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The description ofthe s tructure ofswollen polymer networks and its relationship with 
mechanical and the1modynamic properties has been an unresolved  problem f ora long 
tim.e. In spite of a numb er of theoretical approaches, no simple fo nnalism has been 
found that captures the structural variety of real gels. Here we repon a new 
approach to describe inhomogeneities in the nanometer size range that develop in 
the course of the cross-linking process, and their relationship with the macroscopic 
elastic propenies. Experimental data from small angle neutron scattering (SANS), 
osmotic swelling pressure, and elastic modulus measurements were obtained on poly-
fluorosil icone (P FSi) gels prepared by different cross-linking processes from precursor 
chains of monomodal and bimodal distributions. The neutron scattering respollSe of 
these gels reveals two types of concentration fluctuations, name ly, those originating 
from nanoscale fro zen-in constraints generated by the cross-links and the time-
dependenr thermodynamir fluctuations associated with the osmotic properties of the 
netwo rk chains. The amplitude of the frozen-in concemration. fluctuations deduced 
from small angle neutron scattering measurements is found to be proponionalro the 
ratio of the macroscopic elastic shear modulus to the osmotic compression modulus. 
Th e thermodynamic concentration fluctuations are in agreement with the results 
of dynamic light scattering and macroscopic osmotic pressure measuremems. The 
present approach describes the effect of the nanoscale features on the macroscopic 
propenies of the gel. 
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Introduction 

Swollen polymer networks are always inhomogeneous, i.e., the local polymer concen-
tration differs from the average. The s ize and amplitude of the inhomogeneities depend 
on the detailed mechanism of the cross-linking process. Because the cross-links are 
randomly distributed, certain c hains contain more cross-links Lhan others and 
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consequently swell Less. The impact of these nanoscale structures on the macroscopic 
responses such as swelling, elasticity, rupture strength, transport, and o ptical properties, 
is incompletely unders tood. 

Scattering techniques provide a powerful tool to gain information on the structure 
over an extended length scale range. Several theoretical models have been proposed 
in the literature to describe the scatte ring response of gcls.11,2] These theories contain a 
number of parameters whose val ues arc difficult either to estimate experimentally or to 
predict from the materia l properties. Exi sting model s successfully describe the shape of 
the scattering curves from certain types of gel, but do not address explicitly the relation-
ship between the scattering response and the elastic and thermodynamic properties. He re 
we report a systematic study to investigate the effects ofdifferent cross-linking me thods on 
the nanoscale frozen-in inhomogeneities and an attempt to relate them to the resu lts of 
independent osmotic and mechanical measurements performed on the same samples. 
In thi s study, polyfluorosilicone (PFSi) ge ls with mono modal and bimodal c hain distri-
butions were prepared by end-linking and by two different cross-linking methods, 
namely hydrosilylation and condensatio n.

Theoretical Background 

In ge neral, for weak.Jy c ross-linked polymer gels the swe lling pressure w can be expressed 
as the difference between the osmotic pressure [J exerted by the network polymer and the 
counteracti ng e lastic pressu re, which is defined by the shear modulus G.[3,4]

w = fl -G (1) 

Different cross-linking methods result in gels with inhomogene ities of different size 
and dis tribution. O win g to these variations in the nanostructure, chemically simil ar 
networks can exhibit different macroscopic properties. Cross -links permane ntly fix the 
configuration of the network, thus freezing-in the inhomogeneous regions. Densely 
cross-linked regions swell less than those where the elastic modulus i. lower, thus 
giving rise to local variations in concentratio n. The local value of the e lastic modulus, 
however, differs from the average (macroscopic) value in the sample. The size of these 
zones c an be determined by scattering measurements. At equilibrium, w is uniform 
throug hout the sample, despite these local inhomogene ities. The amplitude of the 
froze n-in concentration fluctuations can be expressed in terms of the mean-square fluctu-
ation <dw2> of the polymer volume fraction cp. The val ue of <dw2>  is governed by the com-
petition between the swelling and the e lastic pressure. The condition of uniform ity of the 
s welling pressure isf5 l 

Sw = (ofl/CJ cp)Scp- SG- (CJG/ocp) Scp 
= 0 (2) 

where SG is the local deviation in the value of G due o nly to differe nces in cross-link 
density. In a network in which Gaussian statistics are obeyed , its mean square de viation is 

