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ABSTRACT: Small-angle neutron scattering (SANS) experiments were performed to determine the
conformational behavior of unattached deuterated linear poly(dimethylsiloxane) (PDMS) chains of M, =
51 000 g mol~* in uncompressed and compressed end-linked protonated PDMS networks with a mini-
mal amount of defects. The networks were prepared from low-polydispersity precursor chains with M, =
9900 g mol~?, 34 800 g mol~%, and 71 500 g mol~1. The samples are hereafter labeled 10K, 35K, and 70K.
The mixtures of the 10K network with the linear chains were prepared by cross-linking around the linear
chains, while the 35K and 70K network systems were swollen with the linear chains after the network
was formed. No significant variation of the radius of gyration of the linear chains was observed as a
function of network mesh size, in agreement with recent Monte Carlo simulations. The results from the
compressed 35K and 70K networks exhibited excess scattering at small wave vectors, indicating phase
segregation, and they could not be quantitatively analyzed. The scattering data from the trapped chains
in the compressed 10K networks were fitted well with a Kratky—Porod wormlike chain model, indicating
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segment alignment consistent with Monte Carlo simulations and deuterium NMR results.

1. Introduction and Background

Several researchers have used small-angle neutron
scattering (SANS) to examine the radius of gyration,
Ry, of linear polymer probe chains trapped in a polymer
network, but the results have not been consistent. This
problem is important as the conformation of a polymer
molecule relates to its transport through membranes,
gels, and other porous structures.»? Boué et al.® con-
ducted a SANS study of deuterated free linear poly-
(dimethylsiloxane) (PDMS) chains in a nondeuterated
PDMS network. The length of the free chains was
approximately the same as the length between cross-
links of the network or mesh size (N). The free linear
chains were allowed to diffuse into the networks and
had a mass fraction of 9%. They observed that the Ry
of the linear chains in the network was equivalent to
the Ry of the same chains in a PDMS melt. On the other
hand, Horkay et al.* investigated the conformation of a
small volume fraction (0.22%) of linear poly(vinyl ace-
tate) (PVAc) chains absorbed into a PVAc network
swollen in isopropyl alcohol. The length of the free
chains was comparable with the estimated mesh size,
and they reported a decrease of 40% in Ry of the linear
chains. These two studies reported results from only one
mesh size. Liu et al.! studied protonated polystyrene
(PS) networks containing deuterated linear PS with a
broad range of mesh sizes. The PS networks were
formed around the free PS chains. The volume fraction
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of the linear chains varied from 2% to 5%. They
determined that when the mesh size was greater than
the degree of polymerization of the linear chain, Ny, R
did not change appreciably. But when N; became
smaller than Ni, the Ry decreased according to the
relation Rg~* ~ N¢ . They also observed phase segrega-
tion during cross-linking of the samples with low mesh
sizes. Because of the inconsistencies in the values of the
radii of gyration of linear chains trapped in networks
reported in previous works, a careful determination of
the radius of gyration of such chains trapped in net-
works of different mesh size seems in order.

Another subject of interest is the alignment of an
unattached probe chain in a strained polymer network.
In their SANS study, Boué et al. did not observe any
evidence of alignment of the free polymer chains trapped
in a network that was uniaxially stretched. On the other
hand, computer simulations suggest orientation align-
ment between the segments of the trapped chain and
those of the network as well as strong orientation
correlation (alignment) in neighboring segments of the
trapped chain compared to the structure of the chain
in undeformed networks or in the melt.5~12 Also, exten-
sive deuterium nuclear magnetic resonance (D NMR)
experiments and birefringence experiments suggest
orientation alignment of the segments of the trapped
chains in a deformed network.13-17 Other scattering
experiments also provide evidence of induced deforma-
tion because they produce anisotropic isointensity scat-
tering patterns, such as “butterfly” patterns.18-21 Boué
et al. suggested that because chain alignment is present
only at short length scales, it was not detected by their
SANS measurements. Their data did not go to large
enough g vectors (i.e., small size scale) to detect seg-
mental alignment. The scattering vector, q, is defined
as
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q="sin(0/2) (1)

where 4 is the incident neutron wavelength and 6 is the
scattering angle. Experiments going out to higher q
vectors will be described in this work.

