
is used at low values of q, which limits its usefulness. A 
number of researchers have applied Guinier’s law beyond 
values of qR, = 1 due to the limitations of SANS instru- 
ments at low angles; however, strictly speaking, this is not 
correct. A better approach is to use all of the available 
scattering data by fitting a model for the chain confor- 
mation to the data. By this method, a better interpretation 
of the data should be possible, if only because more of the 
scattering data is used for the analysis. It is important to 
remember in this approach that the results are dependent 
on the particular model chosen. Generally the trends 
found by such a model-fitting procedure are correct, al- 
though absolute numbers obtained may be in error if an 
improper model is selected. 

For amorphous polymer chains, the chain geometry can 
be modeled as a random coil. The structure factor for a 
random coil is described by the Debye function 

(9) F(q)  = -(e-t + t - 1 )  

where t = q2R,2 and R, is the radius of gyration of the coil. 
This model has been found to be an excellent choice for 
amorphous bulk homopolymers.lOJ1 The crystalline 
hard-segment chains are not likely to be in a random coil 
conformation. The single-chain scattering observed for the 
hard segments is an average of the contributions from the 
hard segments that are in the amorphous soft phase and 
the hard segments that are crystallized in the hard phase. 
Choosing a model that accurately represents both the 
crystallized and the amorphous hard-segment conforma- 
tions is not possible. Some compromise must be made. 
Two models in addition to the random coil were used to 
model the average hard-segment conformation: an infin- 
itesimally thin rod and a cylinder. A cylindrical model was 
used along with the random coil to model the overall chain 
conformation. The form factor for a cylinder is given by 

“I2sin (0.5qL cos 0) 4Jl(qR cos 0) 
d0 (10) 

2 
t2 

where L is the length of the cylinder, R is the radius of the 
cylinder, and J1 is a first-order Bessel function of the first 
kind. The form factor for an infinitesimally thin rod is 
given by 

Si (qL) 4 sin2 (0.5qL) 
F(q)  = - - ( 1 1 )  

qL w2 
where L is the length of the rod and Si ( x )  is defined as 

J O  J 

The corresponding radii of gyration for these two models 
are 

R,2 = L2/12 + R 2 / 2  (cylinder) (13a) 

R,2 = L2/12  (rod) (13b) 

The structure factors given in eq 9-12 are part of the 
generalized model used to fit the scattering data. The 
general model is 

I(q)  = AF(q) + lint (14) 

where A is a proportionality constant and Iinc is the inco- 
herent scattering, which is independent of q.17 IinC was 
found to increase gradually with temperature, in agreement 
with the prediction of Maconna~hie .~~ Equation 14 was 
fit to the single-chain scattering data using a least-squares 
nonlinear regression routine that generates best fit pa- 
rameters as well as error estimates. For the Debye model 
and the rod model, the radius gyration was fit along with 
A and Iinc. For the cylinder model, an additional param- 
eter, the aspect ratio of the cylinder, was fit. 

The values obtained for the radius of gyration of a 
segment through the fitting of eq 14 are z-average values. 
To correct for the polydispersity of the samples, the dis- 
tribution of segment lengths must be known along with 
knowledge of how the radius of gyration changes as a 
function of the molecular weight. The applicable poly- 
dispersity equations are 

m m 

where the n, w, and z subscripts refer to the average being 
taken, Ni is the number of species that are i monomer units 
long, M, is the molecular weight of a segment that is i 
monomers long, and R( i )  is the radius of gyration of a 
segment that is i monomers long. For the hard segment, 
i is the number of TMT units. For the soft segment, i is 
the number of tetrahydrofuran monomers in the PTMO 
oligomer. Values for Ni have been calculated for the hard 
segments and are listed in Table 111. The distribution of 
the soft-segment lengths was determined previously by 
high-performance liquid chromatography (HPLC).23 The 
values for M, are easily found from the chemical structure 
of the segments. 

The dependence of the radius of gyration on the degree 
of polymerization is not as easy to determine. In general, 
R( i )  can be written as 
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R(i)  = KM" (16) 

where K is a proportionality constant. Establishing a value 
for a is important in order to accurately determine the 
polydispersity correction. For a random coil, a has a value 
of For a cylinder that expands equally in all directions 
as the molecular weight increases, a is For an infin- 
itesimally thin rod, a equals 1. The lamellae in poly- 
ether-polyester materials have been found to possess a 
fairly uniform thickness regardless of the hard-segment 
length.' Thus as the molecular weight of the hard seg- 
ments increases, the lamellae only increase in size in a 
lateral direction. In this case, the radius of gyration of the 
hard domain increases as the one-half power of M .  The 
actual value of a is dependent upon many factors. For the 
soft segment, the value of a is 1/2 since it is likely to be 
near a random coil conformation. Deviations in a for low 
molecular weight species have a very small effect on the 
polydispersity correction, since the random coil approxi- 
mation is valid for bulk PTMO down to around a molec- 
ular weight of 400-500.43 As a first approximation, a is 
taken to be for the hard segment and for the whole 
chain. 

