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ABSTRACT: Small-angle neutron scattering (SANS) has been used to investigate the conformation of
linear and cyclic poly(dimethylsiloxane)s (PDMS) in chemically identical, undiluted blends. SANS
measurements have been carried out on (1) linear hydrogenous (H) mixed with linear deuterated (D)
PDMS and (2) cyclic H mixed with cyclic D PDMS. The conformational behavior of the cyclic and linear
polymers is studied over a wide range of molar mass and composition. Isotopic blends of linear PDMS
are shown to adopt conformations that agree well with theoretical predictions for Gaussian random-coil
polymers and confirm previous SANS studies. As expected for chains obeying Gaussian statistics, the
mean radii of gyration, Rg, scale with the weight-average molar mass as Rg ∝ Mw

0.5. A detailed study of
H/D cyclic PDMS mixtures is presented, and we demonstrate that, since Rg ∝ Mw

0.4, highly flexible cyclic
polymers in the melt adopt an even more compact conformation than that of unperturbed rings. This
behavior confirms previous predictions based on computer simulations and theoretical studies. The results
are in excellent agreement with computer simulations and theoretical predictions reported in the literature.

1. Introduction

The dilute solution behavior of cyclic polymers has
stimulated considerable interest over many years,1,2

with cyclic poly(dimethylsiloxane) (PDMS) being one of
the most thoroughly studied systems. Extensive com-
parisons have been made between the properties of
cyclic PDMS and those of linear chains using a wide
range of experimental techniques, e.g., gel permeation
chromatographic (GPC) retention volumes,3 radii of
gyration,4 bulk viscosities,5 and translational diffusion
coefficients.6,7 In this paper, we report on the compari-
son between the conformational behavior of linear and
cyclic polymers in bulk, an area to date largely unex-
plored due to the unavailability of deuterated cyclic
polymers.

This lack of suitable deuterated cyclics has limited
conformational studies to investigations in dilute solu-
tions. For example, Higgins et al.4 carried out SANS
measurements of cyclic PDMS in deuterated benzene
solution. The mean-square radii of gyration of cyclic

PDMS with z-average number of bonds between 130 and
550, Rg,c

2, were determined by SANS. In that work,
Higgins et al.4 were able to show that ring chain
dimensions are considerably smaller compared to those
of linear PDMS chains, i.e., Rg,l

2. The experimentally
determined ratio, Rg,l

2/Rg,c
2, was found to be equal to

1.9 ( 0.2.4 This result is in good agreement with
theoretical predictions that Rg,l

2/Rg,c
2 ) 28-10 for flexible

polymers in the unperturbed state (at θ-point condi-
tions). A similar value has been reported for solutions
of ring and linear polystyrene.11,12

Experimental studies and theoretical predictions are
supported by Monte Carlo calculations13 of the mean-
square radii of gyration of ring and linear molecules
containing 8-100 skeletal bond atoms, unperturbed by
excluded-volume effects. The ratios Rg,l

2/Rg,c
2 were found

to be 2.0 ( 0.2 for molecules with more than 30 skeletal
bonds while larger values of this ratio were obtained
for rings containing fewer than 20 skeletal bonds.13

As pointed out by Müller, Wittmer, and Cates,14

despite the wide range of experimental data that are
available on the behavior of cyclic polymers in solution,
the static and dynamic properties of ring polymers in
the melt remain largely unexplored. To date, no experi-
mental study of the radius of gyration of rings in the
melt, apart from our own work, has been reported. The
unavailability of deuterated cyclic polymers has been
responsible for such a lack of investigations. This paper
reports the first detailed comparison of the conformation
and thermodynamics of cyclic and linear polymers in
bulk.
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siloxanes, sadly died before the publication of this part of the work.
We believe he would have been very pleased to see the fruits of
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Ring polymers differ considerably from their linear
counterpart as they cannot interpenetrate to the same
extent. Cates and Deutsch15 have suggested that, due
to the presence of topological constraints, rings may
adopt a more compact structure in the undiluted state
compared to linear chains and, as a result, are partially
collapsed. For cyclics, the molecular weight dependence
of Rg is predicted to be less pronounced, i.e., Rg ∝ N2/5,
compared to that of linear chains obeying Gaussian
statistics, i.e., Rg ∝ N1/2 (N being the number of mono-
mer units in the chain).

Recent computational studies14,16-19 of cyclic polymers
have confirmed theoretical predictions. Published work
focuses on the conformational properties of rings with
16-512 monomer units and their comparison with the
dimensions of linear chains. There appears to be com-
mon agreement that the conformational behavior of
rings in dilute solution and in the melt differs signifi-
cantly. Because of their closed structure, uncatenated,
unknotted cyclic polymers cannot adopt all possible
conformations such as those that lead to the formation
of catenated rings or knots. For concentrated systems,
these restrictions give rise to an additional topological
excluded-volume interaction between neighboring chains
that is only negligible for dilute solutions. The experi-
mental results to be presented here support this view.

