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ABSTRACT: We have presented a systematic small angle neutron scattering
investigation of ring−linear blends, where we vary either the ring volume fraction for
a given ring in a long linear matrix or the matrix length at a low ring fraction. We
found that the ring radius of gyration (Rg) shrinks with increasing ring fraction and
nearly reaches the Rg of the ring melt at a volume fraction of ϕR = 0.5. At the same
time, the fractal dimension, which is close to a Gaussian conformation at low ϕR,
decreases to the value of the ring melt. Aside from very short matrices, the ring size is
independent of the host length. Following a random phase approximation treatment,
the effective Flory−Huggins parameter (χF,RL) is negative and independent of ϕR,
signifying ring−linear attraction that leads to ring−ring repulsion. χF,RL decreases
with decreasing ring size, which might be related to the decreasing possibility of
threading events, when the ring size becomes smaller. The ϕR-dependent data in the
cross-over regime between low Q Porod scattering ∼ Q−4 and polymer RPA
contribution displays an intermediate Q−2 regime, the intensity of which increases proportional to ϕR. The origin of this Q−2

contribution is not clear but may be related to critical fluctuations or microphase separation induced by a nonlocal positive
contribution to χF,RL. The experimental results fit well into the general picture that is mainly based on simulations, even though in
detail, quantitative differences are obvious. Finally, our results are in qualitative agreement with earlier studies on polystyrene ring−
linear blends.

■ INTRODUCTION
Among all polymer architectures, the topology of polymer
rings is unique as they are the simplest closed structures
without ends. For instance, while in the melt, linear chains
interpenetrate easily, for ring polymers, interpenetration is
entropically costly and compact structures that evolve for high
molecular weight become mass fractals confining rings into
territories.1,2 On the local scale, the formation of loops was
predicted. Size and conformation of loops, as well as their
dependence on the molecular weight of the ring, have been a
focus of the theoretical discussions since a few decades.3−6

Recently, a clear signature of the predicted elementary loops
that build the ring conformation has been shown exper-
imentally.7

Blending rings with linear chains strongly affects both the
ring structure and dynamics. As a consequence of threading by
linear chains, the ring structure changes, and its diffusivity is
strongly reduced. In the molecular dynamics (MD) simulation
work of Tsalikis and Mavrantzas, a detailed analysis of
threading events was performed.8 They found that in the
dilute limit (ϕR = 0.1), all rings are threaded by linear chains at
least once and no ring−ring threading is observed. On average,
the number of threadings is nearly independent of the matrix
chain length. The ring conformation was found to be swollen
in the linear matrix and the degree of swelling is larger for

shorter linear matrix chains; thereby, the size of the linear host
is not affected. The simulations indicated that the ring swelling
appears to be more pronounced for shorter hosts. Ring−linear
threadings were identified as the key mechanism that governs
the size, the conformation, and the dynamics of ring−linear
blends.8,9 In terms of coarse-grained bead-spring simulations
investigating ring and linear chains of 400 beads, Grest et al.
studied the ring conformation and dynamics of ring−linear
blends from the neat ring to the neat linear polymer melt.10

They found that ring−linear threadings enable ring polymers
to topologically entangle with other rings and with the
entanglement network of the linear chains, inducing large
changes in the equilibrium conformation and dynamics of the
rings. While both the Mavrantzas group and Grest counted a
large number of ring−linear threadings, Hagita and Murashima
in their bead-spring simulation found much smaller average
threading events.11 The ring swelling was found to be a
nonlinear function of the number of penetrations with no
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influence from the linear host size. Furthermore, they present a
power−law relationship between ring swelling and ring volume
fraction Rg,R

2 ∼ ϕR with 0.06 ≤ α ≤ 0.09, where the higher
exponent is related to the larger ring.
Aside from the MD simulations, Monte-Carlo simulations

are also reported.12 They also found large numbers of
threadings, agreeing with Mavrantzas’ atomistic MD simu-
lations. Again, except for very short hosts, the number of
threadings is rather independent of the linear host size. Iyer et
al. presented a scaling model to capture the ring swelling,
describing the linear host as a theta-solvent for a semidilute
ring fraction.13 According to this approach, rings swell most as
long as they do not overlap; above the overlap concentration,
deswelling occurs following a power law Rg,R ∼ ϕR

β; β = 2ν − 1,
where ν is the fractal exponent describing the ring
conformation. Finally, based on atomistic MD simulations of
ring−linear polyethylene blends, Jeong and Douglas question
the threading effect and ascribe ring swelling to a topology-
induced excluded volume interaction predicting a scaling
relation = + *R R (1 / )g,R

2
g,R
2

0 R R and β = 2(1 − 3ν0)/
(ν0 − νmelt), with ϕR* being the overlap concentration; ν0 the
fractal ring exponent for ϕR ≪ ϕR*; α the prefactor; and νmelt
the fractal exponent in the ring melt.14

