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We present a static and quasi-elastic neutron scattering study on both the structure and dynamics of

a ring polymer in a ring and linear polymer melt, respectively. In the first case, the ring structure proved

to be significantly more compact compared to the linear chain with the same molecular weight. In the

mixture, the ring molecules swell as was confirmed by small angle neutron scattering (SANS) in

accordance with both theory and simulation work. The dynamical behavior of both systems, which for

the first time has been explored by neutron spin echo spectroscopy (NSE), shows a surprisingly fast

center of mass diffusion as compared to the linear polymer. These results agree qualitatively with the

presented atomistic MD simulations. The fast diffusion turned out to be an explicit violation of the

Rouse model.
1 Introduction

The application and industrial processing of many soft

condensed-matter systems strongly depend on their rheological

properties that are determined by the interactions and motions of

the constituent structural units such as chain molecules, aggre-

gates, colloidal particles, and surfactants. Their understanding is

one of the great challenges of basic soft condensed matter science

and would facilitate the molecular design of new materials.

Among these materials polymers stand out. They display very

rich dynamics that is currently described in terms of entropically

driven Rouse dynamics and the reptation model involving

snakelike motions along a tube formed by the mutually inter-

penetrating chains.1 In terms of this model, a theory of visco-

elasticity has been developed that describes the main features of

polymer melt rheology. Reptation including its limiting

processes, such as fluctuations of the chain ends (contour length
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fluctuations, CLF), as well as constraint release (CR) where tube

building chains move away laterally, always involve the chain

ends in a decisive way.

Having no ends, ring polymers are topologically different and

must lack most of the dynamical processes that govern the

dynamics of linear and, in particular, branched polymers and

indeed recent rheological results display dramatic differences to

those from linear chains.2–4

In this work we present a new microscopic approach by

a combination of SANS andNSE. Before further investigation of

large rings,5 this study focuses on the Rouse regime of rings,

smaller than the linear entanglement molecular weight. In fact,

all former experimental work on the dynamics of rings concen-

trated on macroscopic properties.4,6–17 Therefore, a microscopic

understanding of the underlying dynamical processes, which

determine the mechanical and rheological properties, is still

missing. NSE allows us to directly access the segmental dynamics

of a polymer ring. The present work is the first NSE approach to

the relaxation mechanisms in a melt of lowmolecular weight poly

(ethylene oxide) (PEO) rings, sustained by a SANS structural

characterization. Very recently pulsed-field-gradient (PFG)

nuclear magnetic resonance spectroscopy (NMR) results were

published on similar systems focusing on the long range diffu-

sion.16,17 On the contrary, NSE allows investigation of the

dynamics on the sample specific length and time scales. Based on

NSE spectroscopy in conjunction with SANS, viscosity

measurements and MD simulation, we demonstrate a clear

violation of the Rouse model with respect to the ring center of

mass diffusion. Additionally, it has been found that no internal

modes contribute to the dynamics in our NSE window. This is in
Soft Matter, 2011, 7, 11169–11176 | 11169
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Fig. 1 Melt viscosity as function of inverse temperature for the linear

and ring polymers. For the values obtained by MD simulations, see text.
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agreement with predictions based on a modified dynamic struc-

ture factor for ring polymers.

2 Experimental

Cyclic protonated and deuterated PEO were obtained from the

linear polyethylene glycols.18 The isotopic purity of the deuter-

ated polymer was 99.9%. Multiple fractionations allowed us to

reduce the linear contamination of the cyclic polymers to about

1%. The content of linear polymer was measured for the

protonated material by nuclear magnetic resonance (1H NMR)

in deuterated pyridine as solvent.19 As the deuterated ring was

synthesized and purified identically, the same quality can be

assumed.

Size exclusion chromatography (SEC) in THF/dimethylace-

tamide (DMAc) with PEO calibration yielded a polymerization

degree for the linear polymers N ¼ 40.2 for the d-PEO and

N ¼ 42.3 for the h-PEO, corresponding to Mn ¼ 1930 g mol�1

(H-equivalent Mn ¼ 1770 g mol�1) and Mn ¼ 1860 g mol�1,

respectively. It is assumed that the cyclic polymers have the same

molecular weights. From 1H NMR, N ¼ 40.9 for the cyclic

h-PEO was obtained, consistent with the SEC value of the linear.

