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Partitioning law of polymer chains into flexible polymer networks
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The equilibrium partitioning of linear polymer chains into flexible polymer networks is governed by intricate
entropic constraints arising from the configurational degrees of freedom of both chains and networks; however, a
quantitative understanding remains elusive. Using model hydrogels with precisely defined network structures, we
experimentally demonstrate a universal law governing the partitioning of linear polymers into flexible polymer
networks. We establish a label-free contactless method to measure the partition ratio, based on the increase in the
osmotic pressure induced by the partitioning of the external polymer chains. Moreover, we reveal a universal law
in which the partition ratio is determined solely by Rg/lcycle, where Rg is the gyration radius of the polymer chain
and lcycle ≡ ξ−1/3 is the characteristic mesh size of the network, defined by the cycle rank ξ , i.e., the number
density of elastically effective cycles.

DOI: 10.1103/vvg5-dhy2

I. INTRODUCTION

Solute partitioning in polymer gels is governed by complex
physical and chemical interactions between solutes and the
polymer network. Polymer gels are a unique class of mate-
rials in which a solvent-swollen polymer network facilitates
solute exchange with the external environment. The equilib-
rium concentration ratio of the solutes between the gel (φint)
and an external solution (φext), defined as the partition ratio
K ≡ φint/φext, depends on the interactions between the so-
lutes and the polymer network [1–14]. Typically, K decreases
with increasing solute size, similar to behavior in rigid, static
porous media [15–18]. Such size-dependent partitioning plays
a critical role in applications ranging from membrane separa-
tion and size-exclusion chromatography [19] to regulation of
solute distribution in biological systems such as membrane-
bound organelles and biomolecular condensates [20,21].

Despite its importance, the microscopic mechanism gov-
erning network-dependent variations in K has remained
elusive. According to the Nernst distribution law [22,23],
which is a fundamental principle in physical chemistry [24],
the partition ratio should be concentration-independent in the
dilute regime, allowing for the definition of a constant parti-
tion ratio K0. Descriptions of K0 often rely on obstacle models
such as the Ogston model [1–9]. The Ogston model character-
izes the network as a set of rigid rods; however, the rod size
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depends on network concentration and does not correspond
to the actual fiber radius of polymer chains [3,4]. Moreover,
experimentally measured K frequently varies with solute con-
centrations in gels [5], contradicting the Nernst distribution
law, which predicts constant K0. A thermodynamic approach
[10] based on osmotic equilibrium has also been applied to
analyze K ; however, it has not provided a quantitative expla-
nation.

These theoretical inconsistencies reflect the experimental
challenges involved in accurate measurements of K . First,
polymer gels typically exhibit significant structural and spatial
inhomogeneity [25], resulting in nonuniform solute distri-
butions. Second, measurements using fluorescently labeled
solutes [3,4,6–9] are susceptible to unintended chemical in-
teractions and molecular aggregation, leading to systematic
deviations in the measured values, particularly under condi-
tions far from the ideal dilute regime. Moreover, these factors
may interact synergistically, further complicating the accurate
determination of partition ratios.

In this article, we develop an unlabeled, contactless method
for measuring the partition ratio K to overcome these experi-
mental challenges. Using the physical laws governing osmotic
pressure in polymer gels [10,26–28], we establish a scaling
relationship between osmotic pressure and total polymer con-
centration, enabling accurate determination of the partitioned
polymer concentration through measurements of the equilib-
rium swelling ratio [Fig. 1(a)]. Model gel systems formed
from star-shaped polymers [29] provide an ideal platform
for such measurements [30–33] because they permit precise
tuning of the network structure. Here, the use of chemically
identical PEG for both the solute and the network eliminates
specific interactions (e.g., χ -parameter effects or preferential
adsorption), allowing us to isolate the purely geometrical and
topological constraints governing partitioning.

