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Small angle x-ray scattering study on role of trapped entanglements
in structure of swollen end-linked poly  (dimethylsiloxane ) networks

Takanobu Kawamura, Kenji Urayama,® and Shinzo Kohjiya
Institute for Chemical Research, Kyoto University, Uji, Kyoto-fu, 611-0011, Japan

(Received 5 October 1999; accepted 2 March 2000

Amorphous structure of swollen end-linked p@jmethylsiloxang¢ (PDMS) network has been
investigated by means of small angle x-ray scatte(8®yXS) technique as a function of molecular
mass of precursor PDM38V;;) and junction(cross-linKk functionality. TheM , dependence of the
SAXS profiles for tetra-functional PDMS networks shows a striking crossover at arbynd

~M . whereM . represents the critical molecular mass to form entanglement couplings in the PDMS
melt. These results strongly suggest that structure of swollen end-linked networks significantly
depends on whether precursor chains are well entangled or not before end-linking, and that when
precursor chain is long enough to form entanglement couplings, trapped entanglements formed in
cross-linking(instead of cross-linkglay a major role in elementary mesh of the resulting networks.
For the networks oM >M_, the correlation length for the network structure is fairly small and
comparable to that of dynamic density fluctuation for the solutions of the precursor polymer, and in
addition, no appreciable effect of junction functionality on long-range network structure is observed.
These observations imply that the contribution of cross-link to static heterogeneity in network
structure is screened by trapped entanglement dominant in numbe200@ American Institute of
Physics[S0021-960800)51420-3

I. INTRODUCTION have proposed the shortest closed cir¢dG€C0 model for

the long-range structure in end-linked networks. The SCC

Amorphous s_tr_ucture of polymer ggls has attracted muc'?nodel attributes the static frozen heterogeneity to size distri-
attention of physicists and chemists since some small anglgu,[iOn of the SCCqlike “pores” in network) originating

X-ray and neutron scatterin@AXs and SANS, respectively from fluctuation in connectivity of the network chains at

f;ﬂfi;g??ﬁdl;hs Iioc?r:yrrggti?/gl tixgétl)l:ttsio?wnvﬁi(rf ?;Z zgant]tgéfoss—link(cf. Fig. 40 in Ref. 1, Fig. 6 in Ref. 9, or Fig. 7 in
g g 9 Ref. 10. The SCC model predicts that even if size of net-

olymer content. The excess scattering implies the existence e . i . .
boly g'mp work chains is uniform, the SCCs with different sizes are

f ial long- ifi I [. Th
of a spatial long-range structure specific to polymer ge G evitably formed by end-linking, and that the size distribu-

origin of the long-range structure in gel has been attributed”

to some static frozen heterogeneity formed by cross-linking?IOn of the SCCs becomes more noticeable by swelling. The

At the initial stage of research on gel structure, polymer geléc_C model qualitativgly_explains the static frozen heteroge-
prepared by random cross-linking, having network chaind'®ty formed by end-linking, and the SAXS and SANS data

with a broad size distribution, were extensively investigated©’ €nd-linked polydimethylsiloxané?’DM$) networks with

and the static frozen heterogeneity was considered to origf—"’"mc’daﬁa and bimodal’ size distributions of network chains
nate from spatial heterogeneous distribution of crossbetween adjacent cross-links were interpreted on the basis of
links.}~* Subsequently, it was reporfeti*that end-linked the SCC model.
networks composed of network chains of fairly uniform size, ~ The end-linking method has been widely accepted as an
also showed excess scattering as in the case of random@ppProach to prepare a model polymer network whose topo-
cross-linked networks. The end-linked networks are prepare@gical characteristics such as size, size distribution of net-
by end-linking precursor polymeric chains with functional work chain, and junctior(cross-link functionality can be
groups at both ends by means of a multifunctional reagergontrolled during preparatiott:** The end-linking method
(cross-linke), so that size of the resulting network chain be-has contributed significantly to fundamental research of rub-
comes equivalent to that of precursor chains under completeer elasticity, especially, on the role of trapped entanglement
progress of end-linking reaction. The origin of the long-in rubber elasticity:*~*" The trapped entanglement is the en-
range structure for end-linked networks has remained uncledanglement of different network chains fixed by cross-links,
because the concept of spatial heterogeneous distribution ahd it cannot be disentangled permanently due to topological
cross-links used for a randomly cross-linked network is notconstraints. In contrast to that, temporary entanglement ex-
applicable to end-linked networks composed of networkhibits a finite disentanglement time. The significant contribu-
chains with fairly uniform size. Recently, Bastidgt al™®  tion of trapped entanglements to network elasticity has been
demonstrated on the basis of experimental results on equilib-
dAuthor to whom correspondence should be addressed. Electronic mair:ium elastic modulus and degree of equilibrium swelling for
urayama@scl.kyoto-u.ac.jp end-linked rubbery network$; '’ though some researchers
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have argued that trapped entanglements suppress thernfABLE I. Number- and wgight-average molecular masses of precursor
fluctuations of cross-links without additionally contributing PPMS (Ms andM,, , respectively.