The non-uniformity indices Mw/Mn were lower than 1.04. All

blends of protonated and deuterated chains (H/D) were prepared

in solution and freeze-dried. The volume fraction, FH, of

protonated chains was 5 and 20% in SANS and NSE, respec-

tively. The amount of protonated ring in deuterated linear was

the same. Given severe restrictions in sample availability for

different experiments, the samples used in the rheological

measurements were pure, in the order of 99%. For M # Me, the

contamination of results due to unlinked linear is expected to be

low (R. Pasquino et al., unpublished data). Since the effect on

NSE was unknown, there the purity was pushed to 99.9% and

verified by NMR. This compared very well with a preliminary

LCCC (Liquid Chromatography at Critical Condition) test. In

future work, we will report separately on the purity and its effect

on the properties of larger PEO ring by the combination of NMR

and full LCCC analysis.4,20,21 The mentioned LCCC test could

not detect a trace of linear contaminant at an impurity level

of z1% by NMR.

2.1 Neutron scattering

Experiments were performed at the SANS diffractometer KWS2

and the spin-echo spectrometer JNSE@FRM2, Munich. At

KWS2 the scattering vector range 0.01 �A�1 < Q < 0.4 �A�1 was

accessed whereas the Q-range in JNSE was discretely varied

between 0.05 �A�1 < Q < 0.2 �A�1. The temperature of the

measurements was chosen to avoid residual crystallization and

varied between 373 K (SANS) and 413 K (NSE). The data can be

mutually compared as the chain dimension is virtually T

independent.22

2.2 Rheology

The melt viscosities of both samples were measured in a cone-

plate geometry using a strain-controlled ARES-HR rheometer

equipped with a force rebalance transducer 100FRTN1 from

Rheometric Scientific (TA, USA) with Peltier temperature

control. A titanium cone and plate geometry with a diameter of
11170 | Soft Matter, 2011, 7, 11169–11176
50 mm and a cone angle of 0.04 rad were used for both the steady

and the oscillatory experiments on the linear polymer. For the

ring polymer, due to limitations in sample quantity, a cone and

plate geometry with a diameter of 25 mm and a cone angle of 0.1

rad were instead used. Temperature was controlled by means of

a Peltier element, which keeps variations small (�0.05 �C).
Measurements were done from 323 to 363 K. The steady shear

viscosities of both samples were measured at different rates and

temperatures. Both architectures exhibited Newtonian behavior.

Small amplitude oscillatory shear experiments were used to

confirm the results via the Cox-Merz rule, which gave extra

credibility to the quality of the results.23
3 Results and discussion

3.1 Rheology

The shear viscosities are plotted as a function of inverse absolute

temperature in Fig. 1.

Each point in this plot represents a mean zero-shear viscosity,

averaged over different shear rates in the Newtonian region. The

corresponding error bars are smaller than the symbols. The lines

in Fig. 1 are best fits to the data using an Arrhenius-type

expression for the mean zero-shear viscosities, h ¼ Aexp(E/RT)

with T the absolute temperature, R the universal gas constant,

and A and E the fitting parameters. The parameter E is the

activation energy. The fitted values for both samples are shown

in Table 1. The results indicate that linear and ring polymers have

the same activation energies. This result is consistent with an

earlier observation of the same shift factors of entangled linear

and ring polymers.4 The viscosity of the ring melt is a factor of 2

lower compared to the linear chains.
3.2 SANS

Fig. 2a) shows the obtained SANS scattering profiles for both the

linear and the ring polymer, i.e. the differential macroscopic

scattering cross section dS(Q)/dU in absolute units (cm�1),

further abbreviated as intensity I(Q), versus scattering vector Q.