The most detailed experimental study on the conformation
of sizable rings blended in a linear matrix was presented by
Iwamoto et al.15 They investigated polystyrene ring−linear
blends by varying the molecular weight of the host from 22.4
kDa to 270 kDa, while the ring size was kept constant at 70
kDa. They observed a gradual swelling of rings with an
increasing amount of linear polymer. The molecular weight of
the host had, if at all, little influence on the degree of swelling.
Ring swelling was described by a power−law relationship as
Rg,R
2 ∼ ϕR

−0.1±0.03; even at ϕR = 0.2, Rg,R was found to be still
smaller than that of a Gaussian ring. There are also a few
studies on ring−linear systems of unlike polymers,16,17 which,
however, are beside the focus of this research.
Many questions are still open: (i) experimental and

simulation studies of ring−linear blends have just touched
the details of ring threading. The conformation and dynamics
of rings in a blend as a function of ring size and linear matrix
length are not fully explored yet. (ii) It is unknown how the
structure, dynamics, and rheology of ring−linear blends change
as a function of ring concentration. (iii) There are some
indications for a ring−linear phase separation that, however,
are not covered by theoretical prediction; the physics of such a
topological phase separation driven by a strongly nonlocal
interaction parameter would be highly exciting and needs to be
explored.
In this work, we focus on the conformation and interaction

of polymer rings in ring−linear blends measured by small angle
neutron scattering (SANS). Using isotope labeling, we have
highlighted the rings vs the linear host. The investigations went
in two directions: (i) the concentration dependence of the ring
conformation in a long linear matrix and (ii) the dependence
of the ring conformation on the host matrix length at low ring
volume fraction. The following results stand out: (1) ring−
linear blends display a strong negative chi-parameter indicating
attraction between ring and linear chains; (2) the ring radius of
gyration follows a power law in the ring volume fraction Rg,R

2 ∼
ϕR

−0.2; and (3) Rg,R is independent of the host matrix length.
Theoretical Considerations. In our previous work, we

studied the conformation of large molecular weight rings in the

melt. The SANS data were interpreted in terms of a self-similar
form factor of a ring that is built from elementary loops. The
size of these loops came out as being close to that of an
entanglement strand in the corresponding linear melt. The
SANS data displayed a clear cross-over from the larger-scale
fractal structure to Gaussian loops at shorter distances. The
size of these elementary loops was found to be independent of
the ring molecular weight. We modeled the ring form factor in
terms of an expression by Bensafi et al.18 Additionally, we
included the cross-over from the fractal structure at larger
scales to a Gaussian loop structure at shorter distances. At
larger distances along the ring contour length, i.e., small values
of wave vector Q, we expect compressed fractal conformations.
There, the real space distances rij between monomers i and j
relate to a random walk more compact than Gaussian with a
fractal dimension =df

1 , where ν is the expansion exponent

| | | |
r i j

i j
N

( ) 1ij
2

R
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jjjjj

y
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zzzzz

y
{
zzzzz

(1)

The form factor is calculated by direct summation over all
NR segments of the ring with a change of statistics as a function
of distance along the chain. The second term in eq 1 represents
the ring closure condition. For |i−j| ≤ Ne,0, where Ne,0 is the
loop size, the loop statistics is expressed by = 1

2
and is

Gaussian. For the larger-scale |i−j| > Ne,0, the fractal exponent ν
becomes smaller than 1/2 and eventually for large NR, we
should assume the mass fractal exponent = 1

3
. The shape of

the cross-over between both regimes was described by a Fermi
function of width νwidth centered at Ne,0. Then, the ring form
factor becomes
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(3)

where =1
1
2
is the local chain expansion exponent, ν = 1/df is

the large-scale (fractal) exponent, and l is a monomer length.
In order to describe the two components in the melt of rings

and linear chains, we used the random phase approximation
(RPA) approach. The ring structure factor for a binary melt of
rings and linear polymers in the RPA model is given by19

=
+

S Q
S Q

v Q S Q
( )

( )
1 ( ) ( )RPA

RR
0

RR RR
0 (4)

where SRR0 (Q) = RϕNRPR(Q) determines the form factor of the
ring and νRR(Q) is the interaction term

=v Q
S Q

( )
1
( )

2RR
LL
0 F,RL (5)

with SLL0 (Q)=(1 − ϕR)NLPL(Q) being the form factor of the
linear chain taken as the Debye function. The conventional
Flory−Huggins parameter describes the interaction between
two linear polymers without taking into account topological

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.2c02444
Macromolecules 2023, 56, 4835−4844

4836

pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.2c02444?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


interactions. To distinguish, we use an effective Flory−Huggins
parameter χF,RL describing the interaction between the ring and
linear polymer including topological effects. Finally, the
macroscopic neutron cross-section in (cm−1) observed in a
small angle scattering experiment becomes