In this paper, we report a SANS study of mixtures of
hydrogenous (H) and deuterated (D) cyclic PDMS and
compare their conformational properties to those of
similar mixtures of linear PDMS chains. To our knowl-
edge, only three SANS studies of linear PDMS have
been reported.20-22 Lapp et al.20 carried out SANS
experiments on asymmetric H (Mw ) 14600) and D
linear PDMS (Mw ) 267 000) blends at low concentra-
tion of deuterated chains (0.9 and 6%). More recently,
Beaucage et al.21 reported SANS data of symmetric 50/
50 H/D PDMS blends with Mw in the range 15 000-
300 000 g mol-1. These measurements deal with high
molecular weight PDMS samples, outside the range of
molar masses for which cyclic polymers are available
to us. To make direct comparison between linear and
cyclic PDMS, we therefore carried out SANS measure-
ments on low molecular weight samples, Mw < 15 000.

A study of the conformation of cyclic polymers has
been presented in a separate paper.23 In that work,
through analysis of the form factors, we demonstrate
that rings in the melt are partially collapsed compared
to linear chains. Here we exploit this result and extend
analysis of SANS data to a range of cyclic H and D
PDMS blends of different molecular weights. By study-
ing mixtures of hydrogenated and deuterated linear
chains of similar Mw, we make comparisons between the
mean radii of gyration of linear chains and cyclics. In a
following paper we will describe the behavior of topo-
logical blends, i.e., mixtures of H and D linear chains
and cyclics.24

2. Theory25

The coherent scattering from a homogeneous mixture
of deuterated (D) and hydrogenous (H) polymers can be
expressed by the differential scattering cross section,
dσ(Q)/dΩ. This quantity represents the number of
neutrons scattered per second into a small solid angle
dΩ (neutrons s-1) with respect to the incident neutron
flux (neutrons cm-2 s-1) in units of cm2. The quantity
measured experimentally is the normalized differential
scattering cross section per unit volume, dΣ(Q)/dΩ,

expressed in units of cm-1. The differential scattering
cross section dΣ(Q)/dΩ is a function of the scattering
vector or momentum transfer Q () (4π/λ) sin(θ/2), where
θ is the scattering angle and λ the neutron wavelength).
It is related to the structure factor S(Q) which is the
Fourier transform of the density correlation function
relative to the scattering units, and it is given by

The term within parentheses is the contrast, a quantity
that determines the magnitude of the observed scattered
intensity. As shown above, the contrast is defined from
the scattering lengths of the monomer units bD and bH
and the volumes per monomeric unit vD and vH of the
deuterated and hydrogenated species, respectively.

In the framework of the mean-field random phase
approximation (RPA) derived by de Gennes26 and
Binder,27 the structure factor S(Q) for an H/D mixture
of two chemically identical polymeric species is given
by

where Ni and φi are the degree of polymerization and
volume fraction of polymer i, respectively, and ø is the
segment-segment interaction parameter. The reference
volume v0 is usually taken as the geometric average:

Since the difference between the volumes of hydrog-
enous and deuterated species is small,28 for a H/D blend,
vD is approximately equal to vH. The differential scat-
tering cross section can be obtained by combining eqs 1
and 2:

For monodisperse Gaussian chains the variation of the
scattered intensity with scattering vector Q represented
by the form factors Pi(Q) in eqs 2 and 4 is modeled by
the Debye equation:29

where Rg,i is the radius of gyration of polymer i which
is related to its degree of polymerization Ni and statisti-
cal segment length ai:

For the flexible PDMS chains, the statistical segment
length is reported to be 5.61 Å.21

For rings, the structure factor was calculated by
Casassa,8 and his result subsequently confirmed by
several authors.30,31 P(Q) is given by

dΣ (Q)
dΩ

) (bD

vD
-

bH

vH
)2

S(Q) (1)

1
S(Q)

) 1
φDvDNDPD(Q)

+ 1
φHvHNHPH(Q)

- 2ø
v0

(2)

v0 ) xvHvD (3)

dΣ (Q)
dΩ

)
(1/v0)(bH - bD)2

[φDNDPD(Q)]-1 + [φHNHPH(Q)]-1 - 2ø
(4)

Pi(Q) ) ( 2
Q4Rg,i

4)[Q2Rg,i
2 - 1 + exp(-Q2Rg,i

2)] (5)

Rg,i
2 ) (Niai

2

6 ) (6)

P(Q) ) ( 2
xt) exp(- t

4)∫0
t1/2/2exp(x2) dx ) ( 2

xt)D(xt
2 )

(7)
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where t ) Q2(Rg,c)2 and D(x) is the Dawson integral. We
have already shown that the form factor P(Q) given by
eq 7 better describes the Q dependence of the scattered
intensity than the Debye function, at least for cyclic H/D
mixtures containing relatively small cyclics,23 up to
approximately 11 000 g mol-1.

The radius of gyration of a cyclic molecule has been
calculated by Zimm and Stockmayer32 by neglecting
excluded-volume effects. It is related to the degree of
polymerization by

leading to a reduction in the average size of the polymer
compared to linear chains (eq 6). A similar result had
been reported by Kramers.9 From eqs 6 and 8, the ratio
Rg,l

2/Rg,c
2 is predicted to be 2.

The prediction that Rg,l
2/Rg,c

2 ) 2 relies on calculations
that are based on Gaussian statistics and that are
assumed to be equally applicable to linear chains and
rings. On the basis of Flory-like arguments, Cates and
co-workers15 first pointed out that ring polymers may
adopt a more compact conformation than linear chains.
For rings, the scaling exponent ν describing the molec-
ular weight dependence of Rg was predicted to be 0.4, a
result that clearly deviates from the Gaussian scaling
exponent 0.5.