The sample compositions were selected by using three 
basic principles. First, the samples used for scattering 
must be phase contrast matched. This maximizes the 
signal-to-noise factor in the experiment and eliminates the 
need for a subtraction of the scattering from an unlabeled 
sample. Samples that satisfy eq 3 fulfill this requirement. 
The second principle is that the desired chain scattering 
term must be maximized subject to the first constraint. 
This is done by choosing the degree of deuteration of the 
appropriate segment such that the product x (1  - x )  is 
maximized. To satisfy the first principle, it is necessary 
for there to be some chain scattering from the other seg- 
ment types in the -HS and -WC samples. For the -HS 
samples, the chain scattering is due to correlations between 
the deuterated and protonated hard segments and between 
the deuterated and protonated soft segments. For the -WC 
samples, both of the above correlations contribute to the 
scattering along with the correlations between purely 
deuterated and protonated chains. The second principle 
attempts to minimize the contribution from the undesired 
chain scattering while maximizing the contribution from 
the desired chain segments. 

The final principle arises from the requirement of in- 
dependence of scattering sites along the polymer chain. 
For the -HS and -WC samples, two separate polymers must 
be blended in order to produce the scattering sample. In 
the case of the -HS samples, a sample has to be prepared 
with purely deuterated hard segments and one must be 
made with purely protonated segments in order to get a 
contrast between the hard segments. These are then 
blended to form the -HS sample. If the -HS sample is 
made in one step using a mixture of deuterated and pro- 
tonated monomers, the resulting hard-segment isotopic 
distribution would render the sample useless for neutron 
scattering. The degree of deuteration of each segment type 
is determined by the second principle, subject to the 
constraint of the first principle. Similarly, two base ma- 
terials must be blended together to create the -WC sam- 
ples. 

The values listed in Tables I and I1 are calculated by 
using eq 3, the criterion for phase contrast matching, and 
the mass densities of the crystalline hard segments and 
the amorphous soft segments. The values used are those 
reported by Vallance et al." to be 1.403 g/cm3 for the hard 
segments and 0.98 g/cm3 for the soft segments. These 
values are in close agreement with the densities determined 

Table IV 
Atomic and Monomer Coherent Scattering Lengths for 

Common Isotopes 
sDecies b X loi2, cm 

H 
D 
C 
N 
0 
DMT (CioHioOz) 
d-DMT (CioDioOz) 
BD (C4HioOz) 
d-BD (C4DioOz) 
THF" (C4H80) 
d-THF (C4DBO) 
hard-segment repeat unit (ClzHIzO4) 
d-HS repeat unit (Cl2Dl2O4) 
hard-segment end unit (C8H403) 
d-HS end unit (C8D403) 

a THF (tetrahydrofuran) is the monomer 
methylene oxide). 

-0.374 
0.667 
0.665 
0.94 
0.58 
4.07 

14.48 
0.08 

10.49 
0.248 
8.576 
5.812 

18.304 
5.564 
9.728 

for poly(tetra- 

Table V 
Radius of Gyration Results for the Polyether Segments for 

the Random Coil Model 
sample temp, "C R,, A error,O *A 
543s 25 12.8 0.3 

60 12.3 0.3 
95 12.0 0.4 

130 11.5 0.3 
160 11.1 0.3 
190 11.3 0.6 

10-ss 25 13.4 0.4 
60 12.9 0.3 
95 13.2 0.4 

130 12.8 0.3 
160 13.1 0.4 
190 12.4 0.3 
2 10 11.5 0.4 

- 

"The errors listed are 95% confidence limits determined by the 
nonlinear regression routine. 

experimentally. The soft-segment density was determined 
from a measurement of the density of the bulk oligomer. 
The hard-segment density was determined by measuring 
the overall sample density and a mass balance. The co- 
herent scattering length densities were calculated by using 
the values for the atomic and monomeric coherent scat- 
tering lengths listed in Table IV. 
Results and Discussion 