We systematically investigate the partitioning behavior of
polymer chains in model gels across a broad range of polymer
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FIG. 1. Evaluation of partition ratio K of polymer chains into polymer gels with controlled network structures. (a) Time evolution of the
swelling ratio in polymer gels immersed in external polymer solutions with concentration cext , induced by increasing the internal concentration
of partitioned polymer chains cint . When external polymer chains do not partition into the gel (cint ≈ 0), the gel deswells to reach equilibrium
(gray dashed line). In contrast, when external polymer chains partition into the gel (cint > 0), the osmotic pressure increases with cint [Eq. (2)],
causing the gel to swell further until reaching equilibrium (blue dashed line). (b) Control of solute size by varying the molar mass of polymer
chains Msol to have different gyration radii Rg. (c) Polymer network structures with different network cycle lengths lcycle determined by the
molar mass between branching points Mb, polymer-network mass concentration cnet , number of arms at branching points f , and network
connectivity p.

solute sizes and network structures [Figs. 1(b) and 1(c)]. Our
findings demonstrate that the Nernst distribution law holds
for model gels in the dilute regime, with the experimentally
measured partition ratio K becoming constant (K = K0). Fur-
thermore, by examining the characteristic length scales (mesh
sizes) of the polymer network for various densities and topolo-
gies, we reveal that K0 is governed by a universal law based on
the ratio of the solute gyration radius (Rg) to the network cycle
length (lcycle), deviating significantly from the predictions of
the Ogston model.

II. THEORY OF EQUILIBRIUM SWELLING
IN POLYMER GELS

We consider the equilibrium swelling of polymer gels im-
mersed in external solutions, both with and without solute
partitioning. First, we review the osmotic equilibrium of poly-
mer gels in external polymer solutions, assuming negligible
partitioning into the gel [10,26–28]. Throughout this study,
we adopt the polymer mass concentration c, defined as the
polymer mass per unit volume of solvent [27], to describe the
equilibrium swelling of polymer gels. The volume fraction φ

is given by φ = c/(ρp + c), where ρp is the mass density of
the polymer. When a polymer gel is immersed in an exter-
nal solution with mass concentration cext that exerts osmotic
pressure �ext, the gel reaches equilibrium by adjusting its
weight (W0 → Weq) and polymer-network mass concentration
(cnet,0 → cnet). Osmotic equilibrium occurs when the internal
osmotic pressure, composed of the polymer-solvent mixing
contribution (�mix) and the network elastic contribution (�el),
balances the external osmotic pressure (�ext):

�mix + �el = �ext. (1)

For gels with sufficient polymer-solvent miscibility, �mix

follows the semidilute scaling law, �mix ∝ c3ν/(3ν−1)
net

[27,28,34,35], where ν ≈ 0.588 is the critical exponent
for self-avoiding walks in three dimensions [26,36]. The
prefactor depends on the polymer-solvent interactions
and temperature. The elastic contribution is given by

�el = −G0(cnet/cnet,0)1/3 [37,38], where G0 is the shear
modulus of the gel in its as-prepared state. Using Eq. (1),
when cnet,0, G0, and the prefactor of �mix are known,
we can determine equilibrium cnet from �ext without
direct measurements. Alternatively, cnet can be calculated
directly from the equilibrium mass swelling ratio defined
as Qeq = Weq/W0 = (cnet,0/cnet )(ρs + cnet )/(ρs + cnet,0),
where ρs is the mass density of a pure solvent. In this
study, we use ρp ≈ 1129 kg/m3 and ρs ≈ 997 kg/m3 for
polymers [poly(ethylene glycol)] and aqueous solvents [39],
respectively.

Next, we extend the osmotic equilibrium described by
Eq. (1) to systems in which the external polymer solutes
partition into the polymer gel. In this case, the polymer so-
lutes entering the gel increase �mix. When the solute consists
of polymer chains chemically identical to those forming the
network, both the network polymer (with mass concentration
cnet) and the partitioned polymer chains (with mass concen-
tration cint) contribute to the mixing term as

�mix = A(cnet + cint )
3ν/(3ν−1), (2)

where the total polymer mass concentration c = cnet + cint

determines �mix using the scaling law applied in the absence
of partitioning. Equation (2) indicates that regardless of their
origin (network or partitioned chains), the polymer segments
contribute equally to �mix.