In this work, a SANS study of linear PDMS chains
trapped in PDMS networks prepared with different
molecular mass precursors is performed to investigate
the behavior of the radius of gyration of the linear chain
as a function of the network mesh size. Also, neutron
scattering intensities at higher g ranges (smaller length
scales) are measured to examine the effect of compres-
sion on the length scale of the individual segments of
the probe chains. The networks used are prepared at
the optimal ratio of cross-links to precursor chains that
produces the lowest soluble fractions and the highest
modulus. This kind of network has been shown to have
a minimal amount of structural defects.22-24

The scattering from a deuterated linear polymer chain
in a hydrogenated polymer network has been shown by
Liu et al.l to be consistent with the classical Zimm
equation that describes the scattering from a dilute
mixture of a linear polymer in a solvent

kn¢1 — 1
(@)  v;N;P,(q)

where 1(q) is the experimentally measured scattering
intensity, ¢ is the volume fraction of the linear chain,
vy is the molar volume of the linear chain repeat unit,
N; is the number-average degree of polymerization of
the linear chain, P1(q) is the single-chain form factor,
kn is the neutron scattering contrast factor, and A; is
the second virial coefficient. For a dilute mixture of the
linear polymer chain in the polymer network, A; is given

by

T 2R, )

-3 _x
A= 4v,N, v, (3)

where y is the Flory—Huggins interaction parameter,
V¢ is the molar volume of the network repeat unit, and
Vo is the reference volume for the lattice [usually vo =
(V1ve)¥2].E In the limit of infinite dilution (¢; — 0), the
effect of A, is eliminated, generating the following
relation for the single-chain form factor

anM)
¢1—0

kn‘pl

For a polydisperse Gaussian polymer with a Zimm—
Schultz molecular mass distribution,?® Py(q) is given by
a modified Debye function?®

= v;N;P,(a) (4)

Puo(@ = 2u~ 1+ [ 1] ©)

with

1
h_d—l ©)

where d is the polydispersity index and
u =Ry’ (7)

where [Rq¢2Lls the mean-squared radius of gyration. For
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a Gaussian polymer chain, R¢? is

NI?
R =76 ®

where | is the statistical segment length.

For polymer chains that do not follow the linear chain
Gaussian behavior, such as rings, stars, and rods, other
single-chain form factors have been developed.?’” Of
particular interest here is a form factor that has been
developed for semiflexible wormlike chains that exhibit
characteristics of both a flexible Gaussian chain and a
rigid rod. A brief description of this model, known as
the Kratky—Porod wormlike chain model,? is presented
in the Appendix.

To characterize the deuterated linear chains, we
performed SANS experiments on blends of deuterated
and protonated linear chains. The scattering from a
binary blend of linear polymers can be modeled using
the random phase approximation (RPA) developed by
de Gennes?® and expressed as

Kn _ 1 1 o X
(@) Nyvi9.Pi(a)  Nyv,0,P,(0) Vo

where subscript 2 refers to the properties of the non-
deuterated polymer.

©)

2. Experimental Procedures

2.1. Samples. Three series of end-linked poly(dimethylsil-
oxane) (PDMS) network samples with a minimal amount of
defects and varying mesh sizes containing deuterated linear
PDMS probe chains were studied. The precursor PDMS chains
that constituted these three series of networks had molecular
masses of M, = 9900 g mol~%, 34 800 g mol™*, and 71 500 g
mol~ as listed in Table 1. A polystyrene equivalent molar mass
was first obtained from gel permeation chromatography (GPC)
and converted into the values reported in Table 1 using an
established empirical correlation for PDMS.%° In all series, the
linear probe chains were 100% deuterated and had an absolute
weight-average molar mass M,, = 59 700 g mol~* determined
from neutron scattering Zimm plots. The polydispersity of the
linear probe chains was determined by GPC to be 1.17. The
mass fractions of the probe chains in the networks were
measured by deuterium NMR and ranged from approximately
1.0% to 5.7%, with the exception of sample 70K-2 that
contained no deuterated material. The network samples were
disk shaped with a thickness of approximately 0.1 cm. The
35K and 70K series were prepared by allowing the linear
chains to diffuse into the network, while the 10K series were
prepared by cross-linking the networks around the probe
chains. The latter preparation was used to avoid the extremely
long time needed for the probe chains to diffuse and homog-
enize in the 10K samples. The volume fractions of all of the
samples studied were found to lie in the one-phase region close
to a calculated equilibrium swelling curve of a PDMS network
in a melt of linear PDMS chains.3!32

Two series of polymer blends denoted as 10KB and 70KB
were also studied. The blends were made with the M, =
51000 g mol™ probe chains mixed with either M, =
9900 g mol~* or 71500 g mol~* precursor PDMS chains. A
detailed description of the samples used is shown in Table 2.