The results of the model fitting procedure using eq 14 
are summarized in Tables V-VII. Table V lists the 
number-average radius of gyration of the soft segment for 
samples 5-SS and 1 0 4 s  as a function of temperature using 
the random coil form factor for the chain model. Table 
VI gives the results for the hard segments in samples 5-HS 
and 10-HS as a function of temperature for the random 
coil, cylinder, and rod models. Table VI1 shows the results 
for the 5-WC and 10-WC samples for the random coil and 
cylinder models as a function of temperature. The values 
given in Tables V-VI1 have been corrected for the poly- 
dispersity of the particular segments according to eq 15b. 
The data in Table VI1 have been corrected for polydis- 
persity by assuming that the chain radius of gyration is 
proportional to the one-half power of the molecular weight 
and that the size distribution is the most probable for 
condensation polymers with a degree of completion of the 
reaction equal to 0.99. Slight mismatches in molecular 
weight and distribution between the deuterated and pro- 
tonated chain segments are ignored since these mismatches 
have little effect on the scattering results.31 
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Table VI 
Radius of Gyration Results for the Polyester Segments 

Using the Random Coil, Cylinder, and Rod Models 
sample temp, "C R., 8, error: *A model type 
5-HS 

5-HS 

5-HS 

10-HS 

10-HS 

IO-HS 

25 
60 
95 

130 

25 
60 
95 

130 

25 
60 
95 

130 

25 
60 
95 

130 
160 
190 

25 
60 
95 

130 
160 
190 

25 
60 
95 

130 
160 
190 

12.5 
13.9 
14.6 
15.7 

12.8 
12.8 
14.0 
15.5 

11.4 
12.0 
12.9 
15.1 

12.8 
15.0 
16.1 
20.1 
24.0 
25.8 

11.8 
14.3 
14.8 
17.2 
20.8 
20.7 

11.3 
13.1 
13.7 
18.1 
22.2 
21.9 

0.6 RC 
0.8 RC 
0.7 RC 
1.0 RC 

0.6 CY1 
0.7 CY1 
0.7 CY1 
0.7 CY1 

0.6 rod 
0.7 rod 
0.7 rod 
0.7 rod 

1.2 RC 
1.4 RC 
1.4 RC 
1.1 RC 
1.3 RC 
4.2 RC 

1.0 CY1 
1.2 CY1 
1.1 CY1 
0.9 CY1 
1.1 CY1 
3.3 CY1 

1.0 rod 
1.2 rod 
1.2 rod 
1.1 rod 
1.4 rod 
3.8 rod 

aError estimates are 95% confidence limits determined by the 
nonlinear regression routine. 

Table VI1 
Radius of Gyration Results for the Whole Chain Using the 

Rod and Cylinder Models 
~~ 

sample temp, "C R., 8, error," *8, model type 
5-wc 25 52.6 0.5 RC 

60 50.2 0.5 RC 
95 43.8 0.6 RC 

130 40.9 0.7 RC 
160 37.7 0.5 RC 
190 55.9 1.4 RC 

5-wc 25 57.4 0.5 CY1 
60 51.6 0.4 CY1 
95 44.4 0.4 CY1 

130 36.9 0.4 CY1 
160 32.4 0.5 CY1 
190 43.3 0.7 CY1 

10-wc 25 67.8 1.0 RC 
60 58.2 1.5 RC 
95 43.5 1.4 RC 

130 34.1 1.2 RC 
160 30.7 1.2 RC 
190 34.3 1.6 RC 
210 51.87 1.1 RC 

10-wc 25 75.1 2.0 CY1 
60 69.3 2.0 CY1 
95 69.6 1.0 CY1 

130 34.3 1.1 CY1 
160 24.0 0.5 CY1 
190 26.8 0.6 CY1 
210 40.9 0.5 CY1 

"Error estimates are 95% confidence limits determined by the 
nonlinear regression routine. 

Figure 3 illustrates the change in the soft-segment chain 
radius of gyration as a function of temperature for the 5-SS 

15.00 I 
4 I I 1 

0 50 100 150 200 250 
TEMPERATURE, 'C 

Figure 3. Radius of gyration of the polyether segments in the 
5-SS (0) and the 1043s (X) samples as a function of temperature 
for the random coil model. 