H 1
to elastic modulus’ _ Precursor PDMS M, M, My /M,
The role of trapped entanglements in swollen network

structure still remains controversial. The origiiél theorem xﬁg ﬁg 888 ig;‘ ggg i;g
postulates complete disinterpenetration of network strands in Va2 42 400 54700 129
the equilibrium swollen state without considering the contri- Va7 46 600 89 500 1.92
bution of trapped entanglements to the elementary mesh of V24 23800 31400 1.32
swollen network structur® For example, in the case of an @3 127588 12;?8 11222
end-linked network, according to the originef theorem, 3 2850 3680 129

the elementary mesh corresponds to the precursor chain it-
self. On the other hand, some researchers have argued that

trapped entanglements play a significant or major role in the

elementary mesh of swolleq 'ne_tworks on the basis qf eXPerir The character “V” or “X” in sample codes of the pre-
mental results on the equilibrium d_e1g7r1ege of swelling andq;rsor PDMS represents the functional group at the ends,
elastic modulus in the swolle_zn std‘?e : The_y consider vinyl and methacryloyl group, respectively.

that trapped entanglements significantly contribute to the el-

ementary mesh in swollen network together with cross-links,

i.e., a significant degree of overlapping of network strands. Sample preparation

exists in the swollen state. The dependence of various physi-

cal properties on the degree of equilibrium swelling has beer|1 Trlsk(;s(dm;ethylsnoxlyaIane, tetrak'%'mfghyls':ﬁx?ﬁ"
reported to obey the predictions of the original ane, and random copolymer composed ot dimetnyistioxane

theoremf1315-17.20hich has often been considered as eX_and hydromethylsiloxane unit®MS—HMS) were employed

perimental evidence for the validity of the origina theo- 25 tn-,dtt?]tra—, aT)d 25f—fSu_nc|:c||0|jtaI cr;)stl\-/llg]keHrl,v'rSespect|vetly.
rem. It has been shown, however, that the same theoretical " an € number of SI— Sites o o were esti-

predictions are derived from a theory considering Contribu-mate‘j as 6000 and 25 by GPC afH-NMR (JEOL

tion of trapped entanglements to elementary m&<A® :]N_M—AL 400), res_pectively. A platina chloric acid dissolved
In this study, we have investigated SAXS of swollen n |sqpropanol(8pler’s catal'ys)twas used as cata!yst for hy-
end-linked polydimethylsiloxang (PDMS) networks as a drosilylation between the silane hydrogen and vinyl or meth-

function of the size of precursor PDMS and junction func-"’wry_:_?]yI ?r:&l:pr ntaining brecursor PDMS. cross-linker
tionality. The degree of entanglement before end-linking as d Gt} | tu es conta d _gtp e_IEJ f Id ,Th S | ’
well as the distance between adjacent cross-links have be catalyst were poured Into a 7 €fion moid. The moiar ra-

extensively altered by using precursor PDMS widely varyingéZihO;;r:]OSIZ'“n;zr atg_ psrtee%u_rrslosr cpr? :lsaani;?tﬁ:tgzzt Lc;rof
in molecular masg2850~184000. Since the elementary pie w 1 in-su way u

unit of the network structure is the elementary mesh, theunreacted material in the resu'ﬂ?%; gel was m'n'm(.me
ethod proposed by Patet al.). The ratios of silane

dependence of scattering profiles on the size of the precursﬁ? d o vinvl @) f h | h .
chain should provide significant information about the role yarogens 1o vinyl groups) for each sample are shown in

of trapped entanglements. The effect of junction functionaI-Table Il. The numerals before and after “F” in the gel

ity on network structure has also been examined to elucidate
the origin of static heterogeneity formed by end-linking as
well as the determinant of elementary mesh.