=I Q V S Q( )
d
d

( )W
2

RPA (6)

with VW being the polymer volume (cm3 mol−1); Δρ =
[NAn(bD − bH)]/Ω0; NA the Avogadro number; n the number
of hydrogens/deuterons contained in the monomer; bD and bH
the neutron scattering lengths for deuteron and hydrogen; and
Ω0 the monomer volume (cm3 mol−1).
Synthesis and Characterization. The synthesis of the

polyethylene-oxide (PEO) ring and linear polymers is
described in detail elsewhere.7,20,21 The molecular weights
and their distribution in terms of Mw/Mn of the investigated
polymers are given in Tables 1 and 2. The samples were

blended in toluene solution and freeze-dried afterward; finally,
the materials were hot pressed to obtain 1 mm sample foils,
which were then filled into the flat Hellma cuvettes of 10 mm
width and 1 mm thickness in an inert atmosphere. The
compositions of the blends are presented in Table 3. In the
case of the 40 K ring, the rings were deuterated, while the
linear chains were hydrogenated. In all the other cases,
hydrogenated rings were blended with a deuterated linear
matrix.

■ METHODS
SANS experiments on the concentration series R40L100 at different
volume fractions were carried out on the SANS instrument D2224 at
the Institute Laue Langevin (ILL) in Grenoble, France, at a
temperature of 413K, neutron wavelengths of 0.6 and 1.2 nm, and
sample-to-detector lengths of 2, 11.2, and 17.6 m.25 R10/L80, R20/
L20, R20/L80, and R20/L2 were measured on the instrument SANS-
II at the Paul Scherrer Institut (PSI) in Villigen, Switzerland, at a
temperature of 413 K, a neutron wavelength of 0.47 nm, and sample-
to-detector lengths of 6.3 and 1.05 m.26 The sample R20/L200 was
measured on a KWS-1 instrument at the Heinz Maier-Leibnitz

Zentrum (MLZ) in Munich, Germany, at a temperature of 413K, a
neutron wavelength of 0.45 nm, and sample-to-detector lengths of 1.3,
7.8, and 19.8 m.27 The two-dimensional SANS data were orienta-
tionally averaged, background subtracted, and normalized to absolute
scale using direct beam measurements. Data from adjacent Q-values
were merged according to their statistical errors. The amount of
incoherent scattering was fitted as a constant additional background
and then subtracted from the data.

■ RESULTS
We have investigated the conformation of ring−linear polymer
blends focusing on the following:

(i) the conformational changes of a large 40 K ring in a
blend with a 100 K linear polymer as a function of ring
concentration.

(ii) the conformation of a 20 K ring at a volume fraction of
10 ww % as a function of the molecular weight of the
host linear matrix.

In all cases, by choosing a proper h/d contrast, the rings
were highlighted and the SANS data reflect the ring
conformation, however, modified by RPA contributions.
We start with the concentration-dependent conformation:

Figure 1 displays the results. The SANS data show a typical
polymer form factor with a Q−2 decay at high Q and a near
Guinier plateau at intermediate Q. Toward low Q, we observe
a strong increase in the forward scattering following a Porod
Q−4 behavior. As we shall discuss later, in the regime between
the form factor and the Porod scattering, a second Q−2 regime
emerges.
Involving the ring form factor of Eqs 1 and 2 and employing

the RPA approach described by eqs 4 and 5, the data were
fitted. The low Q behavior was described by a combination of a
Q−2 and a Q−4 term. Following earlier studies, many
parameters are known. Therefore, in the fits, only the intensity
parameter, the fractal exponent ν, and the effective Flory−
Huggins parameter χF,RL were varied. In addition, the
amplitudes of the Q−2 and Q−4 contributions were fitted. In
general, the fits are excellent and describe the data over the full
Q-range very well. We note that a Porod contribution alone
does not describe the low Q spectral part. We discuss this
phenomenon later in detail. Table 4 presents the thus obtained
parameters. The ring radius of gyration Rg,R was calculated
based on the form factor of eq 2. Finally, the errors given are

Table 1. Molecular Weights of the Rings Mn,R, the Degree of
Polymerization or the Respective Numbers of Monomers
NR, the Ratio of NR and Entanglement Length Ne,0 = 45, and
the Corresponding Polydispersities M M( / )w n R

a

h-10K [g/mol] h-20K [g/mol] d-40K [g/mol]

Mn,R 10,100 20,100 38,600
monomer number NR 230 456 804
NR/Ne 5 10 18
M M( / )w n R 1.03 1.03 1.01

a“h” denotes hydrogenated and “d” deuterated polymers, respectively.

Table 2. Molecular Weights of the Linear Chains Mn,L, the Degree of Polymerization or the Respective Numbers of Monomers
NL, the Ratio of the Chain Length and Entanglement Length Ne,0 = 45, and the Corresponding Polydispersities M M( / )w n L

a

d-2K [g/mol] d-20K22 [g/mol] d-80K [g/mol] h-100K [g/mol] d-200K23 [g/mol]

Mn,L 1941 22,236 90,000 100,500 207,300
monomer number NL 41 484 1875 2284 4320
NL/Ne <1 11 42 51 96
M M( / )w n L 1.05 1.05 1.05 1.01 1.04

a“h” denotes hydrogenated and “d” deuterated polymers, respectively.

