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Equation 17 follows upon taking the derivative and using 

Equation 18 for F 2 ( x )  is obtained in a similar manner. 
Now we proceed to  derive eq 19 for F3(x) .  First we 

rearrange the sum in eq A.14 in the form 
1 m 2m+lxm-l 

F3(x)  = -e-x ( m  - 1)m(2m - 1) (A.20) 
4 m = ~  (2m + l)!! 

Next we write (m - l)m(2m - 1) = 2(m - 3 / 2 ) ( m  - 
+ ‘/J + 3 / 2 m  - 3 /4  and decompose F3(x)  into three terms 

F3(x)  = l/e-X(F3(1)(~) + F3(2)(x) + F 3 ( 3 ) ( ~ ) )  (A.21) 

where 

(A.22) 

-T1/2-[x-1/2ex 3 a  erf ( x ” ~ ) ]  (A.23) 
2 ax 

(A.24) 

Taking the derivatives and combining the above ex- 
pressions gives F3(x) (eq 19). The expression for F4(x) (eq 

20) is derived by using the same method (however, in this 
case care must be taken to subtract the nonvanishing m 
= 0 term following the change of variables m - m + 1 in 
the m sum). 
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ABSTRACT: Single-chain dimensions measured in bulk poly(ethy1ene terephthalate) (PET) samples by 
small-angle neutron scattering (SANS) have been found to be close to the unperturbed value. Thin films 
with labeled (deuterated) PET concentrations as high as 40% were cast from solution. Measurements were 
made with two molecular weight materials a t  three sample-detector distances. The SANS molecular weights 
obtained from both Zimm and Debye fits are within 25% of the GPC values in all cases. The average value 
of R,w/M,1/2 is 0.373 compared to the theoretical value for unperturbed dimensions of 0.394. 

Introduction 
The dimensions of chain molecules in amorphous poly- 

mers have been investigated by small-angle neutron 
scattering in a wide range of systems in the past decade 
and in general have been shown to  be close to the un- 
perturbed dimensions of chains in ideal 8-~olvents.’-~ 
However, despite the importance of poly(ethy1ene tere- 
phthalate) (PET) from both scientific and technological 
viewpoints, to our knowledge no measurements of chain 

0024-9297/85/2218-0447$01.50/0 

dimensions have been reported in either the amorphous 
or crystalline states. This is partly due to the difficulties 
encountered in preparing samples in which the background 
scattering arising from the polymer matrix and heterog- 
eneities (voids, catalyst/solvent residues, etc.) is sufficiently 
low so as not to mask,the scattering due to the contrast 
between the labeled (deuterated) and unlabeled (hyd- 
rogenous) molecules. Moreover, many of the earlier ex- 
periments14 were performed with low relative concentra- 
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Table I 
GPC Molecular Weights 
M" M,,, M ,  Ma,* I M ,  

PET-D" 
series A 34 500 103 600 204 500 3.01 
series B 27400 84700 192800 3.09 

PET-H 28900 89800 189000 3.11 
"Values for the PET-D molecules are corrected for the differ- 

ence (1.042) in mass between PET-D and PET-H repeat units. 

tions of labeled molecules which intensified the problem 
of background subtraction.l0 In this communication we 
wish to report measurements of molecular dimensions in 
PET from samples where the background scattering has 
been reduced to an  acceptably small fraction of the scat- 
tering due to the labeled molecules. This has been ac- 
complished by improvements in the sample preparation 
technique to  reduce the concentration of heterogeneities 
giving rise to background scattering and also by use of high 
concentrations of labeled polymer. It has been shown 
earlier that both the radius of gyration and the molecular 
weight can be obtained from a single concentration mea- 
surement, provided the molecular weights of the labeled 
and unlabeled molecules are matched.'l 

Sample Preparation and Characterization 
Fully deuterated PET with M ,  = 32600 was supplied 

by Allied Chemical Co. This material was solid-state po- 
lymerized under vacuum at 240 "C for 50 (series A) and 
40 (series B) h to  obtain high molecular weight polymer. 
The hydrogenous material was commercial PET (Goodyear 
Cleartuff, Lot 1002A). The three materials were charac- 
terized by GPC as is shown in Table I. 