TABLE II. The ratios of silane hydrogen to vinyl group), volume frac-
tions of networks ¢.), and correlation length&g) for equilibrium swollen
PDMS networks.

Il. EXPERIMENT Sample r b =
A. Precursor PDMS 184F04 1.5 0.0874 22.0
The bifunctional precursor PDMS with relatively narrow 11;582 ig g'igg 5(7)';
molecular size distribution was obtained by fractionation of 24F04 18 0230 237
vinyl- or methacryloy{CH,=C(CH;)COO-)-terminated 13F04 1.7 0.146 48.5
PDMS (Gelest Inc. or Shinetsu Co., respectivelyith a 7F04 16 0.139 49.0
mixture of 2-butanone and methanol. The number- and 3F04 18 0.234 851
weight-average molecular masséd, and M,,, respec- 184F25 15 0.132 205
tively) of the precursor PDMS were determined by gel per- 184F03 15 0.0443 28.0
meation chromatograph¢GPQ. The chromatograms were 42F25 1.5 0.216 26.0
obtained with Shimazu GPC LC-6A equipped with a Shim- 42F03 L5 0.132 45.0
i 24F25 15 0.306 22.0

pack GPC80MC column at 54 °C using chloroform as sol- 24F03 18 0128 361

vent. Under this condition, molecular mass of PDMS is ac-

47F04 1.7 0.111 27.5

quired from an elution time curve for standard fslyrene
samples without any further CalCUla“OﬁSThe Mn- MW' @The value includes large error due to the absence of quasisaturation of
andM,, /M, data for each precursor chain are listed in Table scattering intensity essential for curve fitting of Edj).
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sample codes represent, respectivMly, of precursor PDMS

and functionality of the cross-linker. The cross-linking reac- 5.5
tion was carried out at 80 °C for three days. © 3F04
The resulting network samples were swollen in octane O 7r04
until equilibrium swelling was achieved. The octane was X 13F04
changed every day to remove soluble components. The 5rF X 24F04
weight fractions of the soluble componentgg() for all the + 42F04
gel samples, except ones using V184, were less than 8%. The o 112F04
values ofwyg, for the gels using the longest precursor chain A 184F04
V184 were ca. 10%, and, for the samples using V24 were  ~ 4.5 ——184 50|
fairly small (ca. 1%. The volume fraction of PDMS network € SO
in the equilibrium swelling stated,) was calculated from =
the weight in the fully swollen and in the dry statafter 3
extraction of the soluble componehtsg, of each sampleis ~ 4 r
tabulated in Table II.
C. SAXS measurement 35
The SAXS measurements were performed at the beam '
station BL-10C in the Photon Factory in Institute of Materi-
als Structure Scienc€lTsukuba, Japan An incident x-ray
from synchrotron radiation was monochromatized to 3 ; |

A=1.488 A with a double-crystal monochromator. The

monochromatized x-ray was focused to sample cell position
with a bent focusing mirror. The fully swollen gel samples 4
were placed in a cell with mica windows on the both sides. log (a/A™)

The thickness of the cell was 2 mm. The intensity of scat+c. 1. Normalized scattering profiles for swollen tetra-functional PDMS

tered x-ray was measured by a one-dimensional positiometworks as a function of size of precursor PDMS. Scattering curve of
sensitive proportional counter. The data calibration was Conuncrosslipked V184 solution, haviqg same pplymer conceqtration as for
ducted by subtracting the scattering of empty cell and octané84':04’ is also shown. The scattering intensities are normalizegi, by

from that of the gel samples.

-1.5 -1

are —1.5~—2.0, which might be related to spatial correla-
tion of an isolated polymer chain under excluded volume
effect (~q~ >3 and in the unperturbed state~q~?2).