Table 3. Composition of the Investigated Blends (Weight %
of Rings)

R/L L2 L20 L80 L100 L200

R10 16 15
R20 10 10 10 10
R40 10, 20, 35, 50
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the statistical errors; any possible systematic errors are not
included.
We observe that (i) the fractal exponent ν decreases with an

increasing ring volume fraction, reaching the value of the pure
ring melt at ϕR = 50 ww %; (ii) the effective Flory−Huggins
parameter χF,RL is always negative and, within the errors,
independent of the ring fraction ϕR; (iii) the coefficient of the
Porod term a4 varies unsystematically with ϕR, (iv) while the
Q−2 contribution grows in proportion to the ring fraction; and
(v) finally, the ring radius of gyration decreases significantly
with increasing ϕR and, at ϕR = 50 ww %, nearly assumes the
value of the ring melt. Figure 2 presents the dependence of the
parameters a2, a4, ν and the ring radius of gyration Rg,R

2 (ϕR) on
the ring volume fraction.
We have also explored different ring sizes in similar linear

matrices (R10/L80, R20/L80, and R40/L100) (Figure 3a)
and the R20 ring in linear matrices of different lengths (L2,
L20, L40, L80, and L200) (Figure 3b) (see Tables 4 and 5).
The ring volume fractions ϕR in the different linear hosts
determining the composition of the blend are presented in
Table 3. With an exception for R10 and R40, the ring
concentration was 10 ww %. Some of the data were taken from

earlier measurements and were partially published in a different
context.22 Again, the data were fitted with the RPA model, and
the resulting parameters are displayed in Table 5. Figure 3a
compares the SANS data from rings of different sizes in the
L80 or L100 matrices, respectively. Figure 3b displays the
SANS results for the R20 ring in linear matrices of different
sizes.
We remark that some of the older data for R10 and R20

were of lower quality, and the Q-ranges studied varied
importantly. Therefore, the Q−4 contribution which can be
related to the inhomogeneities in the sample volume, e.g., due
to the air bubbles, is not present for all samples.
The radii of gyration appear not to depend on the host size.

However, for the smallest host (L2), χF,RL is significantly
smaller than for the longer linear chains. The fractal exponents
ν are always close to 0.5�the rings exhibit Gaussian statistics.
As it is well known from linear chains, for very short matrices
in the oligomer range, the hosts behave as solvent molecules,
and swelling of the probe chain is expected.15,28−34 This
situation appears not to occur for our blends�even for the L2
host, the fractal exponent stays at ν = 0.5. The remaining
fluctuations of the parameter values are most likely due to the
limited quality of the data. The solid lines in Figure 3 present
the fitting results. Finally, we note that at an even lower volume
fraction (ϕR = 1 ww %), the R20 ring in the L20 host leads to
more pronounced swelling of the ring molecule of

= 1.72
R

R
g,R
2

g,R,melt
2 (ϕR = 1 ww %)22 compared to = 1.54

R

R
g,R
2

g,R,melt
2

(ϕR = 10 ww %) otherwise.

■ DISCUSSION
Ring Conformation. The scattering function obtained

from the RPA does not directly reflect the underlying features
of the ring form factor. To clarify how the genuine ring
conformation is changing with the ring volume fraction, from
the fit parameters displayed in Table 2, we calculated the true
ring form factors for the series of ring−linear blends at
different ring volume fractions. Figure 4 displays the results in
a Kratky representation. From Figure 4, we clearly see that the
intermediate peak structure, characterizing the compact ring
conformation, develops with increasing ring volume fraction,
indicating the fractal-like conformation for the largest ring R40.
At ϕR = 50 ww %, the ring conformation is already close to that
of the ring in its own melt.
Ring Swelling. To characterize the degree of ring swelling

in the linear polymer matrix, Figure 2c displays the ϕR
dependence of the ring size Rg,R

2 (ϕR) for the largest ring R40
in the L100 linear matrix in a double-logarithmic plot, resulting
in Rg,R

2 (ϕR) ∼ ϕR
−0.20. We note that for a given ring size, the

Figure 1. SANS results from the blends of a 40 K PEO ring in a 100 K
linear PEO matrix at various ring volume fractions ϕR: 10, 20, 35, and
50 ww %. The data for 20, 35, and 50 ww % are shifted by a factor of
4, 28, and 196, respectively. The lines display the fitting results (see
text). Note: the scattering profiles contain via RPA contributions of
the linear host.