2.1.1. Compression. To study the effects of deformation
on the probe chains in the networks, some of the samples were
compressed. Samples 70K-5, 35K-3, 35K-5, 10K-1, and 10K-2
were compressed, and the amount of compression for each
sample is shown in Table 2. Sample 35K-5 was compressed
twice and labeled 35KC-5a and 35KC-5b; i.e., the sample was
compressed once, its scattering was measured, and then the
sample was compressed further and its scattering measured
again.
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Table 1. Molecular Mass (M) and Polydispersity (d)
Characteristics of the Protonated PDMS Network
Precursor Chains and Deuterated PDMS Linear, Probe
Chains; the Elastic Modulus (G¢/RT) Is of the
Corresponding PDMS Networks (See Text for
Uncertainties)

sample M (108 g mol 1) d Ge/RT (mol/m?3)
10K 9.9 1.31 127.8
35K 34.8 1.3 88.0
70K 71.5 1.29 51.1
probe chain 51.0 1.17

Table 2. Three Network Series (10K, 35K, 70K) and Two
Blend Series (10KB and 70KB) Examined with SANS
Experiments?

uncompressed compressed

sample sample o1 % compression

10K-1 10KC-1 0.010 18

10K-2 10KC-2 0.005 26

35K-1 0.010

35K-2 0.023

35K-3 35KC-3 0.037 14

35K-4 0.018

35K-5 35KC-5a 0.057 28
35KC-5b 0.057 31

70K-2 0.000

70K-4 0.038

70K-5 70KC-5 0.057 34

10KB-1 0.010

10KB-2 0.005

70KB-1 0.186

aThe uncompressed sample label is in the left column, the
compressed sample label is in the second column, the volume
fraction of the linear chains is ¢1, and the amount of compression
is in the last column.

A sample was compressed by placing it between two quartz
windows that had been lubricated with a small amount of low
molecular mass hydrogenous PDMS. These plates were then
placed in a cylindrical brass cell in between two fittings that
could be tightened, which in turn imparted a compressive force
on the sample. The amount of compression was determined
by measuring the difference in the thickness of the sample
before and after compression. Also, the sample diameter was
determined before and after compression. As a consistency
check, the ratio of the cross-sectional area before and after
compression was compared to the ratio of the thickness after
and before compression and were found to be in good agree-
ment. The samples were assumed to be uniformly compressed,
although uneven threads in the brass cell could have led to
some nonuniformity.

In Table 1, the uncertainty in the values of G¢/RT is
approximately =1 mol/m3. In Table 2, the uncertainty in the
values of ¢; is +£0.002, and the relative uncertainty in the
amounts of compression is +1%. All uncertainties are one
standard deviation.

2.2. SANS Measurements. The neutron scattering experi-
ments were performed at the Cold Neutron Research Facility
(CNRF) at the National Institute of Standards and Technology
(NIST).% The NIST 30 m SANS instrument was used for the
35K, 70K, and 70KB series, and the 8 m SANS instrument
was used for the 10K and 10KB series. The incident neutron
wavelength was 6 A with a wavelength resolution AJ/A =0.15
on the 30 m instrument and 5 A with AA/1 = 0.20 on the 8 m
instrument. A two-dimensional detector was used to collect
the scattering data, and the scattering was performed at room
temperature. The scattering intensity was corrected for back-
ground scattering, sample transmission and thickness, empty
cell scattering, and detector efficiency. The intensity was
placed on an absolute scale using standards calibrated at
NIST. The standards used for the 70K network, 35K network,
and 70KB blend samples were water, silica, and polystyrene.
The standard used for the 10K network and 10KB blend
samples was water. The data were radially averaged and
reduced to I(q) vs g form.
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Table 3. Values of Incoherent Scattering (See Text for
Uncertainties)

sample li cm™1) sample li (cm™1)
10K-1 0.611 70K-2 0.630
10K-2 0.624 70K-4 0.606
35K-1 0.624 70K-5 0.594
35K-2 0.616 10KB-1 0.603
35K-3 0.607 10KB-2 0.614
35K-4 0.619 70KB-1 0.592
35K-5 0.594

Last, the scattering data were corrected for incoherent
scattering. The incoherent scattering was calculated on the
basis of the small fraction of deuterated material in the
samples and an appropriately weighted profile following a
procedure in Higgins and Benoit.3* The value of I;H, the
incoherent scattering from a sample of pure hydrogenous
chains, was determined to be 0.63 cm~* from the average of
the medium- and high-q scattering of the blank sample,
70K-2. For the 10K samples, the incoherent scattering was
extracted from a linear least-squares fit of the high-q regime
according to the relationship3*

I(@)g® = K + 1,¢° (10)

where K is a constant. The scattering of the compressed
samples was corrected with the incoherent scattering calcu-
lated from the corresponding uncompressed samples. The
values of the calculated incoherent scattering for each sample
are shown in Table 3. All measurements have an uncertainty
of approximately 0.001—0.004 cm™.

The uncertainties in the scattering data are calculated as
the estimated standard deviation of the mean, and the total
combined uncertainty is not given as comparisons are made
with data obtained under the same conditions. In cases where
the limits are smaller than the plotted symbols, the limits are
left out for clarity. Standard error propagation was used to
determine the uncertainties in the scattering intensity after
the incoherent scattering was subtracted. The uncertainty in
the intensity at high-q values is greater than the uncertainty
at low-q values because there is increased uncertainty in the
experimental measurement as q is increased. As will be seen
in the results to be presented, this increased uncertainty
becomes even more pronounced with increasing q when it is
applied to the data of 1(g)g? in the Kratky representation. Fits
of the scattering data are made by a least-squares fit of the
data, giving an average and a standard deviation to the fit.
For the fits, the relative uncertainties are one standard
deviation, based on the goodness of the fit.