Figure 2 shows the plots of  vs g2 in the g region of

Ill. RESULTS
A. Effect of size of precursor chain

Figure 1 shows scattering profiles of the fully swollen
tetra-functional PDMS networks as a function of size of the
precursor PDMS. In the figuré,andq is the scattering in-
tensity and magnitude of scattering vector, respectively. For
comparison of the gels with different degrees of swellihg,
of each sample was normalized by the conventional method,
i.e., divided by¢,.! The scattering profile of the solution of
uncrosslinked V184, having the same polymer content as for
the gel 184F04, is also shown in the same figure. It is found
that the gel 184F04 exhibits excess scattering in small
region relative to the solution of the uncross-linked precursor
polymer, which implies the existence of a spatial long-range
structure specific to the gel, as in the case of various gels
reported earliet=1° In comparison of the scattering profiles
of each gel, a striking difference is observed between the two
groups, the gels df ,=23800 andM ;<12 800, whereM
is the number-average molecular mass of precursor PDMS.
The M, dependence of the scattering curves among each
group is much weaker relative to the large difference be-
tween the gels oM,=12800 and 23800. The scattering
curves of the networks oM ,=23800 show quasiplateau

4.5

7F04
112F04
184F04
Viiz,sol.
V184,so0l.

>
o

w
n

D ¢ » X o

w
o

g
n

2.0

1/(x10% arb.)

0.5

0.0

0.0 0.5 1.0 1.5 2.0 2.5 3.0

a’x10%/A?

region at smalby, while | of M ;<12 800 does not fully satu-
rate and the curves show a shoulder. A definite level off of
for the networks of M;<12800 presumably occurs at
smallerg. In largeq region, the slopes of logvs logq plots

FIG. 2. The plots ofl ! vs g2 in small q region for the gels 184F04,
112F04, 7F04, and the solutions of uncross-linked PDMS V184 and V112.
The polymer volume fractions in the solutions are the same as those in the
correponding gels. The solid lines represent linear extrapolation toward
=0.
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TABLE Ill. Volume fractions of polymer¢) and correlation length&) for

solutions of uncross-linked precursor PDMS. 5
Sample ¢ A
©47F04

V184 0.0874 16.3 042604
V112 0.108 14.1
V42 0.140 11.2 45 F
V24 0.230 7.30 ~
X13 0.146 9.60 ¢

2

q<5.5x10 2 A1 for tetrafunctional gels 184F04, 112F04,
and 7F04. The data of the solutions of uncross-linked V112
and V184, having the same polymer content as for the cor-
responding gel, are also shown in the figure. Linear relations 3.5 : .
betweenl ~* vs g? are observed in the smai region for 2 s 1 05

each sample; in the regiop>3.2x10"2A~! the data for log (0/A™")

7F04 deviate from the linear relationship. Such linear rela-

tions suggest that the scattering data in the smatbgion FIG. 3. Comparison of normalized scattering profiles for two swollen tetra-

b he followi o in_7 ick . f . functional PDMS networks whose precursor PDMS have comparable
obey the following Ornstein—Zernicke scattering function: number-average molecular masa. 45 000 but different size distributions

(M,,/M,=1.29 and 1.9 The scattering intensities are normalizeddy.

lo
TTE .
avoid overlapping. It can be noticed that the functionality

whereE andl is correlation length and scattering intensity effect on long-range structur@n small q region is recog-
at q=0, respectively. The scattering data of all other net-nizaple for the gels of V24 and V42, while it is not appre-
works exhibit linear relation in the smallregion, and= for  cjaple for the gels of V184. For the gels of V24 and V42, the
each sample was evaluated by linear regression toward scattering curves of tetra- and 25-functional networks show
=0. The values oE for each gel sample are listed in Table gyasiplateau region at smajl while | of the trifunctional

II. It is found that= for the gels ofV,=23 800 are compa- npetwork was not fully saturated in the smalregion exam-
rable, and they are smaller th&hof M,<12800. The cor-

relation lengths for the solution&) were obtained by the
same procedure, and the values $€ffor samples V184,