Table 4. Parameters Obtained by Fitting the Concentration-Dependent Ring−Linear R40/L100 Blend Data: ν: Fractal Ring
Exponent (eq 3); χF,RL: Effective Flory−Huggins Parameter; a4 and a2: Amplitudes Describing the Q−4 and Q−2 Contributions
to the Forward Scattering; Rg,R: Ring Radius of Gyration; and χ2: Goodness of the Fit

ϕR ww % ν −χF,RL a4(Q−4)/nm4 cm−1 a2(Q−2)/nm2 cm−1 Rg;R
a/nm χ2

10 0.484 ± 2.7 × 10−4 0.0142 ± 4.9 × 10−5 1.8 × 10−6± 1.5 × 10−7 0.33 × 10−3± 1.5 × 10−4 4.30 ± 0.01 1.07
20 0.473 ± 2.7 × 10−4 0.0150 ± 3.3 × 10−5 1.3 × 10−5± 1.7 × 10−7 2.57 × 10−3± 1.2 × 10−4 4.07 ± 0.01 1.85
35 0.460 ± 2.9 × 10−4 0.0160 ± 2.7 × 10−5 2.3 × 10−6± 1.4 × 10−7 4.42 × 10−3± 1.2 × 10−4 3.82 ± 0.01 2.14
50 0.451 ± 5.0 × 10−4 0.0156 ± 3.7 × 10−5 1.78 × 10−5± 1.7 × 10−7 8.49 × 10−3± 1.1 × 10−4 3.66 ± 0.01 9.25
100 0.448 ± 3.0 × 10−4 3.54 ± 0.07

aThe errors were calculated using eq 4 and evaluating Rg,R at the limits for the different model parameters that are defined by the statistical errors.
Note that the small errors for Rg,R result from the fact that all data points are used in the evaluation of the errors.
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degree of swelling was not found to depend on the host (see
Table 3 for R20 in different matrices). However, for R20 at a
low volume fraction (ϕR = 1 ww %), Gooßen et al. observed a
larger swelling by about 72% compared to the ring melt. The
swelling of the differently sized rings at volume fractions of 10
ww % or 15−16 ww % for the equivalent host matrix amounts
to 1.26 for R10; 1.53 for R20; and 1.43 for R40. Apparently,
two effects influence the ring swelling behavior in a blend at
low ring volume fraction. First, threading of the smallest rings
is limited by their size. Therefore, the smallest rings are more
compact. Second, the attraction between rings and linear
chains slightly increases with ring size (R10:χF ≅
−0.013;R20:χF ≅ −0.013;R40:χF ≅ −0.016). The larger ring
cross-section with increasing ring size allows for a higher
amount of threadings and thus increases the ring-linear

attraction by topological means. On the other side, the degree
of swelling is rather independent of the linear matrix length.

While for R20/L20, we find a significant swelling of
R

R
g,R
2

g,R,melt
2 =

1.54 (Table 3), Mavrantzas’ atomistic simulations on the PEO
system predict that under these conditions, the ring size is
equal to that of the melt. Concerning the absolute value of Rg,R
for the ring melt, the simulations are very close to the
experiment: we find Rg,R,melt = 2.78 nm compared to 2.87 nm in
the simulation. However, the results in the blend are very
different (experiment: 3.46 nm and simulation: 2.85 nm). For
shorter hosts (R10/L10), the simulations indicate some
swelling (R10/L10: 1.07).8,9 Within statistics, the persistence
length between ring and linear are the same (about 0.64 nm),
not far from the segment length of 0.568 nm that we found.

Figure 2. (a) Q−4 (a4) and Q−2 (a2) contributions to the SANS forward scattering as a function of the R40 ring volume fraction. (b) Rg,R
2 (ϕR) vs

the ring volume fraction ϕR in double-logarithmic presentation. The solid line represents a slope −0.20. (c) Fractal exponent ν as a function of the
ring volume fraction. In each case, the error bars are smaller than the symbol sizes.

Figure 3. SANS results (a) for rings of different sizes in a long chain linear matrix: R10 in L80, R20 in L80, and R40 in L100. The data for R20 and
R40 were shifted by a factor of 2 and 10, respectively; R40 in L100 data was taken at ϕR = 10 ww %. (b) R20 ring in matrices of different sizes.
From above: L200 (shifted by a factor of 10), L80 (shifted by a factor of 2), L20, and L2. For lines, see text.
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Ring−linear threading events are the key mechanism that
governs the size, the conformation, and the dynamics of ring−
linear blends. Unfortunately, threading is not directly
accessible by scattering techniques, and we have to rely on
simulations. According to Tsalikis and Mavrantzas,35 the
number of threadings of rings by linear chains is given by the
entanglement number Z of the linear chain and decreases with
increasing Z, implying that with increasing Z, the ring swelling
is reduced. In contrast, for all linear hosts from L2 to L200
within errors, we found that swelling is not affected by the host
length (Table 3). However, the simulation only considered
symmetric blends RxLx, and thus, the behavior of asymmetric
blends may differ from the symmetric case. Based on their MC
simulations that are in agreement with our results, Mo et al.
observed that only for short matrices, a significant dependence
of ring swelling on the host length occurs.12 As for the
Mavrantzas results, the number of threadings is high.