3. Results and Discussion

3.1. Determination of the Radius of Gyration. To
determine the radius of gyration of the probe chains in
the uncompressed networks, the experimental scatter-
ing data were extrapolated to the limit of infinite
dilution (¢1— 0). This method is also used for the 10KB
blend samples. The extrapolation is carried out by using
eq 1 and plotting ¢1/1(q) vs ¢; for each g value. Then, a
least-squares line is fit through the data for each g
value. The y-intercept of each of these lines is then the
¢1/1(g) value that corresponds to the limit as ¢; — 0.
Then, eq 4 can be used to determine the single-chain
form factor from which the radius of gyration can be
extracted using eq 5.

To determine the single-chain form factors for each
sample series, a program previously developed3® was
coupled with the NREG library, a series of FORTRAN
programs used to perform nonlinear regression.3® This
program has a maximum of five variable parameters,
of which two are generally kept fixed. The parameters
are Kn, Rg, N1, d, and the baseline. When using this
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Table 4. N1, Ry, and | As Determined by a Nonlinear Fit
of the Scattering Data Extrapolated to Infinite Dilution.

series Ny Rg (A) 1 (A)

10K 569.3 + 8.3 60.8 +£ 0.9 6.2 +0.1
35K 629.8 + 3.1 65.0 + 0.4 6.3+ 0.1
70K 5859+54 60.8 +£ 0.7 6.2+0.1
10KB 577.6 £9.9 50.1+1.1 6.0£0.1

program, the neutron contrast factor k, and the poly-
dispersity index d are generally kept fixed.

The baseline can also be kept fixed if, for example,
the incoherent scattering has already been subtracted
off. If the degree of polymerization is known with
certainty, it too can be kept fixed. N; can also be allowed
to float when it is not known or when an independent
verification is desired. Specifically, for this analysis, the
baseline was fixed to equal 0, and N; and Ry were
allowed to float. The best-fit values of the radius of
gyration, degree of polymerization, and statistical seg-
ment length for all of the series are shown in Table 4,
and the best fits for the 35K and 10KB series are shown
in Figure 1.

The values of N; are in reasonable agreement with
each other and fall within 10% of the value based on
the absolute weight-average molar mass obtained from
Zimm plots of the SANS data and the polydispersity
measured using gel permeation chromatography (GPC).
The fit values of the statistical segment length vary
7% to 12% from the literature value given to be | =
5.61 A.37:38 The values of Ry obtained are also in very
good agreement with the established relationship be-
tween Rq and M,, for PDMS in a © solvent®®

R,e/M,>° = 0.25 A/(g/mol)>® (11)

For our probe chain with M,, = 59 700 g mol~1, one
would obtain Ry = 61 A from eq 11.

There does not appear to be a trend in the radius of
gyration of the probe chains as the mesh size is
increased. Monte Carlo simulations of probe chains of
50 repeat units immersed in a network of mesh size of
10 repeat units show that the Ry decreases only by
approximately 6%.4C Even if the Ry decreased on the
order of 6% from one mesh size to another in these
experiments, this small decrease falls in the range of
experimental uncertainty. It thus appears that any
variation in Rqy as a function of mesh size in the range
investigated is too small to be accurately detected. This
is in agreement with the results of Boué et al.2 but in
contradiction with those of Horkay et al.* and Liu et
al.» When the mesh size was significantly less than the
linear chain length, Liu et al. observed that the linear
chains segregated and formed a metastable state. They
suggested that this behavior occurred because the linear
chains could no longer stay homogeneously dispersed
in the network and consequently aggregated in regions
of lower cross-link density. Their observations imply
that in order to see a decrease in Ry, a metastable state
may need to be approached. In this study and in the
work of Boué et al., the probe chains in the uncom-
pressed 35K and 70K networks maintained Gaussian
characteristics (as will be seen in the next section). Since
these samples were formed by swelling the networks
with the probe chains, it is believed a metastable state
cannot be approached since the networks cannot be
swollen “past equilibrium”. Although the 10K samples
were cross-linked in the presence of linear probe chains,
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Figure 1. Zero concentration extrapolated scattering vs q for
the 35K network and 10K-B blend series. The solid lines are
the fits of eq 4.

the concentration of the linear probe chains was low and
thermodynamic equilibrium was maintained.