V112, V42, V24, and V13 are shown in Table Ill. We dis- ’ 2425
tinguish correlation lengths in the smajlregion between ) . 24F04
polymer solution(§) and gel(Z) because of their different 65 L x 24F03
physical origin:¢ is related to dynamic fluctuation of poly- ® 42F25
mer concentratiohwhile Z is generally dominated by static a 42F04
nonuniformity. 6 + V184 + 42F03
Several researchers have proposed different types ¢ a=1 ° 184F25
scattering functions to describe the whole scattering spectr » 184F04
of polymer gels. Most of them consist of the sum of two « 55 | x 184F03

different functions: a Lorentzian and squared LorentZfam;
Lorentzian and stretched exponenfiila Lorenzian and
Gaussiarf* another two complex functiofslt is to be
noted, however, that none of them can reproduce satisfactc
rily and consistently the experimental scattering patterns
over the entire range a@ffor all samples in the present study. 45 k
Figure 3 shows the comparison of scattering profiles for
the two gelg42F04 and 47F04Avhose precursor chains have
comparableM,, (ca. 45000 but different degrees of size 4l
distribution (M,,/M,=1.29 and 1.92, respectively The
scattering profiles for 47F04 and 42F04 agree well all ovel
the g region examined here. 3.5 . L

log (I de)+a

w
T

B. Effect of junction functionality log (a/A™")

Figure 4 shows the scattering profiles of the gels whose

: ; IG. 4. Normalized scattering profiles of swollen PDMS networks whose
precursor chains are V24, V42, and V184 as a function 0]l;recursor chain is V24, V42, V184 as a function of junction functionality.

junction functionality. In this figure_, the Scatterin_g profiles The scattering intensities are normalized diy. The curves of the gels of
for the gels of V42 and V184 are shifted vertically in order to V42 and V184 are vertically shifted to avoid overlapping.
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ined here. On the other haridfor the gels of V184 level off depend primarily orM, according to change in elementary
at smallq regardless of the functionality. The valuessfor ~ mesh size againdtl,, .
these samples were evaluated by fitting Bg.to the data at Patelet al1* observed pronounced effect of trapped en-
small g, and listed in Table Il. The value dE of 24F03  tanglements on elastic modulus in end-linked PDMS net-
inevitably includes large error due to the absence of quasworks ofM,>M,. They investigated th#1, dependence of
saturation ofl in the g range examined here. However, it is equilibrium elastic modulus of dry PDMS networks end-
evident that 24F03 has larger than 24F04 and 24F25. Itis linked in the bulk state. The elastic moduli of the networks in
found that= for the trifunctional networks increases with the region ofM,>M, were almost constant and close to
decreasindM ,, while E for the tetra- and 25-functional net- plateau modulus of the uncross-linked PDMS melt. Their
works are not sensitive tbl ;. results suggests that the length of elastically effective strands
It can be observed in higipregion that they dependence is governed by the distance between neighboring trapped en-
of | for 184F25 is weaker than those for 184F04 and 184F03tanglements for the networks whose precursor chains are
but this difference in short-range structure should be owingvell-entangled before cross-linking, and that molecular mass
to the high polymer concentration of 184F25 which is rathembetween neighboring trapped entanglements is equivalent to
higher than those of 184F04 and 184F03, and close to that ehat between neighboring temporary entanglements in the
the gels of V42. Actually, the| dependence df of 184F25  uncross-linked polymer melt. They also showedhat
in the highq region is similar to that of the gels of V42 with trapped entanglements significantly contribute to network

comparablepe . elasticity even in the swollen state. The observation in their
study is an independent experimental evidence to support the
IV. DISCUSSION idea that trapped entanglements play a dominant role in el-