Protonated blanks, deuterated blanks, 20 w t  % (volume 
fraction = 0.193) PET-D, and 40 wt % (volume fraction 
= 0.390) PET-D samples were prepared. Sample material 
was first dissolved in trifluoroacetic acid (TFA) (1 g in 100 
mL of solution) a t  room temperature and then repreci- 
pitated by slowly pouring the solution into a blender 
containing ice water. The polymer was then filtered, 
washed with water and acetone, and dried under vacuum 
a t  100 "C for 24 h. A small amount (0.5 g) of the dried 
polymer flakes was then redissolved in TFA in a petri dish 
and the solution slowly evaporated at  60 "C on a hot plate. 
When the solution reached the consistency of a gel, the 
dish was quickly immersed in water, yielding a cloudy 
polymer film. The films were dried under vacuum for 48 
h and then pressed at  10000 psi at 100 "C for 15 min. Our 
experience has shown that this pressing step considerably 
reduces the coherent scattering in the protonated and 
deuterated blanks presumably by eliminating voids in the 
samples. 

The as-prepared films are semicrystalline by WAXS and 
density measurements show them to be 30% crystalline 
on the average. 

Experimental Section 
The neutron measurements were performed at The National 

Center for Small Angle Scattering Research (Oak Ridge National 
Laboratory) both on the NSF-funded 30-m SANS facility12 at the 
High Flux Isotope Reactor (HFIR) and also on the 10-m SANS 
instrument located at the Oak Ridge Research Reactor (ORR). 
For the 30-m SANS facility, the area detector (64 X 64 cm2), with 
1-cm2 element size, was mounted on rails inside a 20-m vacuum 
flight path and was positioned at sample-to-detector distances 
of 12.0 and 18.9 m. For the 10-m SANS instrument an identical 
detector is positioned at a fixed sample-to-detector distance of 
4.5 m, and thus the measurements on the two different instru- 
ments sampled different ranges of the scattering vector Q = 4aX-' 
sin 0,  giving an overall range of 0.004 < Q < 0.125 .k' where X 

( d X / d O ) ( Q )  vs  0 FOR 40 w t  70 P E T - D  MOLECULES 
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t 
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Q = ( 4  r r / i ) s i n  
Figure 1. (dZ/dQ)(Q) vs. Q for a sample containing 40 wt 7'0 
PET-D (M,  = 84700) in a PET-H matrix (Mu = 89800), measured 
in two angular ranges; (0) SDD, 18.9 m; (0) SDD, 4.5 m. 

= 4.75 A is the incident wavelength and 28 is the angle of scatter. 
In all three Q ranges the scattering patterns were corrected on 
a cell-by-cell basis for instrumental backgrounds, detector effi- 
ciency variation, divided by the sample transmission ( r )  and 
thickness and normalized to a constant incident flux. Correction 
for the spatial variation of detector efficiency was accomplished 
by dividing all measured scattering patterns by the back- 
ground-corrected scattering from an isotropic scatterer (water or 
polyethylene). Blank samples of pure PET-D and PET-H were 
also measured in all three Q ranges to check for the presence of 
scattering from voids or other heterogeneities and to provide a 
basis for subtraction of the angular-independent incoherent 
scattering arising principally from 'H nuclei. 

The corrected scattering patterns all exhibited cylindrical 
symmetry about the incident beam and the measured intensities 
were therefore radially averaged and converted to an absolute 
differential scattering cross section (dz/dQ)(Q) per unit solid angle 
per unit volume of material (in units of cm-') by comparison with 
the scattering of secondary standards of monodisperse poly- 
styrenes" of known molecular weight and independently cali- 
brated aluminum single crystals containing -0.7% voids.13 The 
overall agreement between all calibration standards was better 
than *5% after scaling for the different sample-detector distances 
(SDD) used in each Q range. 

Results and Discussion 
Figure 1 shows the scattering cross section for a partially 

labeled blend containing 40 wt 70 PET-D in a PET-H 
matrix, measured in two different Q ranges. The overlap 
between data sets is reasonable, indicating that the con- 
sistency of the absolute calibration procedures is better 
than h570. Figure 2 shows the corresponding cross sec- 
tions for an unlabeled PET-H sample. The scattering is 
very small compared to that from the labeled sample 
(Figure 1) and consists mainly of angle-independent in- 
coherent scattering from 'H nuclei. I t  is well-known that 
for predominantly hydrogenous matrices there is a con- 
siderable contribution due to multiple scattering and hence 
the results do not indicate a true cross section which is a 
material (intensive) property. However, even for samples 
showing appreciable multiple scattering, the pattern is still 
independent of angle. T o  a first approximation, the flat 
incoherent scattering is proportional to 1 - T ,  where T is 
the transmission ratio, for partially labeled samples of bulk 
polymers14 and water15 for H / D  ratios greater than 50%, 
and this scaling factor was used to estimate the incoherent 
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Figure 3. (dZ/dQ)(Q) vs. Q for a deuterated blank (100% PET-D, 
Mu = 84700) measured in two angular ranges: (0) SDD, 18.9 m; 
(0) SDD, 4.5 m. 

background contribution to subtract from the data. The 
correction was very small for Q < 0.025 A-1. 

