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ABSTRACT: Small-angle neutron scattering (SANS) was used to study the effects of cross-link density on 
the structure of in situ sequential interpenetrating polymer networks (IPNs). The system investigated is a 
PSD (deuterated polystyrene-co-divinylbenzene) network built within a matrixnetworkof PUR (polyurethane). 
The scattering can be approximated by the Debye-Bueche law with a q4 dependence at intermediate values 
of wave vector q, with departures from it at both low and very large values of q. At low q, this Debye-Bueche 
law yields a value of the structure factor S(q-O) and a correlation length 6. At  large q, it yields a value of 
the specific area S/VS being the total area and Vthe total volume. As the cross-link density of either network 
of the IPN increases, S(q-4) and 6 decreases, while S/V increases. The measured 6 is in the range 20 to  80 
A and the values of S/V correspond to 100-300 m2/gm, indicating a rather finely divided material. The 
quantity S(q-0), after being divided by volume €3, allows us to  estimate the contrast. The existence of a 
maximum in S(q) is discussed for the most cross-linked samples. With increasing cross-link density of the 
networks, it seems that the size of phase-separated regions is decreasing, indicating that the IPN structure 
freezes earlier in the evolution of the separation kinetics. However, from comparison of effective contrast 
and maximum contrast between "pure phases" (i.e. made of pure PSD and the other of pure PUR), it seems 
that the content of the separated regions is closer to "pure phases" when the cross-linking is higher. At this 
stage of the analysis, the effects of complicated topological connectivity between the two networks were 
neglected. 

I. Introduction 
Generally two dissimilar polymers will be thermo- 

dynamically immiscible with one another, making a simple 
mixture of such polymers segregate completely. The mode 
of association of polymers in the form of their interpen- 
etrating networks (IPNs) is known to reduce their degree 
of phase separati0n.l As the miscibility of such networks 
increases, the glass transition behavior changes from two 
distinct transitions, i.e. one for each polymer network, 
toward one broad transition in a systematic manner. A 
deeper understanding of their structure and behavior could 
lead to synthesis of novel materials with desired properties. 

There are two submethods of synthesis of IPNs: the 
first one produces in situ simultaneous IPNs in which 
oligomers and monomers of chain types A and B are mixed 
together with their specific cross-linking agents and 
initiators and the resulting mixture is cured to produce 
the networks.2 The second one produces in situ sequential 
IPNs in which a cross-linked network is first obtained and 
then is swollen by the monomer of the other species, its 
cross-linking agent and its initiator, or catalyst, thus the 
second network is formed inside the first In general 
two very different IPNs result depending on their mode 
of synthesis. There also exist pseudo-IPNs or semi-IPNs 
which consists of network of one polymer A(B) swollen by 
linear un-cross-linked polymer chains of A(B).4 

IPNs have been extensively studied in the past. The 
kinetics of formation of polyurethane/polymethylmeth- 
acrylate networks5 (i.e. net-poly(urethane)-internet-poly- 
(methylmethacrylate) in the IUPAC nomenclature) has 
been studied by Fourier transform infrared (FTIR) 
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spectroscopy5 and the glass transitions by dynamic 
mechanical measurernenh2 The study of the glass 
transition temperatures does not give a direct measure- 
ment of the extent of demixing in such systems. Turbidity 
measurements by light scattering give the extent of 
heterogeneities as a function of cross-link density and 
internetwork grafting in polyurethane/polystyrene IPNs3. 
Small-angle neutron scattering (SANS) techniques may 
also yield precise and useful investigation of structure of 
such networks by using deuteration for better contrast. It 
can (i) reveal heterogeneities on length scales of a few 
angstroms to several hundred angstroms, (ii) give infor- 
mation about the type of interface being formed between 
the demixed regions, e.g. whether it is diffuse or sharp, 
and (iii) give the total interfacial area. SANS experiments 
have already been performed on poly(dimethylsiloxane)/ 
polystyrene6 IPNs and poly(dimethylsiloxane)/poly- 
methacrylic acid7 IPNs. Also, for poly(butadiene)/ 
polystyrene81PNs, the interfacial area was estimated from 
SANS experiments. Networks containing a certain frac- 
tion of deuterated primary chains made possible the 
determination of the radius of gyration as the polymer- 
ization pro~eeded .~  Poly(carbonate urethane) (PCU)/ 
poly(viny1pyrridine) IPNs which are simultaneously formed 
display a maximum in the scattering for large content of 
PCU, i.e. for the case of the most cross-linked of the two 
networks.10 

We investigate here an in situ sequential IPN made 
from poly(oxypropy1ene glycol)-based polyurethane and 
deuterated polystyrene-co-divinylbenzene (PUR/PSD) .3 
I t  is generally believed that the network formed first 
governs, to some extent, the formation of the second 
n e t ~ o r k . ~ J l  Following this picture, the PUR network in 
the present IPNs may be regarded as the matrix and the 
PSD as the dispersed phase, representing the heteroge- 
neities of the material. I t  was already shown3 that variation 
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Table 1. Composition of the PUR/PSD IPNs 
PUR PSD 

% PUR M,, of % P S D  DVB 
sample total PUR chain total content 

of the cross-link density of the PUR network plays a more 
important role than that of PSD, which shows the 
importance of the tridimensional structure formed first 
in an IPN. 