Various methods have been used to extract the
relevant parameters from eq 4, i.e., the interaction
parameter and the radii of gyration of the two compo-
nents. Usually, approximate expressions are used to
obtain this information from either the low-Q or the
high-Q regions. As pointed out by various authors,33,34

PH(Q) and PD(Q) in eq 4 are correlated, and therefore
the two Rg,i values cannot be determined independently.
Hence, eq 6 is used considering an average statistical
length which is the same for the deuterated and
hydrogenous polymers. This assumption is justified for
isotopic blends of the same chemical species, except
when the chains become too short so that data deviate
from Gaussian statistics.

In this work, to fully exploit the information available
on a wide Q range, we have fitted the scattering data
to the Debye equation. However, since eq 5 is strictly
valid only when the hydrogenous and deuterated poly-
mers are monodisperse, we have used a modified Debye
function.35 For a sample with a Schulz-Flory distribu-
tion of molar mass and polydispersity index u () Mw/
Mn -1), the modified Debye equation is35

where γ ) Rz
2Q2/(1 + 2u), Rz

2 being the mean-square
z-average radius of gyration of the linear chains. After
substituting the appropriate expression for the form
factor, eq 4 can be used to fit the experimental data
using nonlinear least-squares regression analysis.

Isotopic effects have to be considered when analyzing
SANS data. There exists a wealth of literature data
indicating that mixtures of hydrogenous and deuterated
polymers exhibit an upper critical solution temperature
behavior and isotopically driven phase separation may
occur on cooling. Early SANS studies on high molecular
weight linear PDMS20 indicate that the interaction
parameter between hydrogenous and deuterated species

is far from being negligible: ø ) 1.7 × 10-3; symmetric
blends with Mw > 100 000 should phase separate at
room temperature. Recently, this expectation was con-
firmed by experiments21 on high molecular weight
PDMS (Mw ) 300 000).

Isotopic effects are negligible at low molecular weight
since, at room temperature, the binary blend is far from
the phase boundary. However, end group effects may
alter the expected critical temperature required for
phase separation, resulting in an upward shift of the
phase boundary. This effect has been invoked to explain
the SANS data of binary isotopic PDMS blends.21

By using eq 4, we have estimated the extent of the
isotopic effect in H/D PDMS mixtures; comparison
between the behavior of linear and cyclic isotopic blends
is given in section 4.

3. Experimental Section
3.1. Materials. The hydrogenous cyclic polymers were

prepared using the ring/chain equilibration method of Brown
and Sluzarczuk.36 This produced a polydisperse sample that
was solution separated and then fractionated by preparative
GPC.37,38 The hydrogenous linear polymers (which have tri-
methylsilyl end groups) were DC 200 series dimethylsiloxane
samples supplied by Dow Corning Ltd. Linear and cyclic
deuterated PDMS were synthesized using a newly developed
procedure described in earlier publications.39,40 Similarly to the
hydrogenous cyclic polymers, the deuterated materials were
solution separated, and after fractionation using preparative
GPC, a series of well-characterized narrow fractions of deu-
terated linear and cyclic polymers were obtained with poly-
dispersity in the range 1.03-1.25. Because of the synthetic
procedure adopted, the linear deuterated polymers present
silanol end groups.

Molar mass values for the hydrogenous linear and cyclic
materials reported in Table 1 were obtained from GPC
measurements after calibration with linear and cyclic PDMS
narrow standards, respectively. For the deuterated polymers,
the same calibration curves were used, but Mw values were
corrected to account for the difference between the monomer
unit masses of deuterated and hydrogenous PDMS. The error
in the determination of the molar mass from the calibration
curves is equal to 13% and 10% for the linear and cyclic
polymers, respectively.

The H/D blends were prepared by weighing the appropriate
amounts of hydrogenated and deuterated polymers into spec-
troscopic grade quartz cells and agitating to ensure thorough
mixing. The quartz cells used had internal dimensions of 10
mm (width) × 20 mm (height) × 1 mm (path length).

For the purpose of evaluating the level of incoherent
scattering in H/D PDMS mixtures, three randomly labeled H/D
PDMS copolymers containing different amounts of isotopic

Rg,c
2 ) (Niai

2

12 ) (8)

Pi(Q) ) 2
(u + 1)γ2

[(1 + uγ)-1/u - 1 + γ] (9)

Table 1. Molar Mass and Polydispersity of Samples
Investigated by SANSa

hydrogenous PDMS deuterated PDMS

sample
Mw

[g mol-1] Mw/Mn sample
Mw

[g mol-1] Mw/Mn

23HL 22900 1.04 31DL 31171 1.23
10HL 9710 1.03 12DL 11828 1.11
6HL 6280 1.15 11DL 10970 1.21
2HL 2020 1.07 6DL 6420 1.19

2DL 1980 1.18
9HC 9000 1.05 11DC 11140 1.11
5HC 4780 1.06 9DC 8649 1.16
3HC 2750 1.03 5DC 4760 1.13

3DC 3570 1.14
a Samples are coded according to their weight-average molar

mass, their isotopic labeling, and finally their topology; e.g., 10HL
refers to a hydrogenous linear PDMS with a weight-average molar
mass of approximately 10 000 g mol-1.
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substitution were prepared. The amount of isotopic substitu-
tion for each of the copolymers was accurately established
through NMR measurements. The volume fraction of the
hydrogenous monomer in the three copolymers used here was
equal to 0.44, 0.72, and 0.91.