Figure 3 shows the cross section for a fully deuterated 
PET-D blank which exhibits considerable coherent scat- 
tering. It is to be expected that a fraction of this back- 
ground will be present in the 20% and 40% labeled sam- 
ples. Different methods for subtracting this component 
were tried, with the result that a t  20% and 40% labeling 
level the coherent background contribution is sufficiently 
small that  the chain dimensions and molecular weights 
derived from the data are independent of the method of 
subtraction (see Table 11). As there is virtually no co- 
herent scattering in the fully protonated blank, we believe 
that the background scattering arises from impurities in 
the deuterated polymer. An elemental analysis performed 
by X-ray fluorescence spectroscopy shows the presence of 
Si in the PET-D material. The source of this impurity is 
unknown; no purification scheme seems to eliminate it. 
The scattering contribution from an impurity (voids, 

Table I1 
Zimm and Debye Fit Values of R,' and M,,, 

Zimm fit 
values Debye fit values 

SDD, m X Rez, 8, 10-3M,,, RmZ9 8, 10-3~ , , ,  
Sample Series A (Mu (GPC) = 103.6 X lo3) 

12.0 0.39 185.5" 128.0" 153.2" 115.0" 
n/a n/a  143.6b 106.0b 

18.0 0.39 131.7" 77.3" 136.6" 71.8" 
142.4b 86.0b 136.5b 80.3b 

125.8b 85.1b 148.6b 66.4b 

144.3b 86.gb 140.6b 107.4b 

152.8b 98Ab 133.2* 86.5b 

Sample Series B ( M ,  (GPC) = 84.7 X lo3) 

18.0 0.193 130.8" 87.3" n/a  n/a  

5.0 0.39 159.7" 91.3" n/a n/a  

5.0 0.193 n/a  n/a 120.0; 138.0" 75.8: 86.9" 

" Values derived by assuming the background scattering hete- 
rogeneities are present in PET-H and PET-D. Values derived by 
assuming the background scattering heterogeneities are present in 
PET-D only. 

catalyst/solvent residue) present in a polymer matrix may 
be written16 

where V, is the impurity particle volume, Np is the number 
of particles per unit volume, pp is the scattering length 
density (SLD) of the impurity, p is the SLD of the polymer 
matrix, and F(Q) is the form factor of the particles. For 
a 100% PET-D sample, eq 1 is 

[ g(Q)] = N,V;(5.69 x 1Olo  - p,)21F(Q)12 
100% PET-D 

(2) 
If we assume that Np, V,, and F(Q) are independent of the 
labeled polymer concentration, then we may write the 
impurity scattering contribution in a partially labeled 
sample in terms of [(dZ/dfl)(Q)]loonPET.D: 

(3) 
If we assume the impurity is present only in the PET-D, 
then the right-hand side of eq 3 must be multiplied by the 
volume fraction (X) of labeled polymer. The total coherent 
scattering cross section [(dZ/dfl)(Q)ITOT with a given 
volume percent of labeled polymer is the sum of contri- 
butions due to the labeled molecules [(dZ/dfl)(Q)]MoL.x% 
and a background cross section given by eq 3. For samples 
containing 20 and 40 wt % PET-D molecules, the volume 
fractions of labeled polymer are 0.193 and 0.390 and the 
matrix scattering length densities (SLD) are 3.02 X 1O'O 
and 3.69 X 1O'O cm-2, respectively. Thus, after subtraction 
of the incoherent backgrounds and assuming the impurity 
is present only in the PET-D, the scattering for the two 
partially labeled samples may be written 

[ G(Q)] = [ d L ( Q ) ]  + 
dQ TOT(X=0.193) dQ  MOL(X=0.193) 

(3.02 X 10" - p,)' 

(5.69 X 10" - p,) 
0.193 .[ y(Q)] (4) 

100% PET-D 

+ 
[$(Q)] TOT(X=0.39) = [ $(,I] MOL(X=0.39) 

[ d'(Ql] ( 5 )  
(3.69 X 10" - P , ) ~  

(5.69 X 10" - pP):! dQ 100kPET-D 
0.39 
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WEIGHTED RATIO OF COHERENT SCATTERING IN 2 0  %, 
40%, and 100% PET-D LABELED SAMPLES 
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Figure 4. Left-hand side of eq 6 plotted against Q for data taken 
in two angular ranges: (0) SDD, 18.9 m; (0) SDD, 4.5 m (PET-D, 
Mu = 84700; PET-H, M ,  = 89800). 