A simple picture of such system is that as soon as the 
monomers polymerize into chains of large molecular weight 
(reducing their translational entropy) or into branched 
polymers, they tend to phase separate (this stage is similar 
for both simultaneous and sequential IPNs). On further 
cross-linking, the phase-separated regions connect and 
form a bicontinuous system of interpenetrated phases. 
Further demixing is limited, maybe not just on a molecular 
level by the cross-linking, but by an average elasticity of 
each of the connecting networks, Le. on a scale larger than 
the mesh size. 

One can consider some more sophisticated mechanisms 
of demixing: the first one is spinodal decomposition where 
a periodic structure develops with a characteristic cutoff 
length, associated with a maximum in the structure factor 
frozen by the cross-linking or the continuous medium 
elasticity.12 

The second mechanism is related to the spatial distri- 
bution of free chains in a network. Here, free chains would 
be the transient free chains before they form a fully 
connectingnetwork. There are two contradictory regimes. 
In the first one, the network expels the chains (in order 
to reduce the elastic energy i t  costs which is not balanced 
by their low translational entropy, when the network is 
swollen by the guest chains). In the second regime, the 
network limits the clustering of the free chains. The first 
regime was seen in practice for networks13J4 and geh4  In 
both cases the scattering is much weaker than for a fully 
phase-separated system. It was proposed that the free 
chains invade the soft regions of the network and thus 
reveal the heterogeneities of the network; this is equivalent 
to weak segregation and S(q) is: q-2.5. In a similar way the 
heterogeneities of the first network could be revealed by 
the second network growing in the soft regions. In ref 4, 
by removing the solvent (which keeps the free chains and 
the network chains partially compatible), we strongly 
increase the Flory interaction parameter leading to strong 
segregation of S(q) * q4 instead of the weak one of S(q) - -- (1-2.5 observed before. 

The limiting effect of the structure can be at the size 
of the mesh if the network is very regular. It was proposed 
by deGennesI5 that a grafted IPN made of strands of A 
polymer co-cross-linked with strands of B polymer would 
exhibit a microphase separation similar to the case of block 
copolymers. It is likely that similar effects would occur 
for more or less regular networks (probably strongly cross- 
linked) if the interpenetration is made prior t o  separation, 
as proposed in order to explain the results of PVME/PSD 
IPN’s16 where the phase separation is provoked after cross- 
linking by increasing the temperature. (PVME/PSD 
mixtures exhibit a LCST phase diagram; a shoulder or a 
maximum was observed in the scattering of cross-linked 
samples.) 

11. Experimental Section 
Synthesis of IPNs. The synthesis is defined as “in situ 

sequential”. This means that the starting mixture already 
contains all the chemicals necessary for the building of the two 
networks. The first network is synthesized at room temperature 
and consequently, the second one is built afterward by raising 
the temperature. 

The first network is formed from poly(oxypropy1ene glycol) 
(POPG, ARC0 Chemical) chains. The analysis of the OH groups 
show that POPG has a functionality of approximately 2. Their 
extremities are OH groups, which react with the NCO groups of 

w1 100 2000 0 0 
w2 0 100 31103 
w 3  34 2000 66 31103 
W6 34 3025 66 31103 
w 7  34 450 66 31103 
w 4  34 2000 66 01100 
w 5  34 2000 66 121112 

an aliphatic pluriisocyanate, mainly trifunctional, (Desmodur 
N, Bayer AG). In presence of stannous octoate (Goldschmidt) 
as catalyst, this condensation reaction leads to urethane bonding, 
thus the first-formed network is polyurethane (PUR). 

The second network is made by free-radical copolymerization 
of styrene (deuterated-S-dB, Aldrich) with divinylbenzene (DVB, 
Merck). As DVB molecules copolymerize between themselves 
as well as with styrene, the junctions can be cluster like, with a 
large functionality. 2,2’-azobisisobutyronitrile (AIBN, Merck), 
which decomposes at 60 “C, was used as free-radical initiator. 

The weight fraction of the PUR network is 34% (POPG and 
Desmodur N), hence for the PSD network it is 66 % . The contents, 
in the starting mixture for each sample, of POPG, Desmodur, 
styrene, and DVB are listed in Table 1. The cross-link density 
of the PUR network have been varied by using three different 
molecular weights of POPG chains. The average molecular 
weights M, between cross-links given in Table 1 correspond to 
the molecular weight of the poly01 (POPG). The cross-link 
density of the PSD network was varied by changing the amount 
of DVB. 

Gelation of the PUR network occurred at room temperature 
within 30 min, using 1% catalyst by weight. Then, the 
temperature was raised to 60 “C for the PSD network synthesis, 
after complete reaction (at least 2 hat  room temperature). After 
15 h, the samples were removed from the mold and annealed 
under vacuum at 120 “C for at least 2 h. 
SANS. The neutron scattering experiments were carried out 

on a small-angle neutron spectrometer, PACE, at the Laboratoire 
LBon Brillouin, Saclay. The data were taken at four different 
configurations: 

sample-detector 
distance: D (m) wavelength X (A) 9 (A-1) 

(1) 3.50 14.86 0.0036 < q <0.0384 
(2) 3.00 12.20 0.0051 < q <0.0540 
(3) 2.50 7.98 0.0095 < q < 0.1OOO 
(4) 1.20 5.50 0.0280 < q < 0.290 

The scattering was performed at room temperature. The data 
were collected by annular cells of the detector. Superimposed 
with the above data is another set from ILL in the q range 0.0025 
< q < 0.0118 A-1. 