Below, we experimentally validate Eq. (2), rather than an
(incorrect) alternative additive decomposition:

�mix = �
(net)
mix + �

(int)
mix , (3)

where �
(net)
mix ∝ c3ν/(3ν−1)

net and �
(int)
mix ∝ c3ν/(3ν−1)

int are the mix-
ing contributions from the network and partitioned chains,
respectively. Our results demonstrate that Eq. (2) provides the
correct description, confirming that osmotic pressure arises
from the collective interactions of all polymer segments
rather than from the separate contributions of distinct polymer
populations.
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III. MATERIALS AND METHODS

We used polymer gels with precisely controllable net-
work structures [29] as model systems to investigate the
network partitioning law. We synthesized star polymer net-
works through the end-to-end polymerization of two types
of star polymers with mutually reactive terminal functional
groups, enabling precise control of the molar mass between
branching points (Mb), network connectivity (p), branching
number ( f ), and polymer-network mass concentration (cnet,0).
We dissolved each star polymer [poly(ethylene glycol), PEG]
with either maleimide (MA) or thiol (SH) terminal functional
groups (Xiamen Sinopeg Biotech Co., Ltd., China) in an
aqueous citrate-phosphate buffer at pH 3.4–3.8 with an ionic
strength of 0.1 M for cnet,0 = 30, 60, and 90 g/L. For gelation,
we mixed these two solutions with equal molar masses of
the precursors Mpre = 10, 20, and 40 kg/mol and identical
arm numbers ( f = 3, 4, and 8) at a volume mixing fraction
s (0 � s � 1/2). This allowed systematic variation of Mb =
2Mpre/ f and p = 2s [40], where p is the fraction of reacted to
total terminal functional groups (0 � p � 1). We poured each
mixed solution into a disk-shaped mold (10 mm diameter,
2 mm height), and maintained the samples at a temperature
of T = 298 K for 1–3 days to ensure reaction completion.

We immersed each gel sample in an excess external aque-
ous linear-PEG solution with a controlled concentration cext

and osmotic pressure �ext. We prepared these external PEG
solutions with molar masses Msol = 5, 10, and 20 kg/mol
(Xiamen Sinopeg Biotech Co., Ltd., China), exhibiting nar-
row molar mass distributions Mw/Mn < 1.05, for cext =
10–120 g/L dissolved in deionized water. We determined �ext

using the established osmotic equation of state for linear-PEG
solutions [41–43] [detailed in Supplemental Material (SM)
[44], Sec. S1]. After confirming equilibrium (see SM [44],
Sec. S2), we measured the weight change of each gel sample
(W0 → Weq) using an electronic scale. We verified that buffer
salts initially present in the gel do not measurably affect parti-
tioning and swelling in linear-PEG solutions (detailed in SM
[44], Sec. S3).

IV. OSMOTIC PRESSURE IN GELS CONTAINING
PARTITIONED POLYMER CHAINS

To verify Eq. (2), we directly quantified cint by drying
the gels to remove the solvent and measuring the dry weight
Wdry = Wnet + Wint, where Wnet and Wint are the weights of
the network and partitioned chains, respectively. We pre-
pared cylindrical gel samples (5.3 mm diameter, 4.8 mm
height), equilibrated them in external PEG solutions, and
vacuum-dried them at T = 333 K for at least 6 h. We
used a thermogravimetric analyzer (DTG-60H, SHIMADZU,
Japan) to accurately measure Wdry (see SM [44], Sec. S4
for detailed results). Because Wnet = W0[cnet,0/(ρs + cnet,0)]
remained constant during swelling and deswelling, we calcu-
lated cnet = ρsWnet/(Weq − Wdry) and cint = ρs(Wdry − Wnet )/
(Weq − Wdry).