As can be seen in Fig. 1, the scattering profiles of theémentary network mesh for the swollen networks Nf,
end-linked tetra-functional PDMS gels can be roughly cat—Me- . . _
egorized into the two groupsVl,=23800 and withM, As shown in our previous articfé, even the networks
<12800. It can be noticed that the reported v&lugf M,  Prepared from an oligomeric precursor chain M{, <M,
(=16600) for PDMS is located in the region 23 80N have a nonnegligible amount of trapped entanglements due
>12 800 where the striking crossover is observed. Herg, t0 @ finite overlapping of the precursor chain before end-
is the critical molecular mass of polymer chain to form en-linking. The number of trapped entanglements in such net-
tanglement couplings in an uncross-linked polymer meltworks, however, is comparable or smaller than the number of
This result strongly suggests that whether precursor chain igoss-links, in contrast to networks whose precursor chains
well entangled or not before end-linking is a dominant factorare well entangled before cross-linking. Accordingly, for net-
for structure of the resulting polymer networks in the swollenworks prepared from oligomeric precursor chains, effect of
state. Since the precursor chainsf=23800(>M) are the number of cross-links, i.e., the size of the precursor chain
well entangled before end-linking, the number of trappedcan influence elementary mesh. The fraction of cross-links in
entanglements formed in cross-linking should greatly exceethe total number of “effective” junctiongcross-links plus
the number of cross-links in the resulting networks. Thetrapped entanglementdecreases with increasing,, and is
SAXS profiles not sensitive taV, in the region M, critically reduced aroundv ,~M . because of formation of
=23 800 imply that when the precursor chain is long enoughiemporary entanglement couplings before cross-linking. The
to form entanglement couplings, the elementary mesh of thg1ajor origin of the remarkable crossover in the scattering
resulting networks is mainly governed by neighboringprofiles in 23 806-M,>12800 is attributable to the change
trapped entanglements, instead of neighboring cross-links. in determinant of elementary mesh.
is to be noted that spatial distance between neighboring en- In Fig. 3 no appreciable effect of size distribution of
tanglements is independent of molecular mass of polymeprecursor chain on scattering profiles is observed. It is to be
chains, as clearly revealed by a specific plateau elastic moduoticed that the precursor chains used here have the average
lus of uncross-linked polymer melt irrespective of molecularmolecular mass exceeding.. This result shows that the
mass?® The molecular mass between neighboring entangleeffect of size distribution of precursor chain on swollen net-
ments M) for PDMS was estimated as 8100 from plateauwork structure is negligibly small, when precursor chains are
modulus of uncross-linked PDMS méf.The character of long enough to form entanglement couplings before end-
trapped entanglements as scattering center may not be safirgking. This result is another evidence showing that elemen-
as that of chemical cross-links due to difference in moleculatary mesh is mainly controlled by trapped entanglements,
mobility. However, the striking crossover aroum},~M¢, instead of cross-links, for such the networks. As shown in
as well as scattering profiles independendif in the region  our previous study? however, a bimodal size distribution of
of M,>M_ suggest that trapped entanglements act as effe@recursor chains with a fraction of very short chai
tive scattering centers. The character of trapped entangle=4000) significantly influences the structure of the resulting
ments as scattering centers may be qualitatively similar tmetwork, even if the average molecular size is larger than
that of overlapping points of entangled polymer chains conM.. In the case of a mixture of precursor chains containing
stituting hypothetical transient network in semidilute poly- very short chain, some specific effects of very short precur-
mer solution. sor chain on network structure can appear.

It is to be emphasized that if the elementary mesh is  Figure 5 shows the double logarithmic plots of correla-
entirely controlled by cross-links, the scattering profiles mustion length(Z) againstM , for the tetra-functional networks.
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on the contribution of cross-links to heterogeneous network
structure. It is widely accepted that cross-links play an essen-
tial role in static frozen heterogeneity of network structure
regardless of the type of cross-linkihg’he contribution of
cross-link on network structure is expected to be more highly
° screened due to reduction in concentration of cross-link, as
° o0 © the fraction of trapped entanglements in total effective junc-
+ tions increasesi.e., size of precursor chain is largeihe
+ reduction of the differencé= —¢) againstM, is likely to be
interpreted as a result of the increase of screening due to the
increasing fraction of trapped entanglements. The magnitude
of E of the entanglement-dominant networks is ca. 25 A
which is much smaller than the typical reported val(ie§0
A) of correlation lengths for static frozen heterogeneity in
3 4 5 6 various polymer gel$.The earlier studie& reporting larger
log (M ;) values of_E, concerned the gels with relatively high fraction
. of cross-links: The gels were prepared by monomer polymer-