(3) 

where C is a constant (C< I ) that depends o n the mechani sm of the cross-linking process 
(e.g., s truc ture and spatial extent of the cross-link zone). In conj unc tion with the standard 
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expression for the elastic modulus of a swollen rubber, G oc p1/3, Eq. (3) yields 

( 8rp2) 1/ 2 = C G 
rp Cf\8wj8rp) 

=CR (4) 

where R is the ratio of the shear elastic modulus G to the osmotic compression modulus 
rp8w/8p. Equation (4) provides a simple relationship between the nanosized inhomoge ne-
ities, which can be observed by scatte ring techniques, and the macroscopic swelling and 
elastic properties. Since lhe constant, C, depends on lhe distri bution of the cross-links, its 
valu e should increase with increasing inhomogeneity of the ne twork. The constant is also 
expec ted to depend not on ly on the c ross-linking mechanism but also o n the chemical 
structure of the polymer. 

The neutron scattering response of swollen polymer gels displays at least two charac-
teri stic distance scales. The first, d, is related to the osmotic properties and describes the 
thermodynamic concentration fluctuations.[6,7]  

(5) 

where dp2  is the neutron scattering contrast factor between polymer and solvent The 
amplitude of the transfer wave vector is q = (4 pi/ A)sin(0/ 2), where A is the incident wave-
length and 8 is the scattering angle, while rp is the polymer volume fraction and 
Mos, [=rp(8wj 8rp) + 4G/ 3] is the longitudinal osmotic modulus. [8] The second term 9f 1 in 
Eq. (5) describes the concentration fluctuations fro zen-in by the cross-lin ks, the length 
of which, E, measures lhei.r spatial range. Other structural features, e.g., crystall ization , 
chai n aggregation, etc, have different physical origins tha t require further le ngth scales 
E, fofor their desc ription.

Experimental Section 

Gel Preparation 

Gels were prepared from poly-3,3,3-trifiuoropropylmethylsiloxane chains (Gelest Inc.) by 
two differe nt cross-linking routes: 1) hydrosilylation, and 2) conde nsation curing. In route 
I , viny l-tem1ina ted precursor chains (Mw = 28,000, Mw/ Mn < l.l) were cross-linked by 
hydride functional polydimelhylsiloxane using Pt-divinyltetmmethyl disiloxane complex 
as a catalysL The hydride to viny l ratio was L.l . In the second case, linear sila nol termi-
nated c hains (Mw = 26,000, Mw/ Mn < 1.1) were cross-linked with mcth ylLriacetoxy
silane in the presence of tin octoate. Samples were also made from a bimodal distribution 
containing 20% w j w low molecular weight (Mw = 3300) and 80% w / w high molecular 
weight (M w = 28 ,000) vinyl-terminated chains, cross-linked by hydrosilylation.[10]  

Osmotic and Mec hanical Measurements 

The swelling pressure of the gels was measured as a fun ction of polymer concentration by 
bringing them to equilibrium with polymer solutio ns of known osmotic pressure.[11, 12]  
A semipermeable membrane was inserted between lhe gel and the solution to prevent 
diffusion of the polymer molecules into the swollen network. 
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Sh ear modulus measurements were made on isometric cylindrical gel samples 
prepared in a special mold. Swollen networks were compressed uniaxially (at consta nt 
volu me) between two paralle l flat plates. The stress-strain data were determine d in the 
deformation ratio range 0.7 < A < 1. Ab sence of volume change and barrel distortion 
was verified by determin ing the dimensions of the de formed and tmdeform ed gel 
cylinders. 

Small Angle Neutron Scattering Measurements 

The small angle neutro n scanering (SANS) measurements were performed on the NG3 
instrument at NIST , Gaithersburg, MD, using an incident wavelength of 6 A and 
selector bandwidth of 10%. The detector was p laced at two distances from the sample, 
3m and 13 m. The q range ex plor ed was 0.004 A- 1 ≤ q ≤0.23 A- 1 

, with coun tin g 
times of between 10 min and 1 h. The sample temperature during the experime nts was 
main tained at 25ºC ± 1ºC. 