We demonstrate that Eq. (2), rather than Eq. (3), governs
�mix in polymer gels containing partitioned polymer chains.
By directly measuring the internal polymer concentration
(cint) via drying, we calculate �mix = �ext − �el for the total
polymer concentration c = cnet + cint. To evaluate �el, we

FIG. 2. Experimental verification of �mix in polymer gels con-
taining partitioned polymer chains. (a) Semidilute scaling law
[Eq. (2), black solid line] governing �mix = �ext − �el in polymer
gels with (blue filled symbols) and without (gray crosses) parti-
tioned chains [27,28]. (b) Comparison between measured �mix =
�ext − �el and calculated �mix using Eqs. (2) and (3) (filled and open
symbols, respectively).

used the previously measured shear modulus G0 [45] (detailed
in SM [44], Sec. S5). As shown in Fig. 2(a), Eq. (2) (black
solid line) accurately describes the measured �mix in gels con-
taining partitioned polymer chains (blue filled symbols). The
prefactor A ≈ 1.9 was obtained from these plots and agrees
with the value previously reported for gels without partition-
ing (gray crosses) in aqueous PEG systems at T = 298 K
[27,28]. By contrast, Fig. 2(b) reveals that the experimentally
determined �mix deviates significantly from predictions using
Eq. (3) (open symbols), whereas calculations using Eq. (2)
(filled symbols) agree well with experiment. This agreement
enables the evaluation of cint using Eqs. (1) and (2).

V. NERNST DISTRIBUTION LAW FOR POLYMER CHAIN
PARTITIONING INTO POLYMER NETWORKS

We systematically measured the equilibrium swelling ratio
Qeq for various molar masses of the polymer solute (Msol) and
network structures characterized by Mb, cnet,0, p, and f . Our
results demonstrate that the Nernst distribution law (K ≈ K0)
holds for polymer chain partitioning in polymer networks. As
shown in Fig. 3(a), Qeq decreases with increasing cext and
Msol (all other data are presented in SM [44], Sec. S2). Using
Eqs. (1) and (2), we evaluated φint. Figure 3(b) shows that
φint is directly proportional to φext in the dilute-concentration
regime (black solid lines), indicating a constant partition ratio
K0 = φint/φext, which is consistent with the Nernst distribu-
tion law [23]. Notably, when φext exceeds a critical threshold
(φext/φ

∗
ext > 1), this relationship breaks down as higher-order

concentration terms become significant (K > K0), with φ∗
ext

decreasing as Msol increases (detailed in SM [44], Sec. S1).

VI. UNIVERSAL LAW OF CONSTANT PARTITION
RATIO FOR POLYMER CHAIN PARTITIONING

INTO POLYMER NETWORKS

We reveal a universal law governing K0 for polymer chain
partitioning into polymer networks. To identify the char-
acteristic length scale governing partitioning, we examine
three candidates: the mean distance between branching points
lbranch (= n−1/3), between elastically effective junction points
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FIG. 3. Evaluation of constant partition ratio K0 demonstrating
the Nernst distribution law (K ≈ K0). Typical results for Msol = 5,

10, and 20 kg/mol (squares, circles, and diamonds, respectively) par-
titioning into polymer networks with identical conditions: Mpre = 20
kg/mol for cnet,0 = 60 g/L at s = 0.5 and f = 4. (a) Dependence of
equilibrium swelling ratio Qeq = Weq/W0 on cext . As cext increases,
�ext increases and Qeq decreases according to Eq. (1). (b) Depen-
dence of φint on φext, where φint are evaluated using Eqs. (1) and (2).
We determine the constant partition ratio K0 = φint/φext (black solid
line) using data from the dilute-concentration regime (φext/φ

∗
ext < 1),

where partitioned linear polymers are isolated; see SM [44], Sec. S1
for φ∗

ext .

ljunction (= μ−1/3), and between the centroids of elastically
effective cycles lcycle (= ξ−1/3). Here, n, μ, and ξ are the num-
ber densities of total precursors, elastically effective junction
points, and elastically effective cycles (cycle rank), respec-
tively, calculated via the Bethe approximation [40,46,47]
(see Appendix B).