3.2. Small-Angle Neutron Scattering. Neutron scattering
measurements were carried out on the LOQ small-angle
neutron scattering diffractometer at the ISIS Spallation
Neutron Source (Rutherford Appleton Laboratory, UK)42 and
on the SANS instrument D2243 (Institut Laue Langevin,
France). For the measurements on LOQ, incident neutrons
with wavelengths in the range 2.2 < λ < 10 Å were used. SANS
data were collected using both the ORDELA main detector
bank and the high-angle detector bank, thus covering a Q
range from 0.008 to 1.4 Å-1. In this experiment we limit our
discussion to data acquired on the ORDELA main area
detector, i.e., covering the Q range 0.008-0.25 Å-1. On D22,
two different instrument configurations were used with a
wavelength of 6 Å and sample-detector distances of 1.5 and
8 m to cover the Q range 0.0054-0.60 Å-1.

All SANS measurements were performed at 298 K with the
use of a temperature-controlled cell holder. Scattering patterns
were isotropic, and therefore the raw data were radially
averaged about the incident beam direction. The scattered
intensities were then corrected for transmission and sample
thickness, and the scattering from the empty cell was sub-
tracted using standard RAL or ILL procedures.44,45 The dif-
ferential scattering cross section, dΣ(Q)/dΩ in units of cm-1,
was obtained after normalization with a polystyrene standard.

To subtract the incoherent background scattering, we have
measured the scattered intensity of pure H and D PDMS
samples. Subtraction of the incoherent scattering was per-
formed using the appropriately volume fraction-weighted sum
of the scattered intensities of the pure H and D PDMS. The
validity of this method was evaluated by comparing the
calculated scattering with the SANS data of the randomly
labeled H/D PDMS copolymers containing different amounts
of isotopic species. For these random H/D copolymers, the
scattered intensities no longer contain information on the
single-chain scattering, and thus SANS measurements allow
us to estimate the level of the incoherent background. The
scattering profiles recorded for two different copolymers are
reported in Figure 1. The SANS data are compared with the
scattering estimated from the appropriate volume fraction-
weighted sum of the scattered intensities of the two pure H
and D PDMS samples. It is evident that this method provides
an accurate evaluation of the level of incoherent scattering.

4. Results
4.1. Linear Poly(dimethylsiloxane). Figure 2 shows

the SANS data from LOQ of three 10HL/11DL samples
with different compositions. The coherent SANS profiles

were analyzed (after subtraction of the incoherent
scattering) using eq 4. For each sample, the SANS
profiles relative to the three different concentrations
were fitted using a simultaneous minimization proce-
dure, with fixed Mw and Mw/Mn values determined from
GPC measurements and known volume fractions. Fit-
ting parameters were the radii of gyration and ø (the
latter is computed from the extrapolated values of the
scattered intensity at Q ) 0 using Mw and the volume
fractions of the H and D components).

We have adopted two fitting procedures; the corre-
sponding results are displayed in Figure 2 as continuous
and dashed lines. The latter refer to fits using composi-
tion-independent ø values while the continuous lines
were generated by letting ø vary with composition. It is
evident that a composition-dependent ø gives a better
description of the experimental data, particularly at low
concentrations.

For all linear H/D PDMS blends studied on LOQ, the
modified Debye equation (eq 9) describes the Q depen-
dence of the SANS intensity up to the highest Q values.
As discussed elsewhere,23 this observation is supported
by the Q-2 dependence displayed at large Q values, a
result that is predicted for Gaussian statistics.

The D22 SANS data for six 10HL/12DL PDMS
samples are plotted in Figure 3. Contrary to the LOQ
data analysis, here we plot the scattered intensity, prior
to the subtraction of the incoherent scattering, and
therefore an incoherent background has been added to
the fits. Copolymer samples had not been available at
the time of the D22 experiment. Background subtrac-
tions from the pure hydrogenous and deuterated poly-
mers proved difficult, and the different methods that
were used either under- or overestimated the level of
incoherent scattering.

In agreement with the LOQ data analysis, we have
used composition-dependent ø parameters to fit the D22
data. As noted for LOQ, the simultaneous fitting
procedure provides excellent fits to the SANS profiles
over the whole range of compositions, and the incoher-
ent background accounts for the changes in scattered
intensity which are observed in Figure 3 at high Q
values.

The use of two different configurations on D22 af-
forded data over a wide Q range from 0.0054 to

Figure 1. Scattered intensity of randomly labeled PDMS
copolymers (LOQ) with volume fraction of hydrogenous mono-
mer equal to 0.72 (4) and 0.44 (0). The continuous lines result
from a linear combination of the scattering intensity from the
pure hydrogenous and deuterated species, considering the
volume fractions of H and D comonomers.

Figure 2. SANS data of 10HL/11DL after subtraction of the
incoherent background (LOQ data). Error bars indicate ex-
perimental points. The three curves correspond to three
different volume fractions of H PDMS: 0.06, 0.27, and 0.52
(in order of increasing scattered intensity). The continuous
lines are fits to the experimental data using eqs 4 and 9 and
a composition-dependent ø parameter. The dashed lines give
similar fits to the data with a composition-independent ø value.
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0.60 Å-1. Thanks to this feature, it is possible to verify
that Gaussian scaling is retained up to high Q values.
This is shown in the inset of Figure 3 where three
selected curves are shown, after subtraction of the
incoherent scattering, and the scattering at large Q
compared to a slope of -2.