Deuterated acetone was used as solvent. The sample cell consisted of 1 mm thick 
quartz windows separated by a 2 mm thic k spacer, sealed by a Viton O-rin g. After 
radial averag ing, corrections for incoherent background, de tector response, and cell 
window scatterin g were applied . The scatte red ne utro n inte nsity was calibrated using 
the signa l fro m standard samples of silica aerogel.[13]

Results and Discussion 

The SANS measurements reveal struc tura l de rails over the length scale range I – 1 00 nm . 
Figure 1 shows the SANS spectra from the three type s of PFSi gel full y swollen in 
deuterated acetone. Significant differe nces in the ch aracteristic features of each 
response are apparent. The differences are mos t pronounced in the lower to intermediate 
q ra nge where excess scattering from the frozen-in inhomogeneities dominates. The gel 
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Figure 1.. The SANS response of three different fiuorosilicone gels f ully swollen in deuterated ace tone. 
a: hydrosiJy lation c ured, monomodaJ ; b: hyd rosil ylatio n cured, bimodal; c: conde nsatio n c ured. 
Continuous curves are fi ts to Eq. (5) in whi ch the addi tional term Eq. (6) is req uired for a and c. 
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pre pared from monomodal precursor chains by h ydrosilylatio n displays a shoulder 
near 0.1 A-1 and an increase in intensity as q decreases. The excess intensity at low q 
is stro nger in the corresponding gel prepared by conde nsation reaction, where a second 
shoulder a ppears around 0.02 A–1, with an abrupt upturn at the lowest values of q, 
indicating the formation of large-scale superstructures that extend into the visible light 
scattering region. Three leng th scales are required to describe the scanering from both 
types of monomodaJ gel. The continuous curves through the data points are the fits to 
Eq. (5), where the th ird term is approximated by 

(6) 


Owing to the la rge values found for E2 in the present gels (E2 ~50nm, compared to 
E1 ~5 run), <dw2>2  is very small and can be neglected. 

F igure 2 shows SANS data from the fu lly swolle n bimodal network , togethe r with the 
fi t to Eq. (5). The scanering signal from this sam ple differs from those of the monomodal 
gels: L) at low q the scattering intensity Lends to a plateau; 2) the two shoulders are well 
separated; 3) only two length scales a rc necessary to describe the curve. The dashed curve 
in the figure is the first term in Eq . (5), correspondi ng to the scattering in tensity from 
osmotic fl ucntations in the gel. The arrow on the l eft axis of the figu re is the intensity 
at q – 0 estimated from direct osmotic pressure measurements. The filled circle shows 
the dynamic light scattering intensity fro m thi s sample, normali zed by the ratio of the 
neutron and ligh t scanering contrast factors. Within experimental e rror, this da ta point 
lies on the same curve. The agreemem between the calculated c urve and two ex perime ntal 
osmotic observations indicates that the thennodynamic contribution to the scatterin g 

100 

10 

0.1 
0 .00 1 	 0 .0 1 0 .1 

q (A.,, 

Figure 2. The SANS spectra from poly(fiuorosil icone) bi modal gel (dots) in denatured acetone at 
polymer vol ume fraction cp = 0 . 15. Das hed line is the dynamic co mponent in the fi t to the gel 
d ata. Arrow o n left is the in tensity calculated from osmotic swell ing p ressure measureme nts. Fil.led 
circle is the intensi ty esti mated from dynamic tight scattering measurements, ex pressed in the same 
ne utron scattering uni ts. 



intens ity is separable from the static structure factor. This o bservation is consistent with 
previous measureme nts o n other systems.[7, 10]  

F igure 3 shows the variatio n of the relative amplitude, <dw2>1/2 I w, of the froze n-in con-
centratio n fluctuations as a function of w. For all three samples, ( 1/2Iw  decreases mono-
tonically with increasing co ncentratio n. The data suggest that the inhomogene ity decreases 
in the order: bimodal > mono modal condensatio n > monomodal hydrosilylation. At a hig h 
degree o f swelling, <dp2>1/2I cp for the mono modal sample made by hydrosilylaLion is almost 
an order of m agnitude smalle r than fo r e ither the bimodal sample o r the condensation c ross-
linked monomodal gel. Since concentration diffe re nces disappear as p approaches unity, 
<dp2>1/2/p  mus t vanis h at high polymer concentration. 
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Figure 3. Variation of (<dw2>))1/2 / p with p for the three FSil samples. (0): bimodal hydrosiJylation 
cured; ( +): condensation cured: ( • ): monomodal hydro. ilylatioo cured. 