The form factor for a monodisperse ring polymer of arbitrary

molecular weight, as it is the case here, can be described by means

of a multivariate Gaussian distribution approach as e.g. in ref. 24

and in the discrete representation reads
This journal is ª The Royal Society of Chemistry 2011
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Table 1 Parameters for the linear regression (solid lines in Fig. 1) Alinear/
Aring ¼ (2.25 � 0.17)

A (106 Pa s) E/R (10�3 K�1)

Linear 6.3 � 0.8 3.3 � 0.1
Ring 2.8 � 0.2 3.36 � 0.02

Table 2 Parameters extracted from SANS data according to (a) eqn (1)
and (b) Beaucage

Ring Linear Ring/linear

(a) Rg (�A) 9.90 � 0.02 14.6 � 0.07 11.13 � 0.02
(b) Rg (�A) 10.08 � 0.06 15.08 � 0.07 11.49 � 0.07

df 2.24 � 0.03 1.662 � 0.004 2.24 � 0.02
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SðQÞ ¼ 1

N2

"
N þ 2N

XN
k¼1

F exp

�
�Q2l2k

6
F

�#
(1)

The ring closure is taken into account by F ¼ (1 � k/N), k

being the segment number (1 < k < N). For the full description

only the number of segments and the average monomer length l is

required. The linear Debye analogue is obtained for F ¼ 1. The

ratio of the squared radii of gyration, R2
g,linear/R

2
g,ring ¼ 2, is

implicit and R2
g,linear is defined as Nl2/6. As the ring was obtained

by ring closure of the linear chains its polymerization degree is

identical to that of the linear chain. Experimental data for the

rings, the ring/linear mixture and the pure linear chains are well

described by the discrete summation model using solely the

parameter N of the chemical characterization, and varying the

statistical monomeric segment length l from which Rg was

calculated (see Table 2). The statistical monomeric segment

length for this low Mw polymer, found between (5.3 � 0.1)�A

(ring) and (5.4 � 0.1)�A (linear), as expected, differs by z10%

from 5.9 �A in the high Mw linear polymer.25 Both are virtually

identical within the accuracy of this experiment. To account for

interchain contributions, the random phase approximation

was applied.26 The ring SANS data yield a radius of gyration of

Rg¼ 9.9�AwithMw¼ 1706 gmol�1, extracted from I(Q¼ 0). The

linear ring-prepolymer, on the other hand, yields Rg ¼ 15 �A,

which within experimental uncertainty, confirms the ratio

of z
ffiffiffi
2

p
as predicted. Concerning the ring/linear blend a larger

Rg ¼ 11.3 �A than the pure rings but lower than the linear one was

found. This indicates that the cyclic molecules swell as linear

chains pervade the volume occupied by them for the volume

fraction studied. The experimental swelling is about 12%

according to Rg,FR(5%)/Rg,FR(100%) ¼ 1.12 very close to what was

found in the literature for simulated rings with a slightly larger

Mw in a blend of linear chains.27 A quantitative analysis in the

QRg > 1 region shows a distinct Q dependence for the different
Fig. 2 a) SANS data on the linear (circles), ring/linear (triangles) and ring (squ

the same as in a)).

This journal is ª The Royal Society of Chemistry 2011
systems following different power laws, I(Q) f Q�P. For pure

ring and linear chains P ¼ 2.2 and P ¼ 1.7 were found, respec-

tively. For long linear polymers on length scales smaller than Rg

the Gaussian chain characteristics correspond to a Q�1/n ¼ Q�2

dependence with n ¼ 1/2, i.e. the theta state, n being the Flory

exponent, characterizing the chain statistics and excluded volume

effect. Nevertheless, when the chains are too short to explore the

Gaussian phase space, an effective slope as in good solvent is

observed as we recently reported for short linear PEP28 despite

the Gaussian approximation. For the unentangled linear PEO

the unapproximated Debye form factor yields this effective slope

naturally. The intermediate Q slope of about P ¼ 2.2, which is

found for large rings and is the signature of increased correlation,

is confirmed here.

The measured QRg-range covering 0.1 < QRg < 3.5 prohibits

further details. However, in Fig. 2 b), the respective Kratky plot

(IQ2 vs. Q) is instructive. A plateau, which is a signature of a Q�2

dependence, is clearly not observed either in the linear case or for

the rings and ring/linear cases. In fact, for the ring/linear blend

the same power law as for the pure rings is observed. This points

to the same structure in both the rings and the ring/linear blend,

as further confirmed in the Kratky plot. The development of

a shallow peak in the Kratky plot atQ* � 2/Rg is indicative of the

compact structure (P > 2, n < 1/2). The missing plateau for the

linear chain points to P < 2.