0,000 L 1  0.060 0.120 O . I B 0  0.240 0.300 

q ,  I n v e r s e  Angstroms 

Figure 4. Model fit of the random coil model to the soft-segment 
single-chain scattering for the 5-SS sample at room temperature. 

and 10-53s samples. Figure 4 shows a model fit of the 
random coil model to data for the 10-SS sample at room 
temperature. The radius of gyration of the soft segment 
at room temperature is 12.8 8, for the 5-SS sample and 13.4 
8, for the 1043s sample. A value of 12.1 8, is measured by 
SANS on a bulk oligomeric blend of protonated and deu- 
terated PTMO of 1000 molecular weight.23 This gives a 
value of 11.8 A for a segment with a molecular weight of 
950 assuming a value of '/z for a. Thus the average soft 
segment is slightly extended at room temperature. The 
majority of the soft segments are in a random coil con- 
formation, but a number of them are fairly elongated. As 
the temperature increases, the soft-segment R, decreases 
to 11.1 8, at 160 "C for the 5-SS sample and 11.5 8, at 210 
"C for the 10-SS sample, a change of about 15%. The 
mechanism responsible for this small change in the soft- 
segment R, is the relaxation of stresses associated with the 
elongated segments. These elongated molecules have been 
termed taut tie  molecule^.'^^^*^^ As the samples are heated 
above the glass transition temperature of the hard segment, 
which has been reported to be about 50 0C,34 the chains 
can more easily rearrange to a lower energy state, which 
includes minimizing the strain energy present in the 
elongated soft-segment chains. The chains that are firmly 
bound in hard-segment crystallites can only rearrange 
locally in the amorphous part of the chain. This mecha- 
nism is consistent with arguments made by Bandara and 
D r o ~ c h e r , ~ ~ , ~ ~  who found that changes in the mechanical 
properties and the small-angle X-ray scattering behavior 
of polyether-polyester block copolymers could be brought 
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Figure 5. Radius of gyration of the polyester segments in the 
5-HS (0) and the 10-HS (X) samples as a function of temperature 
for the random coil model. 

about by changing the temperature at which the samples 
are prepared. The loss of mechanical strength with in- 
creasing temperature was attributed to a reduction in the 
number of taut PTMO tie molecules, which is consistent 
with the reduction of the soft-segment R, determined in 
this study. The increase in the SAXS long spacing re- 
ported by Bandara and D r o s ~ h e r ~ ~ s ~ ~  was partially attrib- 
uted to the decrease in the number of taut tie segments, 
but the increase is mainly due to changes occuring in the 
crystalline hard domains. 

Figure 5 shows the change in the hard-segment radius 
of gyration as a function of temperature for the random 
coil model. The rod and cylinder models give similar re- 
sults, which are not shown. Figure 6 shows a fit of the 
cylinder model to the hard-segment single-chain scattering 
for the 5-HS sample. These data are noisier than the 5-SS 
data due to the subtraction step used to separate the soft- 
and hard-segment chain scattering in the original scat- 
tering data. The hard-segment radius of gyration increases 
substantially with increasing temperature. For the 5-HS 
samples, R, increases from 12.5 to 15.7 A, a change of 25%. 
This compares with a value of 18.0 A for a hard segment 
consisting of 5 TMT units in an extended crystal confor- 
mation as calculated from data given in a review of poly- 
(tetramethylene terephthalate) crystal structure investi- 
gations by Desborough and Hall.35 The hard-segment R, 
in the 10-HS sample increases from 12.8 to 25.8 A at  190 
"C.  This compares with a value of 37.6 A calculated for 
the extended crystalline conformation of a 10 TMT unit 
hard segment. 

The results of the SANS experiments indicate that chain 
folding is occurring in the hard segments of these materials. 
At  room temperature, the radius of gyration of the hard 
segments in both the 5-HS and 10-HS samples is about 
12.5 A. This value is taken from the random coil model 
results, but the rod and cylinder values are similar, as is 
the value obtained by using Guinier's law. This is con- 
siderably smaller than would be expected if the hard 
segments were fully extended in the crystal. A fully ex- 
tended segment that is 3 TMT units long and folds a t  the 
oxytetramethylene link would have a radius of gyration 
about 11.5 A using an infinitesimal rod approximation. 
When the width of a folded segment is accounted for, the 
radius of gyration is expected to be around 11.9 14 for a 
folded 5 TMT unit hard segment and 12.4 8, for a folded 
10 TMT unit hard segment. The close agreement of these 
figures with the measured values strongly supports the 
folded-chain model. Van Bogart et alas and K ~ b e r s t e i n ~ ~ g ~  

0 t 
0.000 0060 0 120 0 180 0240 0300 

q , Inverse  Angstroms 

Figure 6. Model fit of the rod model to the single-chain scattering 
from the polyester hard segments in the 10-HS sample at room 
temperature. 

found evidence for chain folding in polyurethane block 
copolymers. Koberstein states that chain folding must 
occur in these polyurethanes based on SAXS measure- 
ments. The folding length suggested is 3-4 repeat units 
in the hard segment, which is similar to that suggested by 
the data in this experiment. 