The raw data were treated for scattering from empty cell, 
sample thickness, transmission, detector efficiency, and nor- 
malization to units cm-’ (by dividing by a water spectrum). The 
last treatment required is a careful subtraction of the incoherent 
background, due to the hydrogen and deuterium nuclei. At this 
point the interest is in coherent scattering from structure due to  
the mixture of the two components. Under the simplest 
assumption all the “coherent signal” comes from this structure, 
and then one has to subtract the normalized incoherent signal 
of the PUR and PSD networks alone. In principle, the measured 
scattering spuR(q) and SpSD(q) of the samples W1 (pure PUR 
network) and W2 (pure PSD network) should be “incoherent”, 
and thus equal to constants, B p s ~  andBpm, with no q dependence. 
In these conditions, one would subtract the following contribution 
of the incoherent scattering: 

Sincoherent = ~PSDBPSD + (1 - @PSD)BPUR (1) 

Although in practice the scattering from Wl(PUR) is nearly 
flat, the one from WB(PSD) has a q dependence, i.e. a strong 
increase of signal at low q. The origin of this signal is unknown. 
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Figure 1. log S(q) vs log q for Mn = 450 with and without 
subtraction of the signal of PSD at low q. 

One possibility could be the clustering of DVBs; however, in case 
of pure PSD comparable behavior is usually observed and often 
attributed to voids.'' The incoherent contribution can be taken 
equal to BHD = SHD(q - -). 

There are two options: (i) Subtract a flat incoherent back- 
ground 

Shcobere.t = +PS$PSD(q - + (l - +PSD)SPUR (2) 

Such a subtraction is important at large q only (q > 104-'). The 
value of Shcohemnt is 0.7 cm-l. (ii) Subtract a q-dependent 
background 

Shmhemnt(q) = +PS$PSD(q) + (l - +P&PUR (3) 

which is not totally flat, as there is a large contribution at q < 
A-l. Both treatments of the data were done. A difference 

exists for q < A-1. For all samples except the most cross- 
linked Mn = 450 and 10.7% DVB the difference between the two 
types of treatments is not very important. By using the first 
option a small upturn at low q is seen and it is not very clean or 
smooth. By using the second option the main difficulty is not 
knowing how Swemnt(q) varies with cross-linking and used as 
such a priori it is not clear whether the right background is being 
subtracted for each sample. Here all data is presented using the 
first option. Thus, one observes at very small q, an upturn in 
each sample, more or less pronounced. This low q upturn will 
be fitted to a scattering law below, but still it is not known whether 
it has the origin just from the PSD alone. If one would use the 
second option, the upturn is reduced in most of the case. For 
sample M,, = 450, it even transforms into a decreasing behavior: 
i.e. one observes a maximum in S(q). The two options are ahown 
in Figure 1. 

The scattering was normalized by water which was used as a 
standard and is in absolute units (cm-l) using the correction of 
Oberthur.18 This yields S(q) which is the cross section per unit 
volume. The scattering as shown in Figures 2 and 3 is strong at 
low q, =lo00 cm-1. Here, the effects of multiple scattering could 
not be excluded; another indication of it may be that the data 
in the different q ranges are better superimposed after slight 
corrections. Finally, in the low the q range, where multiple 
scattering maybe important, the measured transmissions of the 
samples are low compared to the higher q range. The only way 
to overcome the difficulty would be to use even thinner samples 

o.ooi 0.01 0.1 1 

Figure 2. Plot of log S(q) vs log q for various cross-link densities 
of PUR network keeping the density of PSD fixed at 3% DVB. 
The numbers 1-4 indicate the different regimes of q. 
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Figure 3. Plot of log S(q) vs log q for various cross-link densities 
PSD network keeping the density of PUR fixed at Mn = 2000. 
The numbers 1-4 indicate the different regimes of q. 

than the average value of 0.7 mm used here. This was done in 
the more recent measurementa, which showed that the low q 
signal in absolute units, i.e. divided by the thickness and 
transmission was higher, when the sample was thinner. A simple 
explanation for the low transmission could be enhanced inelastic 
scattering due to multiple scattering. The cold neutrons (e.g. at 
15 A) are "heated" through the successive scattering events, which 
leads to a lowering of their wavelength. The apparent signal at 
a given angle, attributed to q = (4dX)sin(0/2), is actually 
corresponding to a higher q value, and thus is smaller. A good 
criterion for multiple scattering is that part of attenuation of the 
direct beam due to coherent scattering should not be <0.9. This 
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is not met for sample W6 for which data are taken only as 
indicative, and will be discussed below for other samples. 

111. Results 

Qualitative Variations. In Figure 2, on a log S(q) 
versus log q plot, the data are represented for three 
different cross-link densities of the PUR network (M, = 
450,2000, and 30251, a t  constant cross-link density of DVB 
equal to 3% of the second network (PSD) of the IPN. 
Similarly in Figure 3, the data is represented for the three 
different cross-link densities of the PSD network (% DVB 
= 0% , 3  % , and 10.7 % 1, a t  constant cross-link density M, 
= 2000 of the first network (PUR) of the IPN. 

In all cases the scattering curves can be divided into 
four regions: A t  low q, region 1, the signal decreases 
strongly with q. In region 2, there is a relatively flat part, 
in other words a shoulder. In region 3, the decrease is 
strong with a -4 slope (q-9. In region 4, one observes a 
deviation from this slope: either the decrease is slower for 
samples less cross-linked (2000 or 3025 and 0% ), tending 
to a slope of -2, or it is steeper, for the samples more 
cross-linked (450 and 10.7%). Trying to modify the 
background subtraction, even more than is realistic, does 
not change the conclusions. 