Fitting parameters extracted from the analyses of the
LOQ and D22 data are combined in Figures 4 and 5.
As described in section 2, SANS gives a measure of the
z-average radii of gyration Rg,z, and in analogy to light
scattering, weight-average values of molar mass are
determined from the extrapolated intensity at Q ) 0.

To make meaningful comparison between polymer
dimensions and molecular weight, the Rg,z values need
to be converted to the corresponding weight averages
using the relationship

where u is the polydispersity index defined earlier.
Rg,w values are plotted in Figure 4 vs Mw on a double-

logarithmic plot for all blends of linear H and D PDMS
investigated. The molecular weight dependence of the
weight-average radii of gyration is described by

close to the theoretical exponent of 0.50, predicted for
linear chains that obey Gaussian statistics. If Rg,w is
assumed to vary as Mw

0.5, then the prefactor is equal to
0.28 ( 0.04, which is in good agreement with experi-
mental values, reported to vary between 0.28520 and
0.265.46

The composition dependence of the interaction
parameter ø is shown in Figure 5; error bars were
calculated from the error in the determination of the
blend volume fractions and the error associated with
the determination of the weight-average molar mass
from GPC. Although the magnitude of the error in the
determination of ø increases at the two extremes of the
composition range, ø values seem to vary with molecular
weight and blend composition. The trend is similar for
both D22 and LOQ data (Figure 5). A detailed discussion
of these results is presented in one of the following
sections.

4.1. Cyclic Poly(dimethylsiloxane). Contrary to
the linear PDMS chains, the SANS profiles of the H/D
cyclic blends could not be modeled by the Debye equa-
tion. This finding has been discussed in a separate
publication23 where we show that the form factor
developed by Casassa (eq 7) better describes the scat-
tering curves over the whole experimental Q range. As
shown elsewhere,23 the discrepancy between Debye
model and SANS data is large only for relatively
small cyclics with Mw up to 11 000 g mol-1. As the
molecular weight of the cyclics increases, deviations
are observed from the Casassa model, and the Debye

Figure 3. D22 data of 10HL/12DL prior to subtraction of the incoherent background at volume fractions of H PDMS: 0.03 (4),
0.05 (2), 0.27 (b), 0.65 (O), 0.94 (0), and 0.96 (9). Continuous lines are fits using eqs 4 and 9, after addition of a flat incoherent
background, with composition-dependent ø parameters. In the inset, selected data are plotted in a log-log scale, after subtraction
of incoherent scattering, along with lines of slope -2.

Figure 4. Weight-average radii of gyration vs Mw for the
linear (4) and cyclic (O) H/D blends investigated in this work
(data are displayed for both H and D components).

Figure 5. Interaction parameters vs blend composition as
determined by SANS for mixtures of linear hydrogenated and
deuterated PDMS: (2) 2HL/2DL, (O) 10HL/12DL, (b) 10HL/
11DL, (4) 6HL/6DL. The solid lines are guide to the eye and
on the low φH side give an indication of the range of deviation
observed.

Rg,w
2 ) u + 1

2u + 1
Rg,z

2 (10)

Rg,w ) (0.22 ( 0.03)Mw
0.53(0.03 (11)
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model better describes the SANS curves. This is largely
a consequence of the inability to obtain pure high
molecular weight cyclic fractions, free from linear
chains.

The SANS data of the H/D cyclic blends with Mw up
to 11 000 g mol-1 were analyzed using the Casassa form
factor, following a procedure similar to that described
in the previous section for the linear blends. For each
blend, SANS profiles of samples with different composi-
tion were simultaneously fitted using either a constant
(dashed line in Figure 6) or an adjustable ø parameter
(continuous line in Figure 6). Once again, best fits are
obtained when ø is allowed to vary with composition and
experimental ø values are plotted in Figure 7.

Our use of eqs 7 and 9 to fit the experimental data of
the cyclic and linear PDMS, respectively, may seem
inconsistent. While eq 9 accounts for the polydispersity
of the samples, the form factor of Casassa as expressed
by eq 7 is developed for monodisperse cyclics. Here we
note that, as shown elsewhere,23 due to the narrow
polydispersity of the samples used in this work, the
effect on the calculated curves and therefore on the
fitting parameters is negligible.

The weight-average radii of gyration of cyclics with
Mw up to 11 000 g mol-1 are compared to those deter-
mined for blends of linear chains in Figure 4. The log-
log plot gives a linear trend between Rg,w and Mw which,
for cyclics, is described by the relationship

Equation 12 indicates a less pronounced molecular
weight dependence for the cyclics compared to linear
chains, and it is in excellent agreement with the
prediction that chain dimensions of rings in bulk should
scale with their degree of polymerization as N0.4.

5. Discussion and Conclusions

5.1. Radii of Gyration. The problem associated with
ring sizes in comparison to the dimension of linear
chains having the same chemical structure and degree
of polymerization has stimulated theoretical and ex-
perimental work over many years. One of the first
studies to be reported in the literature is the work of

Figure 6. LOQ data of 5HC/5DC (a) and 5HC/11DC (b) after subtraction of the incoherent background at three volume fractions
of H PDMS: 0.06 (4), 0.26 (0), and 0.52 (O). The continuous lines indicate fits to the experimental data using eqs 4 and 7 and a
composition-dependent ø parameter. The dashed lines in (a) provide similar fits to the data with a composition-independent ø
value.