The radius of gyration of the probe chains can also
be extracted from the blend sample 70KB-1 using the
single-chain form factor in the RPA equation (eq 9). In
this case, the RPA equation with the parameters kp, |,
x/vo, and a baseline was coupled with the NREG library.
Again, k, was kept fixed and the baseline was fixed at
zero, while | and y/vo were allowed to float. In this
algorithm, the degree of polymerization remains fixed
at the value N; = 580 determined from extrapolating
the other blend series (10KB) to infinite dilution. This
is an alternate method for checking the radius of
gyration and estimating the value for y. For the 70KB-1
data, the RPA fit generates a value of 58.3 A + 0.3 A
for Ry (I =5.93 A £ 0.03 A) and a y value of 2.81 x 1074
+ 1.07 x 1075. This Ry compares very well with that of
the 10KB blends presented in Table 4. The y value
determined from the fit is considerably smaller than the
value of y = 1.7 x 1078 determined by Lapp et al.*?
However, their value was obtained by fitting apparent
radii of gyration as a function of composition in fairly
polydisperse mixtures and assuming a constant y. The
value of y is now known to be composition dependent
and fairly sensitive to the other fitting parameters.

Another method for determining the statistical seg-
ment length is by using a Kratky analysis, which is
developed especially for the data in the high g range.
Such an analysis of the data®? leads to an estimate of
I1=6.1A+01A(Ry=60A+1Awith N; =580), only
about 3% different from what was determined using the
fit of the RPA equation. Although this method is less
rigorous, it still provides a good estimate of I.

3.2. Compressed Networks. The samples that were
compressed and the extent of their compression are
presented in Table 2. One of the primary factors to
contribute to the different results observed is believed
to be phase separation and its kinetics. Therefore, after
a description of the isointensity contour plots of the
scattering, we will qualitatively compare the results of
the different networks on the basis of evidence of phase
separation under compression. We will then present a
guantitative analysis of the results from the 10K
networks where no evidence of phase separation was
observed and for which the wormlike chain model
provides a very good fit to the data.



Macromolecules, Vol. 34, No. 22, 2001

dalo ©

=X}

Figure 2. Isointensity contour plot of the scattering pattern
of sample 35KC-5a. The detector was 64 cm x 64 cm at 30 m
with wavelength 1 = 6 A. This figure corresponds to a q range
of 0.0048—0.05 A~™.

3.2.1. Isointensity Contour Plots. In Figure 2 the
isointensity contours of the scattering pattern of the
compressed 35KC-5a sample are presented. This scat-
tering pattern appears isotropic as it should because the
axis of compression was perpendicular to the wavevector
g. Similar isotropic scattering patterns were observed
for the other 35K and all of the 70K compressed (and
uncompressed) samples. The isointensity contours of the
scattering patterns of both the uncompressed and
compressed 10K samples exhibited a slight amount of
anisotropy. Similar anisotropic scattering was also
observed in the scattering contours of the open neutron
beam with no sample. Therefore, the anisotropy was
determined to be an artifact of the neutron beam on the
8 m instrument at the time of the experiments.

During the data reduction process, the scattering data
of the 10K samples were radially averaged. Averaging
radially smoothes out the effects of anisotropic scatter-
ing. While this scattering is not desirable, it should not
affect the qualitative results significantly because the
uncompressed sample scattering is compared to the
compressed sample scattering, and both of them were
subject to the same experimental artifact. Also, in the
calculation of Ry of the probe chains in the uncom-
pressed samples presented above, the radial averaging
is expected to have reduced the effect of anisotropy.

3.2.2. Qualitative Comparison and Evidence of
Phase Separation. A calculated equilibrium swelling
curve (log(¢2) vs 10g(Ge/RT)) of a PDMS network in a
melt of linear PDMS chains can be obtained using the
Flory—Rehner theory.3! Using the experimentally de-
termined elastic moduli (G¢/RT) of the dry networks
presented in Table 1, the corresponding free chain
volume fractions reported in Table 2, and the experi-
mentally determined parameters of the chains, it is
possible to determine the location of the samples relative
to the calculated Flory—Rehner equilibrium swelling
curve given by the swelling ratio (¢>~1) vs modulus. All
the data points of the samples were found to lie in the
one-phase region close to the calculated equilibrium
swelling curve.®?

Since the uncompressed samples lie close to the
equilibrium swelling curve, when the network is com-
pressed, the equilibrium swelling curve will shift down-
ward depending on the amount of compression*? push-
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Figure 3. 1(qg) vs g for the uncompressed and compressed 10K
network series. The uncompressed samples are represented
by open symbols, while the compressed samples are repre-
sented by + and x symbols.

ing the sample into the two-phase region and potentially
causing phase separation. It is very difficult to deter-
mine exactly where the equilibrium curve for each
compressed sample would lie, but all of the samples will
lie either close to or in the two-phase region when
compressed.