The upturn of scattering a t  the lowest q values (region 
1) will vary depending on the subtraction of the background 
signal of the PSD sample. For samples M,, = 2000 and 
3025, this variation is not large. However, for sample M, 
= 450, which scatters less a t  low angles, the difference is 
significant, because as said above the upturn transforms 
into a downturn, leading to maximum in S(q) with the 
subtraction of the background of PSD as shown in Figure 
1. In the region 1 and 2, the signal depends strongly on 
cross-link density: the stronger the cross-linking, the 
smaller the S(q). An obvious interpretation is that the 
phase separation is reduced by cross-linking: it will be 
discussed in greater detail below. At  intermediate values 
of q (region 3), one observes a q4 variation which 
corresponds to the well-known Porod's law. The prefactor 
in Porod's law is the specific area, which is lower when the 
scattering objects are larger: thus the curves for different 
cross-linking cross each other, S(q) for low cross-link ratio 
being larger at low q and smaller at large q. 

These features are also present in Figure 3, for all the 
samples being at the same cross-link ratio of the PUR 
network (M, = 2000). However, the variation of S(q) with 
cross-link densities of the second network (PSD) seems 
lower, as expected from other measurements.6 From a 
comparison of Figures 2 and 3, it is obvious that varying 
the cross-link density of the PUR network has a more 
dramatic effect than that of the PSD particularly a t  low 
q. In the next section an attempt will be made toward a 
more quantitative basis for the above description. 

Multiple Scattering. For the configurations where 
short wavelengths (5 A) were used, the part Tcoh of 
attenuation of the direct beam due to coherent scattering 
was low, i.e. with values around 0.8. Tcoh is obtained by 
dividing the transmission T of the IPNs by transmission 
Tr (Tcoh = T/T,). T, (extracted from the incoherent 
background) is defined as e-('psD'+'psD+~p~'+'p~)t where t is 
the thickness of the IPN sample, PPSD = -log(TPSD)/tPsD, 
i.e. T p s ~  is transmission of pure PSD sample a t  a particular 
configuration, $PSD is the fraction of PSD, and t p s ~  is the 
thickness of the PSD sample (with a similar set of 
definitions for pure PUR sample). This may be due to 
the fact that the transmission measurement records both 
the transmitted beam and a part of the scattered beam a t  
low angles, but also a t  the same time the inelastic multiple 

Table 2. Glass Transition Temperatures ( T i s )  of the 
PUR/PSD IPNs 

TB 
Pure PUR 

3025 gimol -61.7 " C  
2000 gimol -56.2 "C 
450 gimol -12.9 "C 

Pure PSD 

cross linked (3% DVB) 100 "C 
cross linked (10.7% DVB) 101-103 "C 

IPN 34/66 -PSD Cross-Linked at 3% DVB 
3025 gimol no data 
2000 g/mol two Tg's -51.5 "C and 81.0 " C  
450 gimol two Tg's 5.7 " C  and 74.5 "C 

IPN 34/66 -For 2000 g/mol of POPG 

3% DVB two Tg's -51.5 "C and 81.0 "C 
10.7% DVB no data 

scattering is not important here. On the contrary for low 
q configurations involving large wavelengths (e.g. >14 A), 
Tcoh can be as low as 0.5. However, the data of all samples 
are creditable except W6 for two reasons: First, data of 
different configurations overlap within the accuracy of 
the analysis and can be fitted by a single function (see 
below). Second, a check was done using a short wavelength 
(5 A) and large distance (5  m) on W3, leading to good 
overlapping on the range 8 X A-l to lo-' A-1 with the 
other data shown here. Sample W6 displays a very strong 
scattering, a very low T&, and systematic bad overlapping 
between the large q's of configuration (i) and the low q of 
configuration (i + 1). The main effect is that the large q 
scattering is artificially increased,19 which leads to a weaker 
variation of I (q ) ;  for example it may make an apparent a 
cutoff of the increase of 1(q) (when going from large q to 
low q )  a t  q = Ufapp >> l/fred. 

Glass Transition Temperatures. The glass transition 
temperatures (T,) were measured by differential scanning 
calorimetry (DSC, Perkin-Elmer) for some of the IPN 
samples and parent networks are given in Table 2. All 
samples exhibit two Tg's. For the pure networks, Tg's 
increase with cross-linking and for the IPNs the two Tg's 
are shifted "inward". The effect is stronger for the most 
cross-linked IPN for which data are available (W7). 