As the molecular scattering cross sections [ (dZ/dQ)* 
(Q)lMoLXw are proportional to X( l -  X), one can solve eq 
4 and 5 for the unknown particle length density pp. Sub- 
stituting the known ratio of the molecular cross sections 
a t  20 and 40 wt 70 labeling ( [ ( ~ ~ / ~ Q ) ( Q ) I ~ L ~ O L ( X = O . ~ ~ )  - - 
1.53[(d~/dQ)(Q)l~oL(X=0.193)), one may rearrange eq 4 and 
5 to 

d 2  
~ ( Q ) I O O . P E T . D  

0.39(3.67 X 10" - pP)' 

(5.69 X 10" - p J 2  
1.53 X - _  

(3.01 X lo1* - pJ2  

(5.69 X 10" - pp)2 
0.193 ] (6) 

This equation assumes that the background scattering 
arises from a single type of scattering heterogeneity with 
a given SLD and, if this is valid, then the left-hand side 
of eq 6 should be a constant, independent of Q. Figure 
4 shows this ratio in the Q range 0.006 I Q C 0.025 A-' 
where the data are most sensitive to the subtraction of the 
background scattering. The approximate constancy of this 
ratio indicates that the assumptions used are not unrea- 
sonable and from the average value of the ratio we calcu- 
late pp = 2.78 X 1O'O cm-'. Alternatively if one assumes 
that the background heterogeneities are present in both 
H and D polymer, one should remove the concentration 
X from the second terms of eq 4 ( X  = 0.193) and 5 (X = 
0.390). The ratio shown in Figure 4 would still be constant 
and independent of Q but one would calculate a different 
SLD for p, (p ,  = 3.15 X 1O1O cm-2). While we believe that 
this assumption is less likely as there is virtually no co- 
herent scattering in the PET-H blank (Figure 2), we have 
analyzed the data using both assumptions and will show 
that the results are essentially the same on either basis. 
It should be noted that the values of pp are quite close to 
those of the blended samples and so the contribution of 
the impurity to the total scattering is very small in these 
samples. The factors multiplying [ (dZ/dfl) ( Q ) l l O O ~ o ~ ~ ~ . ~  

in eq 4 and 5 range from 0.001 ( X  = 0.193) to 0.045 ( X  = 
0.39). 

Figure 5 shows a Zimm plot of the data for the high 
molecular weight PET-D. The weight-averaged SANS 
molecular weight (Mu, = 128 X IO3)  agrees with the GPC 

0 
0 00002 00004 00006 0,0008 0,0010 00012 00014 

02 ( a - 2 )  

Figure 5. (dZ/dQ)-'(Q) vs. Q2 for radially averaged scattering 
from 40 wt % PET-D ( M ,  = 103600) in a PET-H matrix ( M ,  
= 89800). SDD = 12.0 m. 

(dI/da)-'(Q) vs Q2 FOR 2 0 w t  70 PET-D IN PET-H 

0.4 M W  IGPC)=B4.7x103gm 

M, (SANSl.98.8 x103 gm 

0.1 

0 I 
0 0.0002 0.0004 0.0006 0.0008 0.0010 

02 (8-2) 
Figure 6. (dZ/dQ)-l(Q) vs. Q2 for radially averaged scattering 
from 20 wt % PET-D ( M ,  = 84700) in a PET-H matrix ( M ,  = 
89800). SDD = 4.5 m. 

value ( M ,  = 103.6 X lo3) within the overall uncertainty 
of both determinations. The Zimm plot (Figure 6) for the 
lower molecular weight PET-D is not as linear as Figure 
5, possibly due to differences in the concentration of 
heterogeneities, leading to uncertainties with the back- 
ground subtraction. However, the SANS molecular weight 
(98.8 X lo3) is still within 17% of the GPC value (84.7 X 
lo3). Figure 7 shows the R, and M ,  derived from fitting 
a Debye function to the data of Figure 5. This expression 
has been shown to give a reasonable description of the 
SANS patterns for several amorphous polymerss although 
it is not strictly valid for polydisperse samples. The SANS 
molecular weight (115 x lo3) from the Debye f i t  is closer 
to the GPC value (103.6 X lo3) than that derived from the 
Zimm fit (128 X lo3) and both values are again within the 
overall uncertainty of the two determinations. While the 
particular values of SANS M ,  shown in Figures 5-7 are 
higher than the GPC values, they are balanced by data 
from other samples and the final molecular weights av- 
eraged over all samples and fitting procedures are within 
12% of the GPC values. The Zimm plots were fitted to 
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Figure 7. dz(Q)/dQ vs. Q for radially averaged scattering from 
40 wt % PET-D (M, = 103600) in a PET-H matrix (M, = 89,soO) 
fitted to the Debye function for a random coil. 