The 10K series samples had the lowest fraction of
deuterated material of all of the compressed samples
and are therefore expected to remain in the one-phase
region of the phase diagram. A plot of the scattering
intensity vs scattering angle (I(q) vs q) of the 10K
compressed and uncompressed samples is shown in
Figure 3. The scattering intensity does not appear to
increase for the compressed samples. If the scattering
intensity increased in the low g region, the probe chains
would be exhibiting non-Gaussian behavior. The char-
acter of the probe chain can be further investigated by
plotting the scattering data as 1(g)~* vs g2 or the Zimm
representation of the data. The scattering of Gaussian
chains in a single phase system should give a straight
line on a plot of I(g)~! vs g2, whereas non-Gaussian
chains will show nonlinearity in the low q region.® The
Zimm plot of the 10KU and 10KC networks is shown
in Figure 4. The Zimm plots of the uncompressed as well
as the compressed samples are linear, confirming that
the chains are Gaussian. Despite the fact that data for
the 10KC series could not be collected in the very low g
region due to the experimental configuration, a combi-
nation of the I(g) vs g and Zimm plots suggests that
phase separation did not occur in these samples. An-
other way to present differences in the scattering data
between compressed and uncompressed samples is
using the Kratky representation of the data, 1(q)g? vs
g. The Kratky plots of the 10KU and 10KC samples are
shown in Figure 5. The plots of the uncompressed
samples are relatively constant at high q and are a
corroboration that the probe chains exhibit Gaussian
behavior. On the other hand, an unusual effect is
observed in this figure for the compressed samples
10KC-1 and 10KC-2. The data for these samples show
a crossover from Gaussian behavior to rodlike behavior
in the medium to high q range. This upturn in the
Kratky plot is an indication that the probe chains in
the compressed network are stiffer at small distances
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uncompressed samples are represented by open symbols, while
the compressed samples are represented by + and x symbols.
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Figure 5. 1(q)g? vs g for the compressed 10K network samples
and their corresponding uncompressed samples. The uncom-
pressed samples are represented by open symbols, while the
compressed samples are represented by + and x symbols.

relative to their Gaussian structure in the uncom-
pressed network.

The 10K networks did not exhibit signs of phase
separation. Such signs were evident, however, in the
case of the 35K and 70K networks. In microsyneresis,
phase separation occurs within the network and the
linear chains aggregate and microphase separate locally
inside the network.*® Microphase separation in the
networks creates a heterogeneous system that shows
increased scattering at low Q.

The 1(g) vs q plots of the uncompressed and corre-
sponding compressed samples of the 70K and 35K series
are shown in Figures 6 and 7, respectively. In the low
g region, the compressed samples display a dramatic
increase in scattering intensity compared to the uncom-
pressed samples. Deformed polymer networks often
show increased scattering in the low q region, indicating
that the chains are exhibiting non-Gaussian behavior.
Bastide et al.18 suggested that fluctuations in the cross-
link density are magnified during deformation, causing
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Figure 6. 1(q) vs q for the compressed 70K network sample
and its corresponding uncompressed sample. The uncom-
pressed sample is represented by an open symbol, while the
compressed sample is represented by the x symbol.
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compressed samples are representéd by +, x, and * symbols.

increased scattering. Another explanation for the in-
creased neutron scattering upon compression of the
samples is that of increased concentration fluctuations
due to microphase separation or an approach to a phase
boundary. This increased scattering can be further
investigated by examining the Zimm plots of the scat-
tering data, an example of which is shown in Figure 8
for the 70K-5 sample. The scattering of the uncom-
pressed sample is linear in the low q region, whereas
the scattering of the compressed sample is decidedly
nonlinear. Furthermore, although the Kratky plot of
these data, shown in Figure 9, exhibits an upturn in
the medium to high q range as in the case of the 10K
networks, we will show that these data cannot be fitted
to a simple model such as the wormlike chain. These
behaviors therefore suggest that the 70KC-5 sample
underwent microsyneresis under compression. Although
the Zimm plots of the 35K compressed networks ap-
peared to be relatively linear, the Kratky representa-
tions of these results exhibited different and inconsis-
tent behavior.32 We suspect that a factor that may have
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Figure 8. 1(g)™* vs g? for the compressed 70K network sample
and its corresponding uncompressed sample. The uncom-
pressed sample is represented by an open symbol, while the
compressed sample is represented by the x symbol.
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contributed to the different scattering behavior of the
different samples is the kinetics of phase separation that
was not taken into account in our experiments. There
was, for example, an approximate 17 h time delay
between the first and second compression of sample
35K-5. It is postulated that under compression (see
Table 2) the probe chains in these samples were exuded
from the samples (macrosyneresis). Such a behavior was
also observed while performing deuterium NMR mea-
surements of similar samples under compression.*

3.2.3. Quantitative Analysis Using the Wormlike
Chain Model. Assuming that the 10K networks re-
mained in a single phase when compressed, we now
analyze the data of the 10K networks in terms of probe
chains that become stiffer as the surrounding network
is strained. Supporting evidence for such behavior comes
from D NMR results from probe chains in compressed
and stretched networks¥~17 as well as from computer
simulations showing increased orientation correlation
of the probe chain segments.5~12

End-Linked Elastomers 7779

0.003 T T T T T

0.00 0.05 0.10 0.15 0.20 0.25 0.30

I(g) (cm )

0 -
0.00 0.02 0.04 4 0.06 0.08 0.10
q(A™)

Figure 10. (a) 1(9)g? vs g for the compressed 10K network
samples. The solid lines are fits from the Kratky—Porod

wormlike chain model. (b) 1(q) vs q representation of the data
above.