The full molecular approach (eqn (1)), can be compared also to

recently published work by Beaucage for cyclic structures. His

unbiased equation, developed for hierarchical structures, can be

viewed as a universal form factor for an arbitrary mass fractal or

self-similar object, of which cyclics are prominent examples.29

The scattering curve from such objects combines two regimes: at

low Q, the Guinier regime and at high Q the mass-fractal power

law regime, i.e. dS(Q)/dU¼ Gexp(�Q2R2
g/3) + Bf(1/Q

*)�df with

Q* ¼ Q=
�
erfðQKRg=

ffiffiffi
6

p Þ�3. Here, df is the fractal dimension, K
ares) melts. b) The respective Kratky plot for all systems (the symbols are

Soft Matter, 2011, 7, 11169–11176 | 11171
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z 1.06 an empirical constant and erf is the error function. G and

Bf are amplitudes, which for mass fractals can be related to each

other by Bf ¼ dfG

�
1� ln 2

ln z

�
G

�
df

2

�
=Rdf

g . Here, G is the Gamma

function and z is the number of Kuhn segments, z ¼ 24 as

obtained from Rg.
22 The fitted parameters are shown in Table 2

as well. By fitting df, exactly the same power law dependence as in

the molecular approach on intermediate length scales is

retrieved. The model thus describes the experimental data with

comparably good accuracy compared with the molecular

approach and indirectly proves that rings are fractal objects. The

Beaucage model yields identical results to a recently reported

description.30 However it has been shown recently that beyond

our Q range, discrepancies may be expected.

According to Beaucage, the topology of the structures is

reflected by the power law found at high Q values, and is

quantifiable by df. The obtained values of df clearly show that

both the ring and the linear chains have different topologies.

Both approaches, eqn (1) and Beaucage, yield the same values for

Rg. This is not self-evident since a constraint accounting for the

closed structure of the ring like in eqn (1) is not present in this

simple phenomenological approach. From our experimental

results it is concluded that the relation R2
g,linear/R

2
g,ring ¼ 2 is

undoubted and that the cyclic polymer behaves as a fractal

object. The different structures, ring vs. linear, are expected to

affect strongly the dynamics and flow properties. From linear

rheology, the extracted viscosity of the ring polymer is a factor of

2 lower than the linear polymer (see Fig. 1).31,32 This is expected

since it has been shown that the calculation ofRg on the one hand

and viscosity on the other hand are based on the same matrices

and eigenvalues which strongly depend on the architecture. As

a consequence, the ratios R2
g,linear/R

2
g,ring and hlinear/hring are the

same (see e.g. ref. 33 and 34). This result is nicely confirmed in

our experiments. Also the activation energies are identical for

both ring and linear chains. Therefore the temperature depen-

dence of the segmental friction for the ring and for the linear, can

be taken to be the same in good approximation.

3.3 NSE

To explore the dynamical properties of the above characterized

ring system, for the first time NSE experiments were performed
Fig. 3 a) S(Q, t)/S(Q, 0) vs. t for the rings as measured by NSE. Dotted lin

extracted value for D and the solid lines give the fit to the data with a stretched

the ring and the linear chains to S(Q, t)/S(Q, 0) (see legend in the figure). No

11172 | Soft Matter, 2011, 7, 11169–11176
on cyclic polymers. Results obtained for the ring chains are

shown in Fig. 3 a). As mentioned above, for short, unentangled

polymer chains, one expects Rouse-like behavior that relates to

the dynamics of Gaussian chains which is determined by the

balance of viscous and entropic forces. The respective single

chain dynamic structure factor is then written as:1,35

SðQ; tÞ ¼ 1

N

X
i; j

exp

	
�Q2Dt�Q2l2 ji � jj

6

F � 4Q2R2
G

p2

X
p

1

p2
E
h
1� expð�tp2=sRÞ

i#
(2)