In Fig. 4 , the same values of <dw2> 2
 ' / I p  as s hown in Fig. 3 are plotted according to Eq. 

(4) . ln this representatio n, the data fo r each type of PFSi sample lie on a separate straight 
line , the slope of which, C, increases with inc reasing inhomogeneity. ln Fig. 4 similar data 
obtained for two o ther polyme r gel systems, namely poly(din1ethyl siloxane) in tolue ne 
(PDMSi toluene) and poly(vinyl acetate) i11 toluene are also displayed. T he linearity 
found between <dp 22>1 / I p and the modulus ratio R in each of these different systems 
suggests that the relatio nship may be genera l. 

To illustrate the validity of the present approach, it may be remarked from Eq. (5} th at 
the ratio of the scattering intensities at q = 0 fro m the frozen-in fluctuations to the osmotic 
fluctuatio ns e nables an estimate to be made of the absolute value of the s hear e lastic 
modulu . Pro m Eqs. (I), (3), and (4), this ratio is, 

(7) 

At swelling equilibriu m in good solvent conditio ns, R = 0 .522. rsl The le ft hand side o f 
Eq . (7) and the value of E are found fro m the analysis of the SANS scattering respo nse in 
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Figure 4. Dependence of (<dw2>)1/2f w on the modu lus ratio  R. 1 ( ●, + ): PV Ac-tolucne; 2 (□): 
FSil (bi modal)-ace tone; 3 (▲): FSil (condcnsation)-acetonc; 4 ( x ): PDMS-toluene; 5 (5): FSil 
(rnonomodal)-acctonc. 

term s of Eq. (5). Fo r th e bimodal sample, which di splays just two characteristic le ngth 
scales, I frozen(O)/Iosm(O) = 27.3, E = 7. 1  nm and C = 0.9 1. F rom Eq. (7) it follows that 

G = J 3.2 kPa (8) 

at swellin g equilibrium , which is in reasonable agreement with th e mac roscopica lly 
measured value o f 16.8 kPa. 

The above result illustrates how the ne utron scaucring spectru m of pol ymer gels io th e 
nanoscale range is intimately related to the e lastic constrain ts that cross-links impose on 
the ne twor k strands. Altho ugh the signal from the static constraints is separable from th at 
of the osmotic fluctuations, the inhomogeneities are exposed to and respond to the same 
swelling forces. The ir domin ance in th e scattering spectrum aL low q reflects their low 
osmotic compressibility. Their co ntrib ution to the osmotic swelling pressure of the gel 
at high de grees of swelJing, therefore, is much smaller th an that of the osmotic fluctuatio ns 
described by the first term in Eq. (5). 

Conclusions 

A new approach is proposed to describe the relationship between the nanosized inhomo-
geneities that are created by cross-linking and the macroscopic elastic and thermodynamic 
properties i n highly swollen polymer networks. Experimental observations from SANS 
and osmotic and elastic modul us measurements are reported for pol yfluorosilicone 
(PFSi) gels prepared by differe nt cross-linking processes from precursor ch ains of 
monomodal and bi modal distributio n. The neutron scatte ring responses of these gels 
made by dif ferent cross-li nking tec hniques exhibit substan tial differe nces. The scatte ring 
spectra are analyzed in terms of an equ ation th at allows for the separa tio n o f the time-
dependent thermodynamic fluctuations of the network c hains and the frozen-in fl uctu-
atio ns. The thermodynamic component is in agreement wi th th e res uJ ts of the macroscopic 
osmotic measurements. The am plitude of th e frozen-in concentration fluctuations is 
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proportional to the ratio of the macroscopic elastic modulus to the osmotic compressio n 
modulus, R = G/[p(dw/dp)]. The p roportional ity constant, which is governed by the 
network heterogeneity, correlates with improved mechanical properties. The present 
data in conjunction with previously published results for chemically different gel 
systems suggest that a universal relationship exists between <dw2>1/2 j w  and R. 

The results of this investigation provide evidence that the neutron scattering specLrum 
of polymer gels in the nanoscal e r ange is intimately re lated to the elastic constraints 
imposed on the gel structure by the cross-links. 
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