Quantitative Analysis of Data: Debye-Bueche 
Law. Volume Fractions and  Maximum Contrast. Let 
us first focus in the scattering regions 2 and 3: for all data, 
when decreasing q, the q4 scattering saturates or stops 
around a certain value q = l / f .  This implies that there 
is a cutoff length f in the system. For lengths below f (q 
> l/g, one has Porod's law. A general treatment of 
scattering from an inhomogeneous solid20 yields such a 
behavior. This law assumes a random distribution of the 
two phases a t  any scale. I t  was applied successfullyZ1 for 
X-ray scattering by porous material, where a random 
distribution of holes of different sizes and shapes can be 
characterized by an exponential correlation function, 
exp(-r/t), where t i s  the characteristic length in the system. 
For such a correlation function, the reciprocal square root 
of the scattered intensity is proportional to the square of 
the scattering angle. The scattering intensity in such a 
case is given by 

linear (0% DVB) 97 "C 

0% DVB two Tg's -55.3 "C and 94.5 "C 

(4) 

In the present case, one expects to have one phase rich 
in PSD, but maybe containing a certain proportion of PUR, 
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Table 3. Si(O), the Correlation Length 41, and the Specific Area S/ V for Various Cross-Link Densities of PUR Networks 
Keeping the Density of PSD Fixed at 3% DVB 

K2- &(O) specific area K2 app 
MJPUR) 7% DVB (10-l2A4) (10-8 A-1) 41 (A) (102/m2/g) (10-l2 Ad) A(l0-9 B Q c m  

3025 3 34.4 6898.0 78.8 1.14 25.0 1.79 0.009 0.0127 
2000 3 34.0 1189.0 44.7 2.00 23.6 2.99 0.007 0.0224 
450 3 31.1 298.3 25.2 3.56 33.3 0.0397 

Table 4. Sl(O), the Correlation Length €1, and the Specific Area S/Vfor Various Cross-Link Densities of PSD Networks with 
the Density of PUR Fixed at M, = 2000 

B Qrrou 
@max Sl(0) specific area @a, 

% DVB M, (PUR) (10-12 AA) ( IVA-~)  t1 (A) (iozmz/g) ( i o - 1 ~ . h  A (iw) 
0 2000 35.8 1275.5 52.1 
3 2000 34.0 1189.0 44.7 

10.7 2000 29.5 995.1 39.8 

and a phase rich in PUR, but maybe containing a smaller 
fraction of PSD. Calling 4 the volume fraction in the 
sample of the phase rich in PSD and translating from 
X-rays to neutron notations, &(O) = 8 ~ 5 1 ~ W e f d ( l  - 4), 
where KZeffis the effective contrast between the two phases 
(cm4 units). I t  can be expressed as a function, first, of 
KZmax, the maximum contrast that would correspond to a 
complete separation of PSD in one phase and PUR in 
another and, second, of $1 and $2 which represent 
respectively, the volume fraction of the PSD in the phase 
rich in PSD and in the phase poor in PSD. Under this 
assumption, it is easy to show that 

Moreover conservation of species implies: 

where ~ P S D  represents the overall volume fraction of PSD 
in the sample. 

Introducing 641 = 41 - ~ P S D ,  642 = $2 - ~ P S D ,  one gets 
then 

Thus 

From the limit for 641 (0 < 641 < 1 - ~ P S D ,  - 4 ~ s ~  < 642 
< 0) one can show that always 

In the case of perfect separation between PSD and PUR, 
one would get 641 = 1 - ~ P S D  (41 = 1) and 642 = - 4 ~ s ~  ($2 
= 0). This gives back Pefd(l - 4) = @mu4pSD(1-  4 ~ s ~ ) .  

In case of pure phases, 4 = 0.34 is the volume fraction 
for PUR and the other phase is PSD, and the contrast 
between the phases is estimated by us asWm, a t  different 
cross-link densities as listed in Table 3 and 4 (where Kmax 
is the contrast length density for neutron's and is defined 

PPSD, PPOPG, PDVB, and PdesN are the scattering length 
densities and $PSD, $POPG, $DVB, and 4h-N are the volume 
fraction of PSD and DVB in the pure phase PSD/DVB, 
and POPG and Desmodur N in the pure PUR phase, 
respectively). However, there is no reason to assume that 
there will exist just two pure phases nor that there should 
exist just only two phases instead of multiple phases. 

as ($PSDPPSD + $DVBPDVB)- (J/pOPGPPOPG + $desNPdesN) Where 

1.72 16.0 1.73 0.009 0.0192 
2.00 23.6 2.99 0.007 0.0224 
2.26 28.0 0.0251 

Table 5. Sz(0) and the Correlation Length €2 for Various 
Cross-Link Densities of PUR Networks with the Density of 

PSD Fixed at 3% DVB 
sample Mn (PUR) 7% DVB Sz(0) (10-8 A-') €2 (A) 

W6 3025 3 10628.1 276.5 
w 3  2000 3 1341.8 213.5 
w 7  450 3 10476.4 687.0 

Table 6. &(O) and the Correlation Length €2 for Various 
Cross-Link Densities of PSD Networks with the Density of 

PUR Fixed at a Precursor Mass M. = 2000 

sample % DVB Mn (PUR) Sz(0) (10-8 A-*) 62 (A) 
w 4  0 2000 1284.67 151.2 
w 3  3 2000 1341.8 213.5 
w 5  10.7 2000 4890.2 497.0 

Fit of Data. Coming back to eq 4, we used the following 
procedure. First, in the regions 2 and 3, the square root 
of inverse intensity versus q2 was fitted to a straight line. 
The y intercept S1(0)-1/2 yields the value of S1(q - 0) 
while the x intercept gives the value qzcrWs = l/@. We 
then fitted our data with the DB law (eq 4, [ = [I). I t  
worked well in case of all samples at intermediate values 
of q. The characteristic lengths 51 obtained for the samples 
varied from 20 to 80 A as shown in Tables 3 and 4. In all 
cases we fitted the data using the largest possible value 
of 51 to counteract effects of slight multiple scattering in 
the IPNs. I t  was not easy to fit the scattering from sample 
W7 to a Debye-Bueche because of a sharper fall of q4 a t  
large q. 