A chain that is stiffer, or semiflexible, can be modeled
using the Kratky—Porod (KP) wormlike chain model as
described in the Appendix by egs 1—9 along with the
relations for the polydisperse single-chain form factor,
P1,p, given by eqgs 5—7.

The scattering data from the compressed samples in
a given series could not be extrapolated to infinite
dilution because the samples were not compressed to
the same degree, thus preventing the use of eq 4.
Instead, the single-chain form factor for the KP chain
was used in eq 1, which introduced another parameter,
A,. Equation 1 in Kratky form is

1 i P
KaViN1$:1 Py p Kn

I()a® =g’
where Pikp is given by eqs A2—A9. The variable
parameters are the contour length L, the Kuhn length
b, the number-average degree of polymerization Ny, and
the second virial coefficient A,. The program used to
determine the best-fit values of these variable param-
eters was coupled again with the NREG libraries.3¢ It
is advantageous to keep at least one parameter fixed,
and Nj is the most appropriate to keep constant as it
can be obtained from the extrapolation to infinite
dilution of the uncompressed networks. Since there is
a considerable amount of uncertainty in the data at high
g, a weighting function was applied to the fit such that
experimental data with larger error were weighted
proportionally less in determining the fit. The values
of the fitted parameters are identical whether 1(q)g? vs
g data or I(q) vs q data are fit.

The best fits to the scattering data from samples
10KC-1 and 10KC-2 are shown in Figure 10. The top
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Figure 11. Figure of one linear probe chain in an unstretched
and stretched polymer network generated by Monte Carlo

simulations. The units of the x, y, and z axes are lattice
constants.

figure shows the KP fit, and the lower figure shows the
representation of the data in the I(q) vs g form. For all
fits, a constant value of N; = 580 was used. Good
agreement between the KP fit and the data is seen for
both the Kratky and the 1(q) vs q plots for the 10KC
series. The deviation of the I(g) vs q fit from the first
two data points at low g, shown in Figure 4b, occurs
because these data are near the beamstop and, there-
fore, are not significant in this analysis.

The average contour length of the probe chains in
samples 10KC-1 and 10KC-2 determined using the
Kratky—Porod model is 776 &+ 35 A. The Kuhn length
of a PDMS chain in the melt is 15.6 A.%6 It can be seen
that the Kuhn length of samples 10KC-1 and 10KC-2,
23.4 A +£ 08 A and 36.5 A + 1.7 A, respectively, are
considerably greater than that of the unperturbed chain,
indicating that the chains in those samples are stiffer.
Furthermore, it can be seen from Table 5 that the Kuhn
length of the KP chains in the samples increases with
increasing amount of compression. As the amount of
compression is increased by approximately 45%, the
Kuhn length increases approximately 40%. Also, the
radii of gyration of the KP chains are roughly equivalent
to their uncompressed, Gaussian counterparts. This
suggests that the KP chains are remaining Gaussian
on large length scales. The overall Gaussian nature of
the chain is maintained with the same average radius
of gyration by involving fewer but larger Kuhn steps.
This is illustrated in Figure 11 showing the configura-
tion of a free chain in a network obtained from Monte
Carlo simulations using the bond-fluctuation model.46:47
The configuration on the left is that of the probe chain
in an undeformed network, and the configuration on the
right is that of the same chain under uniaxial expansion
in the z-direction of the network with an extension ratio
of 2 = 2.65. Details of the simulation are given else-
where.*® Although the radius of gyration of the chain
remained essentially unchanged, the chain in the
deformed network clearly shows that the orientation of
neighboring segments of the chain in the deformed
network is more highly correlated than in the unde-
formed network.*® The increased chain rigidity exhibited
in the KP plots of Figure 11 and in the computer
simulation results of Figure 11 is also likely to be
the origin of the orientation correlations observed by
D NMR.
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Table 5. L, b, Ry, and Az As Determined by a Nonlinear
Fit of the Compressed Samples Using the Kratky—Porod
Wormlike Chain Model?

Az X 105
sample L (A) b (A) Ry (A) (cm3/mol)
10KC-1 947.7 +£27.7 234+0.8 59.7+13 219471
10KC-2 604.9+209 365+17 580+16 52.6+16
35KC-5aP 1156.54+9.5 24.84+0.2 68.1+04 -520+0.11
70KC-5°  1223.14+36.6 245+0.8 69.6+ 1.2 -6.30+0.39

aFor all samples, N; = 580. ° The linear probe chains have
segregated in these samples.