Figure 7. Interaction parameter vs blend composition as
determined by SANS for mixtures of cyclic hydrogenated and
deuterated PDMS: (O) 3HC/3DC, (b) 9HC/11DC, (4) 5HC/
5DC. The solid line is a guide to the eye. Rg,w ) (0.4 ( 0.2)Mw

0.42(0.05 (12)
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Kramers,9 who proposed that the ratio of the mean-
square radii of gyration of Gaussian chains and ring
polymers at theta conditions is equal to

In the same work, Kramers discussed with the expan-
sion of rings and chains in a thermodynamically good
solvent. For expanded coils, a decrease in the ratio Rg,l

2/
Rg,c

2 to 1.9 is predicted. This result is in good agreement
with data reported by Higgins et al.4 for cyclic and linear
PDMS in d6-benzene, which is a good solvent for this
polymer.

It is of interest to compare values of the radii of
gyration of cyclic and linear PDMS with literature data.
Scaling exponents calculated by us from the SANS data
of cyclic and linear PDMS in d6-benzene solutions at
292 K reported by Higgins et al.4 are ν ) 0.64 ( 0.02
and 0.68 ( 0.04, respectively. The similarity among ν
values leads to the conclusion that cyclics and linear
chains follow the same scaling law in dilute solution.
This finding is in agreement with expectations based
on the computer simulations of Muller et al.14 and
Monte Carlo studies of Frisch et al.49 For isolated rings,
the simulations predict ring sizes to scale as Rg ∝ Nν

with ν ) 0.595, close to the excluded-volume exponent
of 0.588 expected for linear athermal chains. Thus,
results on cyclic and linear polymers in solution indicate
that the static properties of the rings are not altered
by the presence of topological constraints, and one
expects similar swelling exponents ν for the two poly-
mers.

Interesting conclusions can be drawn by comparing
weight-average radii of gyration for rings and linear
chains in the melt. Values plotted in Figure 4 indicate
that both rings and linear chains follow a power law of
type Rg,w ∝ Mν. There is clear indication that the cyclic
molecules in the undiluted state have smaller dimension
than predicted from Gaussian statistics. While for the
linear chains Rg,w ∝ M0.53(0.03, close to the result
predicted from Gaussian statistics, ring dimensions (for
samples with Mw < 11 000 g mol-1) scale as Rg,w∝
M0.42(0.05 (Figure 4). This is an important result, in good
agreement with computer simulations and theoretical
predictions that chain dimension of cyclics in bulk
should scale with their degree of polymerization as N2/5.

As pointed out by Pakula et al.,16 the ratio Rg,l
2/Rg,c

2

increases with increasing chain length, thus deviating
from the result based on Gaussian statistics that Rg,l

2/
Rg,c

2 ) 2. Such a relationship is strictly valid only in
dilute solution where topological interactions are absent.

It has been shown that, for any given number of
segments N, rings in the melt are smaller and more
compact than linear chains. The scaling exponent
reported by Muller et al.14 is 0.39 ( 0.03, in the limit of
infinite molar masses. Similarly, using a Flory-like
argument based on the free energy of a ring, Cates and
Deutsch15 predicted a scaling law Rg ∝ Nν with ν )
2/(d + 2), where d is the dimensionality, and therefore
for d ) 3 we expect ν ) 2/5.

Our results for cyclic PDMS are in very good agree-
ment with the predicted literature values. We have
shown elsewhere23 that, due to the synthetic procedure
that has been adopted for the preparation of the cyclic
molecules, cyclic samples are free of contamination from
linear chains up to ca. 11 000 g mol-1. Therefore, we

are unable to verify whether agreement between theory
and experiments extends to molar masses above 11 000
g mol-1.

5.2. Interaction Parameters. The second parameter
evaluated from the SANS data is the interaction param-
eter ø. The existence of a small positive interaction
parameter between H/D mixtures of the same chemical
species is well documented in the literature. Early
SANS studies20 on linear PDMS reported a ø value of
1.7 × 10-3 for high molecular weight samples, at room
temperature, a result that should lead to phase separa-
tion for symmetric blends with Mw > 100 000 g mol-1.

For the low molecular weight linear PDMS samples
investigated here, we have reported composition-de-
pendent ø values, which are small but negative at room
temperature and vary with molar mass (Figure 5).
There appears to be a common trend in the composition
dependence of ø; data shown in Figure 5 display a
downturn curvature which for 10HL/12DL extends
throughout the composition range. Similar downturn
composition dependencies of the interaction parameter
have been observed for other isotopic mixtures.47-49

The results reported here are in good agreement with
ø values from Beaucage et al. for isotopic symmetric
equimolar mixtures of linear H/D PDMS. In that work,
interaction parameters were evaluated from the SANS
profiles as a function of molecular weight and temper-
ature, and this made it possible to establish a general
relationship between ø, Mw, and T:

where n is the average degree of polymerization. From
these relationships it is possible to evaluate the interac-
tion parameter for the H/D blends of similar molecular
weight investigated here at 298 K and at φH ≈ 0.5.
Calculated values are reported in Table 2. As shown in
Table 2, there is good agreement between interaction
parameters, except for the lowest Mw sample investi-
gated here. The latter result may be affected by end
group effects which are negligible for the other blends.
Our samples differ from those of Beaucage et al. which
contain trimethylsilane end groups. While our H PDMS
samples have the same functionality, the D PDMS
polymers have silanol end groups. This difference may
be responsible for the discrepancy between calculated
and experimental ø values for the 2HL/2DL blend.