Here, i and j are indices for the segments and sR is the Rouse time

of the chain. The first part in the exponential describes the center

of mass diffusion with diffusion coefficient D, the second term

represents the structure of the chain while the third part contains

the segmental dynamics, represented by a sum over the Rouse

modes p of the polymer chain with a Rouse time, sR ¼ xN2l2

3p2kBT
, x

being the segmental friction. Note that for the ring only even

mode numbers contribute due to symmetry.34 Since the center of

mass diffusion is given by D ¼ kBT

Nx
and l is determined from

SANS, the Rouse analysis contains only one free parameter,

namely the segmental friction x. F was defined earlier in

connection with eqn (1). The different mode structure for linear

and rings is taken into account by Elin ¼ cos

�
ppj

N

�
cos

�
ppi

N

�

and Ering ¼ cos

�
ppð j � iÞ

N

�
, respectively.34,36 Since the rings are

of low molecular weight, the question emerges if the Rouse

modes are visible in the probed Q range or not. To clarify this

point, a mode contribution analysis using the modified mode

structure (eqn (2))37,34 was performed for both systems. Fig. 3b)

presents the mode contribution factors for the linear (p ¼ 1,

p ¼ 2) and for the ring (p ¼ 2). Mode contributions with

p ¼ 2 will show up with measurable intensity for rings of

Mw $ 5000 g mol�1 for Q $ 0.1 �A�1. In the linear case it was

already shown earlier that the lowest Q is determined by the

center of mass diffusion only, but for the higher Q segmental
es show the scattering curves calculated with the Rouse model using the

exponential function. b) Contribution factors for the first modes of both

te that the first mode for the rings is p ¼ 2.

This journal is ª The Royal Society of Chemistry 2011
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Fig. 5 Mean-square displacements extracted from S(Q¼ 0.05�A�1, t) for

the ring, linear and ring/linear melts as described in the text. On the right

a zoom to the rings mean-square displacement data for t > 9 ns is

displayed.
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relaxation contributes to S(Q, t). It is obvious that in the ring

dynamic structure factor, contrary to the linear chains, only the

translational diffusion plays a role in the entire Q and time range

probed by the NSE experiment with a minor correction for the

two highest Q (see Fig. 3b)). Therefore since in the low Q range

no modes contribute to the scattering, it allows us to extract

a reliable value for the ring’s center of mass diffusion through

eqn (2).

Fig. 4 presents the coherent dynamic structure factor of the

ring, ring/linear mixture and linear melts for the lowest Q value

(Q ¼ 0.05 �A�1). A fit to the data with the Rouse equation (eqn

(2)) is shown by the solid lines. By comparing the scattering

curves it is obvious that the rings have significantly faster

dynamics, thereby confirming earlier simulation work.27,34,38,39

For the (more compact) pure rings and the blend with linear,

D ¼ 10.8 �A2 ns�1 and D ¼ 7.1 �A2 ns�1 are found, respectively.

The diffusion coefficient for the linear chains was found to be

D ¼ 5.8 �A2 ns�1 in very good agreement with NSE35 and

PFG-NMR for a very similar PEO,16,17 the latter on longer time

and length scales. The faster diffusion of the ring by a factor of

almost 2 is undeniable. Since within the Rouse model D depends

only on x andN and is therefore independent of architecture, this

finding points to a clear violation of the Rouse prediction.

Using the extracted ring value for D one can calculate the

scattering curves for allQ, using eqn (2), assuming only diffusion

which is shown by the dotted curve in Fig. 3a). For Q$ 0.08 �A�1

the theoretical curves lie systematically below the experimental

data for times longer than 3 ns. The fact that the decay of

S(Q $ 0.08 �A�1, t) is already overestimated by assuming pure

diffusion confirms the results of the presented mode contribution

analysis, namely that for the rings no internal modes contribute

to the scattering in the entire Q range probed. The deviations

from pure diffusion found at higher Q, are discussed below.

Fig. 5 shows the mean-square displacements vs. Fourier time for

the lowest Q of the NSE ring data compared to those of the ring/

linear mixture and linear chains. These can easily be extracted

from the scattering function by hr2ðtÞi ¼ �6

Q2
lnfSðQ; tÞg.