Figure 4 shows the measured K0 values plotted against
the dimensionless ratio Rg/lcycle. We find that the universal
partitioning law

K0 = exp[−4(Rg/lcycle )2] (4)

accurately describes all data over a wide range of polymer
solute sizes and network structures. By contrast, lbranch and
ljunction fail to collapse the data for networks with varying f
and p, except for the data with f = 4 and p = 1, for which
lbranch = ljunction = lcycle (see Fig. 7 in Appendix C). Using the
functional form K0 = exp[−4(Rg/l )2] with l = lbranch, ljunction,
or lcycle, the root-mean-squared deviations between measured
and predicted K0 for the remaining data are 0.24, 0.22, and
less than 0.1, respectively, confirming that the cycle length is
the governing parameter (Fig. 7).

We also compared our results with the conventional Ogston
model [1–9], which predicts K0 = e−φexcl based on the ex-
cluded volume fraction φexcl of the network for the solute.
The measured K0 values systematically exceed the predic-
tions of the Ogston model (see Fig. 6 in Appendix A). This
discrepancy arises because the Ogston model treats polymer
networks as rigid rodlike obstacles, thereby neglecting net-
work topology.

To rationalize the universal law in Eq. (4), we propose a
cycle-based model (Fig. 5). We consider a volume element
of size ∼l3

cycle associated with a single elastically effective
cycle in the network [Fig. 5(a)]. The center of a guest chain
(i.e., a partitioned polymer chain) with gyration radius Rg is
sterically excluded from a toruslike region with tube radius
Rg and volume ∼R2

glcycle surrounding the cycle [Fig. 5(b)].

FIG. 4. Universal law governing constant partition ratio K0 of
polymer chains in polymer networks. We systematically varied
polymer network structures by tuning network density with Mpre

(= f Mb/2) = 10, 20, and 40 kg/mol for cnet,0 = 30, 60, and 90 g/L,
network topology with f = 3, 4, and 8 (red, blue, and orange sym-
bols) at p = 0.8 and 1.0 (purple and blue symbols), and polymer
solute size with Msol = 5, 10, and 20 kg/mol (squares, circles, and
diamonds). All K0 values follow Eq. (4) (black solid curve) as a
function of the ratio between the gyration radius of the polymer
solute and the cycle length Rg/lcycle. Inset: Log-log plot showing
− ln K0 ∝ (Rg/lcycle )2 [Eq. (4)], except for K0 = 0.

According to the Poisson distribution, the probability of
partitioning corresponds to the zero-encounter probability,
P(0) = e−〈n〉, where the mean number of encounters with
obstructing cycles is 〈n〉 ∝ R2

g/l2
cycle. Setting K0 = P(0) [1]

yields ln K0 ∼ −(Rg/lcycle )2, recovering the functional form
of Eq. (4). In the dilute regime, the chemical-potential dif-
ference of the solute between the gel and the external solution
(�μ) determines the partition ratio via K0 = exp(−�μ/kBT ).
Our model shows �μ ∝ kBT (Rg/lcycle )2 from an entropic
confinement penalty imposed by the network topology,

FIG. 5. Cycle-based model for the partitioning of polymer chains
into polymer networks. (a) Schematic of a polymer network com-
posed of elastically effective cycles (red circles), each associated
with a representative volume element of size ∼l3

cycle (blue dashed
circles). (b) Steric exclusion around a single cycle: the center of
a guest polymer chain with gyration radius Rg is excluded from a
toruslike region (gray shaded) with tube radius Rg surrounding the
cycle within a volume element of size ∼l3

cycle.
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FIG. 6. Comparison of the measured constant partition ratio K0

with the conventional Ogston model [1,2]. The black solid line repre-
sents the prediction of the Ogston model as a function of the excluded
volume fraction φexcl, revealing an inconsistency with the measured
K0 values (colored symbols). In panel (a), the cross-sectional radius
of the PEG chain is set to Rf = 0.51 nm based on the literature [4],
while in panel (b), it is set to Rf = 5.1 nm (ten times the literature
value) to evaluate the model sensitivity in calculating φexcl.