esterification. 
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ABSTRACT: The small-angle neutron scattering from microphase-separated block copolymers has been 
simulated on the basis of three major components to the scattered intensity: the single-particle form factor 
scattering from individual domains, interference function scattering from domain long-range order, and 
incoherent background scattering. Single-particle form factor scattering may be treated independently of 
the interference function and special attention has been paid to the use of partly deuterated copolymers and 
the influence of the orientation of anisometric domains on the scattered intensity. Orientation is found to 
have a severe influence on the scattered intensity. A comparison is made with experimental data and the 
agreement is fair. The interference function scattering has been modeled by a paracrystalline lattice modulated 
by the single-particle form factor scattering from which it is inseparable. Calculation of interference function 
scattering has been simplified by using a one-dimensional equivalent lattice and adjusting parameters sys- 
tematically. Comparison with experimental data is reasonable in that the correct positions of the Bragg peaks 
are obtained, although calculated peaks are narrower and of greater amplitude. The agreement between model 
and experiment lends support to our conclusion that spherical domains in styrene-isoprene block copolymers 
are organized on an approximately face-centered cubic lattice. Detector resolution and wavelength distribution 
are also included while incoherent background is calculated on a relative basis. 

Introduction 
Microphase separation is a fundamental feature of the 

solid-state structure of styreneisoprene block copolymers.’ 
Microphase-separated domain morphology has been dis- 
cussed from a statistical thermodynamics viewpoint and 
the composition ranges for equilibrium morphologies have 
been identified.2-4 Concurrent with theoretical studies 
have been experimental investigations of block copolymer 
solid state; for present purposes small-angle scattering 
studies are of greatest moment. Of particular note is the 
work of Hashimoto”6 dealing with the small-angle X-ray 
scattering (SAXS) of these copolymers in the solid state 
and in concentrated solution. Recently, small-angle neu- 
tron scattering (SANS) results have been published by us 
and others.”14 The advantages of SANS derive from the 
prospect of selective labeling; however, major disadvan- 
tages are the lower resolution of SANS detectors and the 
lower signal-to-noise ratio due to incoherent neutron 
scattering from protons. These two disadvantages assume 
a greater or lesser importance depending on the scattering 
vector ( Q )  range investigated. Thus, low resolution 
broadens Bragg peaks observed a t  low Q and hinders as- 
signment of long-range structure. At higher Q values, the 
relatively large background scattering can prevent obser- 
vation of single-domain scattering and must be carefully 
accounted for in the analysis of domain-matrix boundaries. 

At small scattering vectors, the diffraction patterns from 
styrene-diene block copolymers are dominated by distinct 
maxima, Bragg peaks, arising from the long-range order 
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of domains. At higher Q values one or more broad maxima 
of considerably smaller amplitude may be observed before 
the intensity decays to a featureless attenuation with in- 
creasing Q until an asymptotic intensity is obtained. The 
broad maxima arise from single-domain scattering while 
an accelerated attenuation with Q is characteristic of the 
domain boundary. 

Analysis of such diffraction patterns in terms of a 
structure is often difficult. The Bragg maxima tend to be 
broad and ill-resolved with absences of expected maxima 
for particular structures. Single-domain scattering is weak 
and is weakened still further by the presence of even a 
modest distribution in domain size. The influence of do- 
main size distribution and a diffuse interface has been 
discussed by Hashim~to”~ especially for spherical domains. 
Other factors which may be of importance are the domain 
orientation, for lamellar and cylindrical symmetries, and 
the level of background scattering. 

We report here an attempt to model the SANS from 
block copolymers using a Fortran package which permits 
the inclusion of instrumental factors (e.g., wavelength 
distribution, detector resolution) as well as factors asso- 
ciated with the block copolymers (e.g., domain size, domain 
spacing, and distributions in these). The approach used 
is semiempirical in that known scattering laws are used 
as starting points and the influence of the various factors 
on them is noted. Finally, the results are compared with 
experimental data. 

Fundamental Equations 
A detailed discussion of the equations relating to SANS 

of block copolymers has been given elsewhere.’O A brief 
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