The dependence of the ring size on the ring volume fraction
has been discussed in several simulation works. As alluded to in
the Introduction, Iyer et al. suggested a scaling model, where
for rings in a linear melt, the ring size stays independent of the
ring volume fraction ϕR until it reaches the ring−ring overlap

concentration * = Nl
RR

3
4

3

ring
3 �here, Rring is the span of the

ring�then the ring should shrink according to
*R ( ) ( )ring R R

2 1, where ν is the fractal ring exponent.13

For the investigated R40 ring, ν = 0.448 and the prediction
becomes Rring ∼ ϕR

−0.1, identical to our result for
= = 0.10.2

2
. Considering the overlap concentration for

R40 ϕR* = 0.024, all our measurements were taken above ϕR*.
Finally, we compare our results for the ring swelling with the
simulation results of Halverson et al. In Figure 5, the data for
the swelling degree as a function of the ring volume fraction is
presented together with the data obtained by Halverson et al.
for the rings of different sizes.36 The simulation results of
Halverson et al.36 come out systematically somewhat larger

Table 5. Fitting Results for the Rings R20 at ϕR = 10 ww % and R10 at ϕR = 15−16 ww % in Different Linear Hosts. Rg,R Is a
Ring Radius of Gyration; χF,RL Is the Flory−Huggins Parameter; ν Is the Fractal Exponent; a4(Q−4) and a2(Q−2) Are
Coefficients for the Porod Term (Q−4) and the Q−2 Term Describing the Low Q Scattering; and χ2 Is the Goodness of the Fita

sample Rg,R/nm −χF,RL ν a4(Q−4)/nm4 cm−1 a2(Q−2)/nm2 cm−1 χ2

R20L2 3.45 ± 0.02 9.4 × 10−3± 1.4 × 10−4 0.498 ± 5.5 × 10−4 1.15 × 10−4± 6.7 × 10−6 0.79
R20L20 3.46 ± 0.01 0.0139±1 × 10−4 0.497 ± 3.6 × 10−4 0.0258 ± 2.6 × 10−3 2.89
R20L80 3.37 ± 0.02 0.0128 ± 8.4 × 10−5 0.491 ± 4 × 10−4 0.118 ± 2.57 × 10−3 5.51
R20L200a 3.46 ± 0.02 0.0132 ± 5.9 × 10−5 0.503 ± 1.3 × 104 1.68 × 10−6± 7.9 × 10−7 39.7
R20 (melt) 2.78 ± 0.1 0.45
R10L2 2.38 ± 0.02 0.0139 ± 1.4 × 10−4 0.493 ± 7.6 × 10−4 5.31 × 10−3± 2.2 × 10−4 1.59
R10L80 2.41 ± 0.01 0.0094 ± 1.4 × 10−4 0.493 ± 7.6 × 10−4 1.2 × 10−2± 1.3 × 10−3 1.47
R10 (melt) 2.14 ± 0.04 0.46

aThe R20/L200 sample could not be fitted by a combination of Q−4 and Q−2 terms; instead, the power−law exponent for the low Q contributions
was fitted, revealing −3.34 ± 0.11.

Figure 4. Ring form factors calculated for the samples R40/L100 at
different ring volume fractions using the parameters presented in
Table 2 (blue: ϕR = 50 ww %; red: ϕR = 35 ww %; green: ϕR = 20 ww
%; and black: ϕR = 10 ww %); for comparison, the form factors of the
Gaussian ring R40 (brown) and the R40 ring in the melt (orange) are
also presented. For better visibility, the form factors are shifted by the
factors indicated in the insert.

Figure 5. Degree of swelling for the R40 rings as a function of ring
concentration blended with the linear chain L100 (black symbols).
Blue and red symbols present the literature data for the rings of
different sizes (N = 200: red and N = 400: blue) in the linear matrix of
equivalent length.36 The solid lines have a slope of −0.20
(experiment) and −0.21 (simulations).
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than the experimental data (Figure 5). Also, the slope of
Rg,R
2 (ϕR)/Rg,R

2(ϕR = 100 ww %) ∼ ϕR
−0.21 within statistical

errors agrees with the experimental value −0.20.
The only experimental study of large ring−linear blends that

we are aware of is the work of Iwamoto et al.37 on PS rings in
linear PS matrices. They studied the ϕR dependence of Rg,R

2 for
a 70 kDa PS ring embedded in linear PS matrices of 20, 80,
and 270 kDa. Independent of the linear host size, they found
Rg,R
2 (ϕR) ∼ ϕR