thereby extending the thermodynamic treatment [10] to ex-
plicitly include topological constraints. This framework is
analogous to the Casassa model for partitioning in rigid
porous media [11,15]; in our model, elastically effective cy-
cles impose conformational constraints on guest chains. Thus,
elastically effective cycles serve as the fundamental structural
units governing partitioning in polymer networks.

VII. CONCLUDING REMARKS

We experimentally investigated the partitioning of polymer
chains into polymer networks for various solute sizes and net-
work structures (Fig. 1). By extending the semidilute scaling
law [Eq. (2)] to gels containing partitioned chains (Fig. 2), we
systematically measured the partition ratio K using osmotic
equilibrium and demonstrated that the Nernst distribution law
holds with a constant K0 (Fig. 3). The obtained K0 is inconsis-
tent with the predictions of the conventional Ogston model
(Fig. 6) and instead follows the universal partitioning law
[Eq. (4)] (Fig. 4).

These findings establish lcycle as the characteristic length
scale governing partitioning in gel networks (Figs. 4 and 7).
Notably, the same length scale (lcycle) also governs scaling
properties of elastic modulus [40,45,48,49], fracture behavior
[50,51], and particulate gel mechanics [52]. By extending this
framework to partitioning, our work provides a unified phys-
ical description that connects the mechanical and partitioning
properties of polymer networks through their topology. By us-
ing a chemically identical PEG–PEG system, we isolated the
steric exclusion arising purely from topological constraints.
This approach extends classical partitioning theories for rigid
porous media, such as the Casassa model [15], to flexible
polymer networks. In practical systems, chemical interactions
between solutes and networks will introduce additional con-
tributions that can be treated as corrections to this topological
baseline. This framework offers predictive insights into solute
behavior in diverse network environments, with broad impli-
cations for biological systems [20], drug delivery [53], and
polymer separation technologies [19].
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APPENDIX A: COMPARISON OF MEASURED K0

WITH THE CONVENTIONAL OGSTON MODEL

We compare our experimentally determined K0 values
with the prediction of the conventional Ogston model K0 =
e−φexcl , where φexcl = φnet (1 + Rg/R f )2 [1–9]. Here, R f is the

FIG. 7. The partition ratio K0 for polymer gels with various network topologies (different f and p) plotted against alternative characteristic
length scales: (a) Rg/lbranch, (b) Rg/ljunction, and (c) Rg/lcycle. The K0 values are identical to those in Fig. 4.
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cross-sectional radius of the network strands, and the solute
gyration radius Rg follows the scaling law Rg ∝ Mν

sol [54].
Figure 6 plots K0 against φexcl using (a) R f = 0.51 nm

from the literature [4] and (b) R f = 5.1 nm, a value ten times
larger, to test model sensitivity, comparing the measured K0

values in this study (colored symbols) with the prediction
of the Ogston model (black solid line). The measured K0

values vary significantly depending on the network structure
(colored dashed lines) and systematically exceed the model
predictions in Fig. 6(a). While increasing R f in Fig. 6(b)
shifts the prediction of the Ogston model toward higher K0

values, the model fails to capture the structural dependence of
the measured K0. These results demonstrate that the Ogston
model is inadequate for describing the partitioning of polymer
chains into flexible polymer networks, regardless of the choice
of R f .