Figure 7 shows the interaction parameters deter-
mined from the RPA analysis of the H/D cyclic PDMS
samples. For these blends, the downward curvature is
similar to that observed previously for the linear PDMS

Rg,l
2

Rg,c
2

) 2 (13)

Table 2. Comparison between ø Values Evaluated from
Data Reported by Beaucage et al. for Equimolar Blends

and Those Extracted in This Work (from the RPA
Approach Using a Composition-Dependent ø Parameter),

for Selected H/D PDMS Blends

sample Mw
av φH øBeaucage øRPA

2HL-2DL 2000 0.52 -0.03 ( 0.01 0.002 ( 0.01
10HL-11DL 10340 0.50 -0.005 ( 0.003 -0.004 ( 0.001
10HL-12DL 10769 0.65 -0.005 ( 0.003 -0.002 ( 0.002

ø(T) ) A + B
T

(14)

A(n) ) -2.6 ( 0.6
n

(15)

B(n) ) (0.15 ( 0.1) + 530 ( 100
n

(16)
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mixtures. Comparison between ø values leads to the
conclusion that, for any given molecular weight and
composition, interaction parameters are more negative
for the cyclics than for the linear chains. The main
difference is observed when blends of low molecular
weight linear chains are compared to those of cyclic
polymers with similar Mw since in the former end group
effects play an important role.

5.3. Expansion Factors. Because of the small nega-
tive ø values, the polymer chains find themselves in a
situation that is similar to good solvent conditions;
swelling of the chain is expected compared to the
unperturbed dimensions. This expectation was con-
firmed by calculating an effective expansion factor, R,
which is defined as the ratio between the measured
characteristic ratio, Cmeasured, to its unperturbed value
(C∞):

where l is the Si-O bond length (1.64 Å) and a is the
statistical length. For PDMS linear chains, C∞ has been
reported to be equal to 5.85.21

Cmeasured can be readily evaluated from the experi-
mental statistical length determined from eq 6. In
practice, an average statistical length can be obtained
by fitting the data to eqs 4-6 and using a single a value,
which represents an average between the statistical
lengths of the two components in the isotopic mixture.
This analysis was carried out for two selected blends
10HL/11DL and 23HL/31DL, giving a values equal to
6.39 and 6.21 Å, respectively. From these, the effective
expansion factor R is found to be 1.14 and 1.11, indicat-
ing coil expansion. Because of the narrow molecular
weight range investigated here, this expansion factor
appears to be almost independent of molecular weight.

In principle, a similar procedure could be used to
calculate the parameter R for the cyclic blends. However,
the conformation of cyclic chains is dependent upon the
molecular weight and so is the expansion factor, as
indicated by the relationship between Rg and M:

Since ν ) 0.42 for cyclic PDMS, it follows that the
expansion factor should vary as M-0.08, thus displaying
a small but nonnegligible molecular weight dependence.

6. Conclusions
We have presented an investigation of the conforma-

tional behavior of linear and cyclic PDMS in bulk, using
small-angle neutron scattering. Contrary to results
reported for dilute solutions of linear and cyclic chains,
due to topological effects, Rg,l

2/Rg,c
2 is not simply equal

to 2.
While isotopic blends of linear PDMS adopt confor-

mations which obey Gaussian statistics, for H/D cyclic
PDMS mixtures Rg ∝ Mw

0.40, indicating that the highly
flexible cyclic polymers in the melt adopt an even more
compact conformation than that of unperturbed rings
(already more compact than the corresponding linear
chains). This behavior supports predictions from com-
puter simulations and theoretical studies.

Acknowledgment. The authors acknowledge sup-
port by the Engineering and Physical Research Council
(GR/M00596 and GR/M00725). We thank the instru-
ment LOQ and D22 scientists, Drs. Steve King, Richard
Heenan, and Isobelle Grillo for their assistance with the
neutron scattering measurements, and ISIS and ILL for
granting us the required beam time to carry out the
experiments.

References and Notes

(1) Semlyen, J. A., Ed. Cyclic Polymers; Elsevier Applied Sci-
ence: London, 1986.

(2) Semlyen, J. A., Ed. Large Ring Molecules; J. Wiley & Sons:
Chichester, 1996.

(3) Dodgson, K.; Sympson, D.; Semlyen, J. A. Polymer 1978, 19,
1285.

(4) Higgins, J. S.; Dodgson, K.; Semlyen, J. A. Polymer 1979, 20,
552.

(5) Dodgson, K.; Bannister, D. J.; Semlyen, J. A. Polymer 1980,
21, 663.

(6) Edwards, C. J. C.; Stepto, R. F. T.; Semlyen, J. A. Polymer
1980, 21, 781.

(7) Edwards, C. J. C.; Stepto, R. F. T.; Semlyen, J. A. Polymer
1982, 23, 865.

(8) Casassa, E. J. Polym. Sci., Part A 1965, 3, 605.
(9) Kramers, H. A. J. Chem. Phys. 1946, 14, 415.

(10) Zimm, B. H.; Stockmayer, W. H. J. Chem. Phys. 1949, 17,
1301.

(11) Ragnetti, M.; Geiser, D.; Hocker, H.; Oberthür, R. C. Mak-
romol. Chem. 1985, 186, 1701.