The resulting Debye-Bueche (DB1) law yields a plateau 
a t  low q in contrast to our data a t  low q. The excess 
scattering in this range was taken care of by fitting the 
difference in scattering between the curve calculated by 
eq 4 and the data to another Debye-Bueche law (DB2), 
and we obtained Sz(0) and 5 2  (Tables 5 and 6). This gives 
another range of heterogeneities 5 2  of the order of 150-700 
A. By using the same procedure initially used by Debye 
et aLZ0 and then applied to SANS data for IPNsa by adding 
to Debye's original exponential correlation function (taking 
account of intermediate range interaction terms), another 
Gaussian term exp(-r2/&) was developed which takes into 
account the long-range terms. In our case, using a second 
Debye-Bueche law worked better than fitting the data to 
an additional Gaussian term. 

Large qBehavior. At high q, the asymptotic behavior 
of eq 4 is q-4. For the less cross-linked samples, M, = 3025 
and 2000 (PUR) and 0% and 3% (PSD), a deviation, i.e. 
scattering greater than from the q4 law, is observed. For 
these samples, plotting q4S(q) versus q2 yields a straight 
line (for q 2  > 0.05), i.e. a S(q) = (A/q4) + (B/q2)  behavior 
(see Figure 4), where A is the intercept and B is the slope. 
A must agree with the DB1 law a t  large q 
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Figure 4. Plot of q4S(q) vs q2 for M, = ZOO0 and cross-link 
density of PSD fixed at 3% DVB. 
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i.e. 

8rK24(l - 4) 
A =  

51 

In Porod's law, A is proportional to the specific surface, 
A = 2rK2S/ V. Here, the specific area S/ V = [44( 1 - I$)/ 
511 where S is the total surface area, Vis the total volume. 
In Tables 3 and 4, A and S/ Vare given assuming maximum 
contrast; A and S/V increase with increasing cross-link 
density of PUR and PSD networks (while keeping the 
crosslink density of one of the networks of the IPN fixed). 
In principle, these values should be corrected by the actual 
value 4, 41, 42 which are unknown (see below). These 
measured values of S /V lies between 100 and 300 m2/gm 
(assuming a density of 1 gm/cm3), the latter being slightly 
larger than observed for poly(butadiene)/polystyrenea 
IPNs (160 m2/gm), indicating a rather finely divided 
material. 

By taking everything into account, the curves for W3, 
W4, and W6 are well approximated by 

The last two terms being nominal correction terms a t  
low and high q's respectively, the dominant scattering is 
accounted by the first Debye-Bueche (DB1) law. The 
results from such a fit are shown in Figures 5-7. 

For the more strongly cross-linked samples W7 (M, = 
450, PUR) and W5 (10.7 76 DVB in PSD), a sharper falloff 
than q4, i.e. a q-6 law is observed a t  the large q values. No 
attempt was made to fit this behavior. I t  was checked 
that it cannot be modified qualitatively by changing the 

n.nni 0.01 0.1 1 

Figure 5. Plot of log S(q) vs log q for PUR network with a 
precursor of mass M, = 3025 and a PSD network with 3% DVB 
(open symbols) compared to fits of Debye-Bueche (full symbol) 
law using eq 10. 

S(q) 
in '  . , 

0 zoon 

0 . 1  

n.oni 0.01 0.1 1 

Figure 6. Plot of log S(q) vs log q for PUR network with a 
precursor of maas M,, = 2000 and a PSD network with 3 % DVB 
(open symbols) compared to fib of Debye-Bueche (full symbol) 
law using eq 10. 

incoherent background subtraction within a large range, 
and we will discuss it below. 

Effective Contrast and Phase Contents. Let us now 
discuss in more details the results given in Tables 3 and 
4, considering first, &(O) and .$I. The value of 51 can be 
also directly obtained from the q axis. In principle, it  is 
involved both in the value of &(O) (41~) and of A (=1/(1), 
but is, in A, convoluted with the factor P,&(l- 4) (eq 
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Figure 7. Plot of log S(q) vs log q for PUR network with a 
precursor of mass M,, = 450 and a PSD network with 3% DVB 
(open symbols) compared to fits of Debye-Bueche (full symbol) 
law using eq 10. 
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9). We consider P a p p  = [s1(o)/8?rt134~s~(1 - ~ P S D ) ]  listed 
in Tables 3 and 4. If P a p p  = P,,, the phases are pure. 
KZapp is increasing with increasing cross-linking.22 For M,  
= 450 (PUR) and 10.7% (PSD), P a p p  = 33.3 and 28.0 
(X10-l2 A+) is very close to the calculated value S,,. 
This could mean that for the most cross-linked samples 
the phases are almost pure. The segregation is to the 
greatest extent (even though the size of the regions is small). 
For the less cross-linked samples M, = 3025,2000 (PUR) 
and 0% and 3% (PSD), the factor is lower; each phase 
might be now more a mixture of PSD and PUR. Even 
though the size of the phase-separated domains is larger, 
the contrast is reduced. This is a direct consequence of 
P a p p  < P m a p  However we do not know independently 
4,&, and 42, and thus we do not know K2eff = [flapp@pSD- 
(1 - $PSD)I/@(l - $), which can be higher or lower than 
KzaPp but always smaller than E?,,). For instance, if 41 
< 1, but 42 remains zero, 4 > ~ P S D ,  4(1 - 4) < $PSD(1- 
4 ~ s ~ ) ;  and the opposite for $1 = 1, 42 > 0. 