APPENDIX B: CALCULATION OF LENGTH SCALES
OF THE POLYMER NETWORK USING

THE BETHE APPROXIMATION

We evaluate the characteristic length scales (mesh sizes)
of the polymer network by using the Bethe approximation
for star polymer networks [46,47]: the distances between
(i) branching points lbranch, (ii) elastically effective junc-
tion points ljunction, and (iii) centroids of elastically effective
cycles lcycle. Consider an AB-type polymerization system
formed by mixing f -functional precursors with terminal
functional groups A and B at a molar fraction s : (1 − s).
We define pA (0 < pA � 1) and pB (0 < pB � 1) as the
fractions of reacted A- and B-terminal functional groups,
respectively. The overall conversion is p ≡ spA + (1 −
s)pB, and the stoichiometric balance spA = (1 − s)pB yields
pA = p/(2s) and pB = p/[2(1 − s)]. Within the Bethe ap-
proximation, let QA and QB be the fractions of A- and
B-terminal functional groups not connected to the infinite
network, respectively. These fractions satisfy the following
coupled equations:

QA = pAQ f −1
B + 1 − pA,

QB = pBQ f −1
A + 1 − pB. (B1)

By solving Eq. (B1) for the nontrivial (unique) so-
lutions within the range 0 � QA < 1 and 0 � QB < 1,
we obtain QA and QB. Let X (n)

A = ( f
n )Q f −n

A (1 − QA)n and

X (n)
B = ( f

n )Q f −n
B (1 − QB)n be the fractions of precursors form-

ing n-functional elastically effective junction points, where
( f
n ) = f !/[n!( f − n)!] is the binomial coefficient. The num-

bers of elastically effective chains ν̂ and junction points μ̂ per

TABLE I. Elastically effective network structure parameters per
precursor as functions of functionality f and mixing fraction s under
the Bethe approximation: chains ν̂, junction points μ̂, and cycles ξ̂ .

f s ν̂ μ̂ ξ̂

3 0.5 1.5 1 0.5
4 0.5 2 1 1
4 0.4 1.36 0.75 0.61
8 0.5 4 1 3

precursor are given by

ν̂ = 1

2

⎡
⎣s

f∑
n=3

nX (n)
A + (1 − s)

f∑
n=3

nX (n)
B

⎤
⎦,

μ̂ = s
f∑

n=3

X (n)
A + (1 − s)

f∑
n=3

X (n)
B . (B2)

The number of elastically effective cycles per precursor is then
ξ̂ = ν̂ − μ̂. Table I summarizes the calculated values of ν̂, μ̂,
and ξ̂ for the gels used in this study.

The characteristic length scales are calculated as follows:
lbranch = n−1/3, where n = cnet,0NA/Mpre is the number density
of total precursors and NA is the Avogadro constant. Similarly,
ljunction = μ−1/3 and lcycle = ξ−1/3, where μ = μ̂n and ξ = ξ̂n
are the number densities of elastically effective junction points
and cycles, respectively.

APPENDIX C: IDENTIFICATION OF THE LENGTH
SCALE GOVERNING PARTITIONING

We demonstrate that lcycle, rather than lbranch or ljunction, is
the critical parameter for observing the universal partitioning
law Eq. (4). As shown in Table I, lcycle [= (ξ̂n)−1/3] varies
independently of lbranch (= n−1/3) and ljunction [= (μ̂n)−1/3]
when the network topology changes with f and p (see SM
[44], Sec. S2 for the values of lbranch, ljunction, and lcycle for all
experimental conditions). Note that lcycle = lbranch = ljunction

for f = 4 and s = 0.5 because ξ̂ = μ̂ = 1. Figure 7 shows the
measured K0 values for various network topologies (purple,
red, and orange symbols) as functions of Rg/lbranch, Rg/ljunction,
and Rg/lcycle, respectively. In Figs. 7(a) and 7(b), the measured
K0 values do not collapse onto a single curve and show signif-
icant variation with changes in f and p when using Rg/lbranch

or Rg/ljunction as the scaling parameter, which is inconsistent
with the universal scaling relation Eq. (4) demonstrated in
Fig. 4 (black solid curve). In contrast, as shown in Fig. 7(c),
the measured K0 values agree well with the universal scaling
relation when using Rg/lcycle. These findings confirm that lcycle

is the length scale governing polymer chain partitioning into
polymer networks.
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