Attempts to fit the Kratky plots from the 35K and
70K networks with the KP model were unsuccessful.
Figure 12 show an example of the best possible fit
obtained for the 70KC-5 network. Although the fit
parameters of the KP model are not meaningful in these
samples that are phase separated or near phase separa-
tion, it is interesting to note from Table 5 that the best-
fit values of the second virial coefficient, A,, are negative
for these samples. This implies unfavorable thermody-
namic conditions. On the other hand, the A, values
extracted from the good fits to the results from the 10KC
samples are positive.

4. Conclusions

In this study, the conformation of free probe PDMS
chains in both uncompressed and compressed PDMS
networks was examined using small-angle neutron
scattering. Three series of end-linked PDMS networks
with a minimal amount of defects and mesh sizes of M,,
= 9900 g mol~1, 34 800 g mol~%, and 71 500 g mol~* were
examined containing low volume fractions of deuterated,
linear M, = 51 000 g mol~! PDMS. Two series of binary
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blends of these probe chains with protonated PDMS
chains of M, = 9900 and 71500 g mol~! were also
studied.

The radius of gyration of the probe chains was
determined by extrapolating the scattering data of each
series to infinite dilution and using a nonlinear fitting
routine. It was determined that Ry of the PDMS chains
in the networks varied in the range 60 A—65 A and did
not appear to be a strong function of the network mesh
size, since the Ry of the chains in the blend was
measured to be in the range 58 A—59 A.

The effect of compression on the conformation of the
probe chains was also studied. Here the results are not
as clear-cut, primarily because of the tendency of phase
segregation of the probe chains in the compressed
networks. In both the 35KC and 70KC samples, an
increased scattering at small q was observed, and the
results could not be quantitatively modeled. For the case
of the 10KC samples, which are believed to have
remained homogeneous under compression, a good fit
of the data to the Kratky—Porod wormlike chain model
was obtained, and a contour length L = 776 A 35 A
was determined. Also, the Kuhn length was greater for
the probe chains in these samples under compression
than for the same chain in the melt, indicating that
compressing the samples induced rigidity in the probe
chains. The Kuhn length was found to be a function of
the amount of compression: as the amount of compres-
sion was increased by approximately 45%, the Kuhn
length increased by approximately 40%. Furthermore,
the probe chains in these compressed 10KC series
samples maintained the same radius of gyration as that
of the uncompressed samples. Because the KP wormlike
model used gives a reasonable fit of the data and
assumes Gaussian behavior at long distances and
rodlike behavior at short distances, it would imply that
the probe chains in the deformed networks remain
Gaussian at long distances but their stiffness increases
at short distances. This conclusion is supported by
computer simulation results. The increased local chain
alignment at short length scales is also likely to be
related to the increased orientation correlation observed
by D NMR.
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Appendix

The Kratky—Porod (KP) wormlike chain can be fully
described using two model parameters: the contour
length, L, and the Kuhn length, b. For purposes of
simplification, the following equations are presented in
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terms of the contour length and a reduced length Z,
where Z = L/b.

The mean-squared radius of gyration of a wormlike
chain is*®

21,1 14 e @Ay

2 2
Ry=bls 214z 872

The scattering function of a Kratky—Porod wormlike
chain, Py kp(g,Z), can be modeled using a formula that
interpolates between the Gaussian and rodlike regimes
developed by Yamakawa et al.5951 The interpolation
formula is given by

P1kp(a;:2) = Py(a;2) I'(q;2) (A2)

where Py is given by
Po(@:2) = [1 — ©(a:2)]Pc(a:2) + 7(q;2) Pr(aiL) (A3)
where Pg(q;Z) is the scattering function for a polydis-
perse Gaussian chain described by eqs 5—7. Pr(q;L) is

the scattering function for an infinitely thin, monodis-
perse rod3*

Pr(giL) = 2v ?[v [t sin tdt + cos v — 1] (A4)

with v = Lq. The function 7(qg;Z) is defined as

7(0;2) = exp(—§ °) (A5)
with
[R 2
Ha2) = (A6)

In eq 2, I'(g;Z) is given by

5 2
r@z2)=1+@-17) YA +7¥YBE' (A7)

with

2 2
A = Z}al,iJ.Z‘J'e‘l‘”Z + Zaz,ijzﬂ'e‘ZZ (A8)
= i=

2 2
B, = Z}blyijz*j + szvijzje*ZZ (A9)
= =

where ag jj, azj, ba,ij, and by jj are numerical coefficients
determined by Yamakawa.*® The application of these
equations to model the Kratky—Porod wormlike chain
are valid only for gb < 10. Additional explanations and
details can be found elsewhere.28:32.50
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