_ ization, or end-linking precursor chains which are not well
FIG. 5. TheM, dependence ¢ and¢ for swollen tetra-functional PDMS t led by introduci links into |
networks and solutions of precursor PDMS, respectively. The polymer vol-€Ma@ngled, or by introducing some cross-links Into long pre-
ume fractions in gel and solution of each precursor PDMS are identicalcursor chains by random cross-linking. In such gels, the
M,, M., M, represents the number-average molecular mass of precurs@creening effect by trapped entanglement may be so small

PDMS, the molecular mass between neighboring entanglements for PDMtchat the contribution of cross-links to static heterogeneity can
(8,100, and the critical molecular mass to form entanglement couplings in

uncrosslinked PDMS mel{l6 600, respectively.Z and £ are correlation be recognlzable. . ) . )
lengths for gel and solution, respectively. It can be seen in Fig. 4 that the effects of junction func-

tionality on long-range network structure are more distinct as
the size of precursor chain decreases. The gels of V184
which is highly entangled before cross-linking show no dis-
cernible differences in the scattering profiles in snuphe-
gion between different functionalities. As in the case of the
M, dependence ofZ—¢), no appreciable functionality ef-
Ee_ct for the gels of V184 also implies screening of contribu-
tion of cross-link to network structure by trapped entangle-

2.0

o gel
+ solution

5 E/A)

log (

0.5 L '

It can be seen thaE remarkably changes aroumdl,, while

E is almost constant in the regiod ,>M, regardless of
M, . The constancy oE in the regionM ,>M, is expected
from the independence of the scattering profiles Mp.
Since elementary mesh size is governed by the distance b
tween neighboring trapped entanglemefitdlependent of . .
M,), the networks oM ,>M, have almost the same struc- ment; dom'”af‘t in number.

ture, namely, a structure of “entanglement-dominant net-_ It is found in Table Il that for the gels of V24 and V42,

work.” It is to be emphasized again that if elementary mesh= of the trifunctional networks are definitely larger thah

size is the distance between neighboring cross-lin&s, of the Hcorresponding tetra- and_25-functional networks,
should depend oM, as a result of change in elementary thoughZ of the _tetra— and 25-functional networks are com-
mesh size againg parable. According to the concept of the SCC mddehe

P average size of the shortest closed circy8€0), i.e., E,

Figure 5 also includes the data of correlation length for. o : ) .
dynamic density fluctuationg) for solutions of the uncross- increases with increase in fluctuation of connectivity at net-
ork chains at cross-link. The suppression of fluctuation in

linked precursor chains having the same polymer volum&”

fraction as for the corresponding gel. It can be noticed thafonn.ectlvll'ty.li_ﬁxpectgdbtltl)'tmcrefase V;”th mc;réaske In junction
the difference betweeg and = decreases with increasing unctionality: The probability to form large SC@ike pore

M,. In addition, = of the entanglement-dominant networks by end-linking is reduced by increasing the degree of branch-

(of M,>M,) are found to be fairly small and comparable to iﬂg at cros_s-link_. This expectation agrees with the result that
¢ of the corresponding solutions in spite of the high degree of of the trifunctional(the lowest functionglnetworks 2.4F03.
swelling near or over 10. It has been observed in various gel nd 42F03 are larger than those of the corresponding higher

that the static heterogeneity is more pronounced as the d unctional networks.

gree of swelling increasé<®?’ It is to be also noticed that
7F04 and 3F04 show largeE than the entanglement-
dominant networks, though the elementary mesh sizes of The SAXS of end-linked PDMS networks in the swollen
7F04 and 3F04approximated by ;) are smaller than those state has been investigated as a function of molecular mass
of the entanglement-dominant networkd (~8100). Thisis  of precursor PDMSN ) and junction functionality. Thé/ ,
contrary to the simple similarity in network structure postu-dependence of the SAXS profiles of swollen tetra-functional
lating that= (a spatial extent characterizing spatial higher-PDMS networks shows a striking crossoveMaj~M,, and
order structuremay increase with the increase in elementarythe scattering profiles are almost independenMgf in the
mesh size. Such unexpectedly small degree of spatial heteroegionM ;>M_. No appreciable effect of size distribution of
geneity in the entanglement-dominant networks appears tprecursor chain on scattering curves is observed for the net-
suggest that trapped entanglements have a screening effeedrks of M,>M,. These results strongly suggest that the

V. CONCLUSIONS
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