In the case of less segregated samples, the signal at large 
q can be coming from an incoherent addition of the 
scattering from the two phases: 

where SpSD(q)  is the single-chain form factor of PSD in 
PUR, which varies as l /q2 a t  large q,  as for any Gaussian 
chain in bulk. Such a signal may correspond to the B/q2 
term of eq 10. 

Similar checks may be done on the value of A in relation 
with (1 i.e. 

In other words, A and Sl(0) are actually dependent on 
each other by a relation representing their crossover 

Thus, the values of 61 and &(O) should determine the 
value of A or 5. (K2 is constant for a given sample.) This 
is however valid only within the Debye-Bueche model. 
The latter corresponds to a random distribution of objects. 
Here, the distribution could be different corresponding to 
either large or small sizes. The different values of f l  
correspond to l/q,,,,, thus Sl(0) and A or { will change 
with respect to each other. This would lead to an apparent 
contrast which might not be easy to determine. 

Qualitative Explanation of Data: Microphase 
Separation. To separate completely the PUR network 
from the PSD, a finite number of the chemical bonds of 
the IPN will have to be broken or the chains of the network 
have to be extended, to result in domains which are richer 
in one component of considerable spatial extent. Hence, 
the extent of demixing is larger in less cross-linked state 
of the two networks of the IPN (this is evident from the 
values of (1 and &(O) in Tables 3 and 4). 

In the case of weakly cross-linked networks Binder and 
FrischZ3 have derived wave vector dependent collective 
structure factor S(q) due to local inhomogeneous changes 
in the volume fraction 4 of species A (and 1 - 4 of B) i.e. 
4(r), around the value 40, which are slowly varying in space 
(40 being the initial volume fraction of monomers of species 
A and thus 1 - 40 for B) 

The (d2fld42)@o which enters here is the second deriva- 
tive of the free energy density f (4)  for 4 around 40. The 
second term is coming from the gradient square term, 
where the prefactors (&) are the monomer size of 
species A (B),K(4o) is the coefficient of the gradient energy 
term. 

They consider the two interpenetrated networks (A and 
B) as independent, and thus add their elastic free energy 
in the form of 4Fe1-dkBT+ (1 - 4)Fel-B/kBT. They neglect 
a complicated topological connectivity term between the 
two networks and add an enthalpic interaction term of 
the Flory-Huggins type x$(l-  4). For the sequentially 
formed IPN, the volume fraction of preparation is 1 for 
network A, and 1 - 40 for network B, the second derivative 
of free energy given by Binder and FrischZ3 is 

(1 - 4B)'l3( 1 - 40)-5/3 BB + -(1- 40)-1 - 2x (15) 
3NB NB 

The entropy of mixing of the two networks is assumed 
to be zero because of their infinite mass. The first term 
is the classical expression of the elastic energy of defor- 
mation of network A when being a t  concentration 4 = 4o 
with respect to a fraction ~ J A *  in the "reference state" 
(assumed to correspond to a state of no deformation), and 
the same for the third term for network B. [(l - @B*) is 
the fraction of B in the reference state.] N A  and NB is the 
effective number of monomer units between the two cross- 
links. The second term corresponds to the Wall-Flory 
logarithmic term. 

The microphase separation that will take place will be 
due to the competition that will exist between the elasticity 
and the demixing terms. If both quantities Te1-A = [-[(4A/ 
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oscillating terms in the scattering of finite-sized spherical 
particles. The maxima of scattering of such particles define 
an envelope =q4, with the first minima occurring a t  q = 
ir/R The intensity, as it drops toward the first minimum 
value, might do so with a slope greater than 4, Le. 6. More 
generally, “correlation peaks” are predicted in regularly 
cross-linked systems15 and appear in strongly cross-linked 
systems in the presence of trapped chains13 or 
and for co-cross-linked PSD/PVME.16 In the latter case, 
the subtraction of the signal given by the un-cross-linked 
mixture from the signal of the cross-linked one was 
proposed, which made clearly visible the maximum. 
Similarly, for sample W7 and W 5  subtracting from data 
the DB law normalized with the highest q data would lead 
here to a defined maximum or shoulder, as observed in ref 
10. 

However there is a difference between our samples and 
those of ref 10. In the latter, a maximum in the scattering 
is found for a sample having one Tg, whereas sample 
displaying Porod’s scattering have two Tg’s. On the 
contrary, all the samples studied in this paper have two 
distinct Tg’s. (Table 2 ) .  

IV. Summary and Conclusions 
It  is possible to describe the scattering as a superposition 

of several contributions: 
In the intermediate q range, the signal is well described 

by a Debye-Bueche function characterized by a value 
Sl(q-+O) and a correlation length 51 varying between 20 
and 80 A. Both decrease with increasing cross-link density. 
At  large q, the Debye-Bueche law corresponds to a Porod’s 
law A/q* where A is proportional to the specific area. The 
ratio$(0)/[13gives a value of the contrast which lies within 
the maximum value (in case of one pure PSD phase and 
one PUR phase) and half of it. This means that the 
difference between the two phases is strong. I t  is however 
noticeable that the contrast seems to be higher for the 
most cross-linked samples. This would mean that the two 
phases are more pure, unless it is due to a distortion of the 
size distribution, with respect to the random distribution 
implicitly contained in the Debye-Bueche law. 