−0.1, a significantly weaker volume fraction
dependence compared to our result of ν = −0.2. Similar to
our result that at ϕR = 10 ww % (experimental value Rg,R =
4.61 nm compared to the Gaussian prediction of 5.19 nm), the
PS ring at ϕR = 20 ww % is also found to be still smaller than a
Gaussian ring.
Fractal Exponent ν. The fractal exponent ν changes with

the concentration of the rings in the linear matrix in a linear
fashion (Figure 2d). At lower ring concentrations (10−16 ww
%), ν is close to 0.5, indicating a near-Gaussian conformation
of the rings. With an increase in the ring volume fraction ϕR, ν
decreases systematically and reaches the bulk ν value for the
R40 ring at the concentration of 50 ww %. This indicates that
already at ϕR = 50 ww %, the ring conformation is close to the
fractal found in the bulk.
Flory−Huggins Parameter. The RPA applied to the

SANS data from the ϕR-dependent blends R40/L100 reveal a
Flory−Huggins parameter χF,RL that is negative (averaged value
⟨χF,RL⟩ = −0.0152) and, within errors, independent of the ring
volume fraction. For the R20 ring in hosts of different sizes, the
average ⟨χF,RL⟩ = −0.0122 is again negative and independent of
the host length. Finally, for R10, we find that ⟨χF,RL⟩ = −0.011.
As noted above, with decreasing ring size, the magnitude of
χF,RL is also diminishing. Thus, χF,RL depends on the ring size
but is independent of the blend conditions.
A negative Flory−Huggins parameter indicates attraction

between the rings and the linear chains, which in turn
signalizes ring−ring repulsion. This observation fits well with
the simulation results of the Mavrantzas group, who found a
strong correlation hole effect between C−C pairs belonging to
PEO rings. Thus, linear chains penetrate rings more strongly
than rings can penetrate other rings. The center of the mass
pair correlation function between rings very nicely demon-
strates that rings avoid each other.8,38 The simulations display
an important center of the mass ring−ring correlation hole that
becomes more pronounced with increasing ring size.
We note that isotope effects typically lead to χ parameters in

the order of magnitude of 10−4, while here, χF,RL appears to be
nearly 2 orders of magnitude larger. As an example, Bates et al.
presented the chi-parameter for a hydrogenated/deuterated
(h/d) blend of 1−4 polybutadiene (PB) as χ = 0.326T−1 − 2.3
× 10−4, which for our measurement temperature would give
5.6 × 10−4, while the topological chi-parameter between rings
and linear chains comes out as χ ≅ −1.5 × 10−2.39 As
demonstrated in our recent work,21 the chi-parameter between
h/d rings of similar size is negligible. Thus, the chi-parameter
in ring−linear blends is of topological origin and much larger
than a possible contribution due to isotope incompatibility.
In order to demonstrate the huge influence of the χ

parameter on the experimental results, Figure 6 shows the
importance of the χ parameter as well as of the low Q power
law contributions. The example shows that χF,RL gives rise to
an essential correction, which is also true for the other samples.
According to Sakaue,40 “The miscibility enhancement in

ring-linear blend is intuitively understandable in the following

way. In a phase-separated state, the concentration of rings in
ring-rich phase is high, thus rings there feel strong entropic
penalty due to the nonconcatenation TC (topological
constraint). The homogenization by mixing provides a way
to loosen the TC in rings, i.e. the entropic penalty due to
nonconcatenation. TC acts as a driving force for mixing.”
Second Q−2 Regime. As may be seen from Figure 2b, the

data from the R40/L100 blend at different ring volume
fractions display an intermediate Q-regime between the ring
form factor and the low Q−4 Porod scattering; there, a Q−2

term emerges, the intensity of which grows linearly with ϕR.
Here, we investigate this phenomenon in some more detail, in
particular also in order to clarify whether a Q−3 contribution
would also be possible. The best data for this purpose are those
from the 50/50 blend. Figure 7 displays the data in the
intermediate Q-range 0.04 < Q < 1.0 nm−1.
From Figure 7, it is obvious that beyond the Porod

scattering at low Q (blue line) that probably arises from air
bubbles in the high-molecular-weight melt, there is a significant
contribution that increases above the Guinier plateau from the
rings. This contribution is well described by a Q−2 power law
indicating correlations between the ring centers of mass that
follow Gaussian random walk statistics.
In order to investigate whether a mass−fractal-type

correlation that would follow a Q−3 power law could also
explain the intermediate Q-regime, we performed the same
investigation, now imposing a Q−3 intermediate scattering
behavior. Figure 8 displays the result.
It is obvious that in the Q-range below Q = 0.1 nm−1, the fit

misses the proper increase in the structure factor. Thus,
apparently the correlation between the ring centers�at the
investigated low Q, the rings appear point-like�is best
described by Gaussian random walk statistics leading to Q−2

contribution.
Could such a correlation be mediated by the long linear

chains that thread the rings? However, since each ring is
threaded by several linear chains�from simulations, one