(12) Roovers, J. J. Polym. Sci., Polym. Phys. Ed. 1985, 23, 1117.
(13) Edwards, C. J. C.; Rigby, D.; Stepto, R. F. T.; Dodgson, K.;

Semlyen, J. A. Polymer 1983, 24, 391.
(14) Müller, M.; Wittmer, J. P.; Cates, M. E. Phys. Rev. E 1996,

53, 5063.
(15) Cates, M. E.; Deutsch, J. M. J. Phys. (Paris) 1986, 47, 2121.
(16) Pakula, T.; Geyler, S. Macromolecules 1988, 21, 1665.
(17) Kokhlov, A. R.; Nechaev, S. K. J. Phys. II 1996, 6, 1547.
(18) Brown, S.; Szamel, G. J. Chem. Phys. 1998, 108, 4705.
(19) Brown, S.; Szamel, G. J. Chem. Phys. 1998, 109, 6184.
(20) Lapp, A.; Picot, C.; Benoı̂t, H. Macromolecules 1985, 18, 2437.
(21) Beaucage, G.; Sukumaran, S.; Clarson, S. J.; Kent, M. S.;

Schaefer, D. W. Macromolecules 1996, 29, 8349.
(22) Kirste, R. G.; Lehnen, B. R. Makromol. Chem. 1976, 177,

1137.
(23) Arrighi, V.; Gagliardi, S.; Ferguson, R.; Dagger, A. C.;

Semlyen, J. A.; Higgins, J. S. J. Chem. Phys. To be submitted.
(24) Arrighi, V.; Gagliardi, S.; Dagger, A. C.; Semlyen, J. A.;

Higgins, J. S. Macromolecules, to be submitted.
(25) Higgins, J. S.; Benoit, H. C. Polymers and Neutron Scattering;

Oxford University Press: Oxford, 1993.
(26) de Gennes, P. G. C. R. Acad. Sci. Paris, Ser. B 1980, 291,

219.
(27) Binder, K. J. Chem. Phys. 1983, 79, 6387.
(28) Bates, F. S.; Fetters, L. J.; Wignall, G. D. Macromolecules

1988, 21, 1086.
(29) de Gennes, P. G. Scaling Concepts in Polymer Physics; Cornell

University Press: Ithaca, NY, 1979.
(30) Burchard, W.; Schmidt, M. Polymer 1980, 21, 745.
(31) Edwards, C. J. C.; Richards, R. W.; Stepto, R. F. T.; Dodgson,

K.; Higgins, J. S.; Semlyen, J. A. Polymer 1984, 25, 365.
(32) Zimm, B. H.; Stockmayer, W. H. J. Chem. Phys. 1949, 17,

1301.
(33) O’Connor, K.; Pochan, M.; Thiyagarajan, P. Polymer 1991,

32, 195.
(34) Shibayama, M.; Yang, H.; Stein, R. S.; Han, C. C. Macro-

molecules 1985, 18, 2179.
(35) Greschner, G. S. Makromol. Chem. 1973, 170, 203.
(36) Brown, J. F.; Sluzarczuk, G. M. J. J. Am. Chem. Soc. 1965,

87, 931.
(37) Dodgson, K.; Sympson, D.; Semlyen, J. A. Polymer 1978, 19,

1285.
(38) See: Wright, P. V.; Beevers, M. S. Preparation of Cyclic

Polysiloxanes; Semlyen, J. A., Ed.; Elsevier Applied Science:
London, 1986; Chapter 3.

(39) Dagger, A. C.; Semlyen, J. A. Polymer 1998, 39, 2621.
(40) Dagger, A. C.; Semlyen, J. A. Polym. Prepr. (Am. Chem. Soc.,

Div. Polym. Chem.) 1998, 39, 579.
(41) Dagger, A. C.; Semlyen, J. A. Polym. Commun. 1999, 40,

3243.

R2 )
Cmeasured

C∞
(17)

Cmeasured ) a2

2l2
(18)

Rg ∝ Mν ) M0.5R3 (19)

8064 Arrighi et al. Macromolecules, Vol. 37, No. 21, 2004



(42) King, S. M.; Heenan, R. K. The LOQ Handbook, RAL
Technical Report, ISIS Facility, June 1996.

(43) D22 Manual; Scientific Secretariat, Institut Laue Langevin,
France.

(44) King, S. M. Using Colette, A Simple Guide, RAL Report, ISIS
Facility, July 1997.

(45) Ghosh, R. E.; Ugelhaaf, S. U.; Rennie, A. R. A Computing
Guide for Small-Angle Scattering Experiments, ILL Report
ILL98GH14T, Sept 1998.

(46) Fetters, L. J.; Lohse, D. J.; Richter, D.; Witten, T. A.; Zirkel,
A. Macromolecules 1994, 27, 4639.

(47) Londono, J. D.; Narten, A. H.; Wignall, G. D.; Honnell, K.
G.; Hsieh, E. T.; Johnson, T. W.; Bates, F. S. Macromolecules
1994, 27, 2864.

(48) Dudowicz, J.; Freed, K. F.; Lifschitz, M. Macromolecules 1994,
27, 5387.

(49) Schwahn, D.; Hahn, K.; Streib, J.; Springer, T. J. Chem. Phys.
1990, 93, 8283.

MA049565W

Macromolecules, Vol. 37, No. 21, 2004 Cyclics and Linear Chain Polymers in Bulk 8065