This analysis does not take into account the fact that 
a substantial number of the hard segments are in the 
amorphous soft phase. The measured R, is an average of 
the crystalline and amorphous conformations. The radius 
of gyration of the amorphous hard segments is not known, 
but it must lie between the value for a fully extended chain 
and a tightly coiled chain. Because of the uncertainty 
associated with the presence of both amorphous and 
crystalline hard segments, the folding repeat length cannot 
be fixed at  three TMT units with certainty. Three to four 
TMT units is a more accurate figure. 

When the temperature is increased, the hard-segment 
radius of gyration also increases. Buck et al.39y40 reported 
that the long spacing measured by SAXS in similar ma- 
terials increased with increasing annealing temperatures. 
The explanation given for this behavior was that the 
crystalline hard domain lamellae are thickening. The 
growth mechanism is similar to that proposed for semi- 
crystalline homopolymers4' where the thickening process 
occurs by the extension of folded chains through the 
melting of the higher energy, multiply folded segments 
followed by a recrystallization of these melted segments 
into a more extended, lower energy state. The results of 
the present investigation support the mechanism of 
thickening of the lamellar structure through an unfolding 
of the polyester segments in response to the annealing 
process. In the 5-HS case, the annealing seems to cause 
most of the crystallized hard segments to approach the 
extended crystalline conformation. The difference between 
the measured radius of gyration and that calculated for 
an extended chain (15.7 vs. 18.0 A) can be attributed to 
the fact that the measured value is an average of the 
crystalline and amorphous configurations. If one assumes 
that 50% of the ester sequences are located within the hard 
phase, the amorphous hard-segment radius of gyration can 
be calculated to be about 13 A. The 10-HS hard segments 
unfold to a greater extent than do those of the 5-HS sam- 
ple because the 10-HS hard segments start out with a 
greater amount of chain folding. When the presence of 
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Figure 7. Radius of gyration of the total polymer chain as a 
function of temperature for samples 5-WC (0) and 10-WC (x) 
using the random coil model. 
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Figure 8. Model fit for the cylindrical model to the single-chain 
scattering data from the entire polyether-polyester chain for the 
5-WC sample at room temperature. 

amorphous hard segments in the soft phase is accounted 
for, it can be concluded that there still is some chain 
folding in the 10-HS samples a t  elevated temperatures. 
Many of the hard segments are too long to reach an ex- 
tended state. 

The overall chain radius of gyration is shown as function 
of temperature in Figure 7. Figure 8 shows the fit of the 
cylinder model to the 10-WC whole-chain scattering data. 
The whole-chain R, is seen to decrease with increasing 
temperature up to 150 "C. Above this temperature, an 
upturn is observed in R,. The reason for this is unclear. 
One possible explanation is that as the temperature rises, 
the increase in the chain mobility facilitates the relaxation 
of stresses frozen into the system by the process of molding 
the scattering samples below the hard-segment crystalline 
melting temperature and quickly cooling the sample to 
room temperature. As the temperature rises, another 
process also occurs, the growth of the lamellae. This 
growth occurs mostly in the lateral direction due to accu- 
mulation of new hard segments from the soft phase3g@ but 
also proceeds by a thickening of the lamellae due to the 
unfolding of the hard segments a t  the elevated tempera- 
tures. A t  lower temperatures, the first process dominates 
and the whole-chain R, decreases. At higher temperatures, 
when the rate of crystalline lamellar growth is higher and 

most of the initial internal stresses have been annealed out, 
the whole-chain R, increases. 

Conclusions 
The conformations of the polyether soft segment, the 

polyester hard segment, and the entire chain have been 
measured as a function of temperature for a set of poly- 
ether-polyester block copolymers using small-angle neu- 
tron scattering. The samples used were prepared so that 
the coherent scattering length densities of the soft 
amorphous phase and the crystalline hard phase were 
identical. This condition, called the phase contrast 
matched criterion, causes the interphase scattering as well 
as the interchain scattering between different segment 
types to vanish, leaving only intrachain and incoherent 
scattering. The single-chain scattering functions obtained 
were modeled by using an interactive nonlinear regression 
analysis for several particle shapes: a random coil, a 
cylinder, and an infinitesimally thin rod. 