Figure 6. SANS data from R40/L100 at a volume fraction of 50 ww
%. The red line displays the result from the RPA fit including the two
power laws (Q−2 and Q−4). The cyan line presents the calculation of
S(Q) setting χF,RL = 0. Finally, the dark blue line is a result of a RPA
calculation with χF,RL = 0 and without power laws.
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would estimate about 10 linear chains�we would have
expected that the rings would act like crosslinks in a temporary
network. Such crosslinks would lead to a mass fractal
arrangement, which we do not see. Furthermore, how can
temporary correlations, e.g., due to threading, impose such
correlation in a SANS snapshot?
Finally, could the Q−2 term indicate a looming phase

transition, where rings and linear chains would separate? With
a negative χF,RL on the local monomer scale, this could be
excluded. However, there might be a nonlocal component χF,RL
that becomes positive at large distances. In the following, we
present an estimate on the possibly underlying critical
fluctuations or domain sizes based on recent diffusion
experiments on ring−linear blends.41 In diffusion experiments

on ring−linear blends in particular, we studied a blend of a 20
K ring in an 80 K matrix. The diffusion studies resulted in the
observation of two diffusion modes, a slow expected one and a
fast mode, which is still not understood. One possible
explanation for the fast mode was the existence of a ring-rich
phase, where the dominant treading is onefold. The ring-rich
phase could be related to either a domain or a large wavelength
critical fluctuation. At the temperature T = 413 K of the SANS
measurements, the diffusion coefficients were Dslow = 6.86 ×
10−16 and Dfast = 5.05 × 10−14 m2/s. These values have to be
rescaled for our conditions of a 40 K ring in a 100 K matrix.
For the fast mode, the theoretical prediction for a once-
threaded ring that quantitatively was very close to our results
amounts to

=D D
N

N N
8

15fast 0
e

R L (7)

where D0 is the monomeric diffusivity and Ne is the
entanglement molecular weight. Transcribing Dfast to the
values of our structural studies yields a correction factor of 2.5.
Thus, Dfast = 2.0 10−14 m2/s.
The evaluation with the two-state model of Kar̈ger42,43 that

considers exchanges between areas characterized by fast and
slow diffusion, respectively, yielded a life time of the fast
diffusive state of τfast ≫ 1 s. For an estimate, let us take τfast =
10 s. With this assumption, we may calculate the mean-squared
displacement of a ring in the fast mode

r D62
fast fast (8)

yielding ⟨r2⟩ ≅ 106 nm2 or r 1 m2 . Thus, the typical
wavelength of a critical fluctuation would be of about this size
or larger; similarly, microphase-separated regions would also
be at least in this order.
We may conclude that the observation of a Q−2 increase in

the SANS intensities at very low Q is at least compatible with
such a scenario. On the other hand, why is the χF on the scale
of the rings negative and how does it become positive for very
small Q? Diffusion measurement on the time scale of 1−2 s,
possibly using a fluorescent labeling, might shed light on this
problem.

■ SUMMARY AND CONCLUSIONS
In this work, we have presented a systematic investigation of
ring−linear blends, where we varied either the ring volume
fraction for a given ring in a long linear matrix or the matrix
length for a low ring fraction. The following results stand out:

(i) The ring radius of gyration shrinks with increasing ring
fraction and nearly reaches the Rg,R of the ring melt at a
volume fraction of ϕR = 50 ww %. At the same time, the
fractal dimension, which is close to a Gaussian
conformation at low ϕR, decreases to the value of the
ring melt.

(ii) Aside from very short matrices, the ring size is
independent of the host length.

(iii) Following an RPA treatment, the Flory−Huggins
parameter comes out negative and independent of ϕR,
signifying ring−linear attraction that leads to ring−ring
repulsion.

(iv) χF,RL decreases with decreasing ring size, which might be
related to the decreasing possibility of threading events,
when the ring size becomes smaller.

Figure 7. SANS data from the R40/L100 50 ww % sample in the
intermediate Q-regime; red line: full fit including a Q−2 and a Q−4

contribution; magenta line: Q−2 contribution only; blue line: Q−4

contribution; and cyan line: RPA result from the ring−linear melt.

Figure 8. SANS data from the R40/L100 50 ww % blend in the
intermediate Q-regime; red line: full fit including a Q−3 and a Q−4

contribution; cyan line: Q−3 contribution only; blue line: Q−4

contribution; and magenta line: RPA result from the ring−linear melt.
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(v) The volume fraction-dependent data at low Q in
between the Guinier plateau of the ring form factor
and the very low Q Porod scattering displays a Q−2

intensity regime, the intensity of which increases
proportional to ϕR.

(vi) The origin of this Q−2 contribution is not clear but may
be related to critical fluctuations or microphase
separation induced by a nonlocal positive contribution
to χF,RL.

(vii) Another interpretation may be that threading by linear
chains causes ring−ring correlations following random
walk statistics.

The experimental results fit well into the general picture that
is mainly based on simulations, even though in detail,
quantitative differences are obvious. Finally, our results are in
qualitative agreement with earlier studies on PS ring−linear
blends.
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Germany; orcid.org/0000-0002-7686-0934;
Email: m.kruteva@fz-juelich.de

Authors
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