In the lower q range, another Debye-Bueche function 
is characterized by a value Sz(q-0) and acorrelation length 
t 2  represents heterogeneities larger than 200 A. It  is not 
known whether they correspond to microvoids of PSD 
often visible in a deuterated matrix (because vacuum- 
matrix contrast is higher) or to PSD-PUR heterogeneities 
of larger sizes. The largest signal corresponds to sample 
with M ,  = 3025, for which there might even exist a phase 
separation between the POPG chains and the cross-links 
as the molecular weight of POPG chain is the highest. In 
this q regime, the pure PSD sample scatters much by itself, 
due to voids. It is not easy to decide what contribution 
to  subtract from the signal of the IPNs, as one does not 
know the contribution of the voids. Consequently, for 
the most cross-linked sample, the low q signal could be 
due to voids, which on subtraction would lead to a 
maximum in S(q). 

In the large q regime, the less cross-linked samples tend 
to a q-2 law, which could be either due to a hairy interface 
or to the signal of the PSD-PUR mixture inside each phase 
(i.e. the signal of PSD chains in PUR-rich phase and PUR 
chains in the PSD-rich phase). On the contrary, the 
strongly cross-linked IPNs display a very steep decrease 

In comparison, a better developed peak is observed in 
the structure factor of simultaneously formed IPNs.10 
Maybe, in this case a microphase had time to develop into 

(xy-6). 

$ 0 ) * j 3 / 3 ]  + BA] (and the same with index B instead of 
index A) are negative, demixing will spontaneously occur 
for any value of x and will be faster for larger ~ / N A  and 
~ / N B  (i.e. for the most cross-linked systems). For larger 
U N A  (~ /NB) ,  the peak in the scattering at the early stage 
will occur at larger q = ~ / N A .  If T,1 is positive, it may 
balance the -2x term for high value of 1 / ” ~  (i.e. for the 
large cross-linking ratio): cross-linking will delay phase 
separation. 

The expression eq 14 combined with eq 15 can be 
compared with the thermodynamical derivation of the zero 
q limit scattering for a single network with solvent (gel) 

(16) 

Kos-aol is the bulk osmotic modulus without cross-links 
(it is related to the non-zero entropy of mixing of the solvent 
and to x); p is the elastic modulus. Taking the expression 
15 replacing the B term by a term including the entropy 
of solvent and taking p = kTlNA 

which is similar to eq 16. 
Taking B = 0, we obtain the expression Sgel(q=O) = 

l / ( K o s - g e l -  p13)  which increases with p. Taking B = 1 or 
l / ~ ,  we obtain a decrease of the scattering with increasing 
cross-linking, similar to the expression often used 
Sgel(q=O)==1/(Kos-gel - d 3  + 4 d 3  + &), where 4 1 3 ~  
represents the elastic energy of shear2* and has been 
omitted in the reference.23 

However, such expressions for S(q) before demixing or 
during spinodal decomposition do not describe most of 
the experimental data, the observed q4 dependence better 
corresponds to a well-advanced state of phase separation, 
although here also, the size of the demixed regions is limited 
by cross-linking: the origin is in a way similar to what was 
said just above, since cross-linking inhibits the formation 
of large clusters because their creation costs alot of energy. 
An expression similar to single networks can be written 
for IPNs that would also predict a decrease of scattering 
on increased cross-linking. 

For the most strongly cross-linked samples, M ,  = 450 
(PUR) and 10.7% (PSD), a falloff sharper than q4 (Porod’s 
law), Le. a q q  law is observed at the large q values. This 
law is usually seen for early stages of phase-separation 
kinetics. FurukawaZ5 has predicted the asymptotic be- 
havior of the scaled structure factor in phase-separating 
systems. The shape of the structure factor is determined 
by the coarsening mechanism in the phase-separating 
system. For q > qm, Le. the wave vectors greater than the 
characteristic length (ym-l) in the system, the asymptotic 
behavior of the structure factor varies as S(q) = q-’, where 
y = d + 1 (Porod’s scattering) when the phase-separated 
clusters are isolated and y = 2d when the clusters are not 
isolated but percolate through the structure and the 
interfaces of the clusters or droplets are entangled. Here, 
perhaps the same q4 law is being observed at large values 
of q,  for the strongly cross-linked samples, where we can 
expect a strong correlation between clusters. 

Another alternative explanation is also proposed. A t  
these large values of q ,  one could be sensitive to inter- or 
even intracorrelation of either monophasic objects or 
clusters of cross-links. For example, these correlations 
would lead to a minimum in I ( q )  at q = T / R  where R is 
the radius of a spherically shaped object. There are 
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a periodic structure with a well-defined cutoff length, 
whereas here, in the case of in situ sequential IPNs, such 
a well-defined periodic structure is more difficult to  form 
due the limiting presence of the first formed network. 

In summary, it seems that most of the data, showing 
Debye-Bueche behavior, agree with the following pic- 
ture: as the cross-link density is raised, the domains are 
smaller but purer in component content. 

For the data exhibiting a "shoulder"-possibly related 
to a peak-it could have its origin due to the spinodal 
kinetics, but the q4 law a t  large q makes us believe that 
relatively small demixed regions exist-it may be imagined 
that relatively dense segregated regions exist, but the 
correlation between these regions is reflecting the structure 
of highly cross-linked networks. 
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