The soft-segment R, was found to decrease as the tem- 
perature was increased. The magnitude of the decrease 
was about 15%. The conformation goes from a slightly 
elongated random coil to a random coil conformation. This 
is caused by a relaxation of initial stresses present in the 
system due to an increase in chain mobility a t  higher 
temperatures. The mechanism involves a reduction in the 
number of taut tie molecules as temperature is in- 
c r e a ~ e d . ~ ~ ~ ~ ~  

The polyester hard segments are chain folded in the 
crystalline form at  room temperature. The evidence for 
this is twofold. First, the hard-segment R changes very 
little when the average length is increase3 from 5 to 10 
TMT units. Second, the agreement between the experi- 
mentally determined R, and that calculated from an ex- 
tended crystal structure containing three TMT units is 
excellent. This repeat length is similar to the proposed 
repeat length in the hard segments of polyurethane elas- 
t o m e r ~ . ~ ~ - ~ *  

As the temperature is increased, the hard-segment 
chains attain a larger radius of gyration. In the 5-HS 
sample, many of the crystalline segments become fully 
extended. The calculated R, of 18.0 8, for an extended 
conformation agrees well with the measured value of 15.7 
8, when one considers that the measured value is an av- 
erage of the crystalline and amorphous hard segments. At 
higher temperatures, the 10-HS hard segments show a 
larger radius of gyration than the 5-HS hard segments, but 
fewer 10-HS segments become fully extended. Some chain 
folding is still present. The mechanism responsible for the 
unfolding of the hard segments is the melting and re- 
crystallization of higher energy, tightly folded segments 
into a lower energy, more fully extended state. The 
morphological change caused by the unfolding of the hard 
chains is a thickening of the crystalline lamellae. This is 
supported by small-angle X-ray scattering investigations 
of the spacing between domains.32~33~39*40 

The overall chain conformation is also affected by an 
increase in temperature. Between room temperature and 
150 "C, a decrease is seen in the whole-chain radius of 
gyration. While the exact mechanism is unknown, it may 
be due to a relaxation of stresses frozen in the material by 
the initial process of molding below the crystalline melting 
temperature of the hard segments followed by a rapid 
cooling of the sample. As the temperature increases above 
150 "C, the rate of crystallization of new hard-segment 
material increases rapidly and becomes the dominant 
process in the system. As the lamellae get larger, stresses 
are again applied to the chains, with the result that the 
radius of gyration increases. 
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Light Scattering Study of Three-Component Systems. 1. 
Excluded Volume Effect of Poly(methy1 methacrylate) in the 
Binary Mixture 1-Chlorobutane + 2-Methoxyethanol 
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ABSTRACT Light scattering measurements have been made on dilute solutions of poly(methy1 methacrylate) 
(M, = 2.44 X lo6) in the mixed solvent 1-chlorobutane (BuC1) + 2-methoxyethanol (MOEt) a t  40 “C. On 
account of a very small refractive index difference between BuCl and MOEt, the light scattering data were 
analyzed as in the case of polymer solutions of a single solvent to determine the molecular weight M,, the 
mean-square radius of gyration (s2),  and the second virial coefficient Az. The molecular weight obtained 
from zero-angle scattering was independent of the composition of the mixed solvent. A, and (s,), obtained 
as a function of the volume fraction u2 of MOEt in the mixed solvent, showed a large maximum value a t  the 
same uz. The behavior of the universal function \E as a function of the expansion factor a showed the same 
trend as those observed in experiments with a single solvent. In the framework of the two-parameter theory, 
the excluded volume effect in the present ternary system did not show a clear difference from that in systems 
of a single solvent. From the magnitude of the excluded volume of the polymer segment, the mixed solvent 
was found to act as a good solvent for poly(methy1 methacrylate). 

I. Introduction 

ferent behavior from those in the constituent single sol- 

vents. The second virial coefficient A2 and the intrinsic 

than those in the constituent single solvents.l4 Even 
nonsolvents for a polymer can become good solvents for 
the polymer when mixed.”s The behaviors of dilute 

single solvents have been compared by evaluating excluded 

Dilute polymer solutions in mixed solvents show dif- vi5cmitY [?I in mixed solvents have been found to be l q e r  

t Present address: Department of Polymer Chemistry, Tokyo p o l p e r  SOlUtiOnS in 8 mixed Solvent and in it8 Constituent 
Institute of Technology, Ookayama, Meguro-ku, Tokyo 152, Japan. 
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