While the data of the linear polymer show the well-known

subdiffusive behavior with t0.8�0.04,40 the ring mean-square

displacements are closer to a normal diffusion, with a power

of t0.92�0.03 very similar to simulation results (e.g. ref. 38). The
Fig. 4 S(Q, t)/S(Q, 0) vs. t for the ring (squares), ring/linear blend

(triangles) and linear (circles) at the lowest Q value (Q ¼ 0.05 �A�1). The

lines are a fit of the data with eqn (2).

This journal is ª The Royal Society of Chemistry 2011
ring/linear blend with a power of t0.89�0.03 is situated between the

previous values.

Even fitting the whole Q range gives a very similar slope of

t0.9�0.03 and t0.84�0.04 for the ring and ring/linear, respectively, as

presented in Fig. 6.

The solid lines in Fig. 3a) show a fit with a stretched

exponential which gives a perfect description of the NSE data

in the entire Q and time range yielding b ¼ 0.9 with S(Qt) f

exp(– (Q2Dt)b). The fit quality is excellent, but the deviation from

a Q2 in the single exponential dependence (Q1.8) points to

a slightly non-Gaussian behavior.

In fact, in a comprehensive NSE study on the center of mass

diffusion of short linear polyethylene chains in melts, the sub-

diffusive behavior could be successfully modeled by a dynamical

correlation between the polymers.41 Here, an adequate inter-

polymer potential to describe the cooperative dynamics in the

melt was used with a range in the order of Rg. As a consequence,

at a decorrelation time sdecorr ¼ R2
g/D at which the mean-square

displacement becomes larger than Rg, a transition from sub-

diffusive to diffusive behavior is predicted. Using the values for

Rg andD as determined above, we calculate sdecorr¼ 38 ns for the

linear, sdecorr ¼ 18 ns for the ring/linear and sdecorr ¼ 9 ns for the

ring polymers. The transition is therefore out of the time window

of our NSE measurement in the first case while for the ring and

ring/linear the theory predicts a normal diffusion in the accessible

time range. The right inset in Fig. 5 shows that for times higher

than sdecorr ¼ 9 ns for the pure rings the data are compatible with

a pure diffusion (slope ¼ 1). From the mean-square displace-

ments and decorrelation times, one can estimate that the ring

moves over a distance of roughly 5 times its Rg in the NSE time

window. Since for the ring/linear mixture the decorrelation time

is very close to the maximum Fourier times of the experiment, the

same cannot be concluded for this system.

3.4 Comparison with molecular dynamics simulations

In addition to the SANS and NSE measurements, the structural

and dynamic properties of both the ring and linear melts

considered here were studied by atomistic molecular dynamics

(MD) simulations using the modified TrAPPE united-atom (UA)

force-field proposed by Fischer et al.42,43 The corresponding
Soft Matter, 2011, 7, 11169–11176 | 11173
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Fig. 6 The mean-square displacements extracted from all studied Q values for the a) ring and b) ring/linear melts.

Fig. 7 Comparison of the normalized dynamic structure factor S(Q, t)

vs. t for the ring (red line) and linear (green line) melts at the lowest Q

value (Q ¼ 0.05 �A�1) from MD simulations with NSE data (legend as in

Fig. 4).
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potential functions include bond-stretching, bond-bending,

torsional, Lennard-Jones and electrostatic interactions. The MD

simulations were executed in the NPT statistical ensemble at two

different temperatures (T ¼ 413 K and T ¼ 373 K) and at

a pressure P ¼ 1 atm, using the GROMACS simulation

package.44 The initial configuration (corresponding to a mono-

disperse PEO melt with Mw as given above in the experimental)

was created using the Materials Studio software package45 fol-

lowed by a potential energy minimization procedure and

exhaustive pre-equilibration via a long NVT MD simulation run

at 450 K, at a density value close to the experimental one at this

temperature. The two systems simulated consisted of 125 linear

PEO chains and PEO rings, respectively. Temperature and

pressure were maintained at their prescribed values using a Nos�e-

Hoover thermostat-barostat.46–48 The equations of motion were

integrated using a single time step MD algorithm equal to 2 fs.

For both systems (ring and linear), very long MD trajectories

accumulated at both temperatures (up to 300 ns in the case of the

lower temperature) to reduce the statistical uncertainty of the

configurational averages for the properties of interest. Typical

simulation results for the system, i.e. longest relaxation time,

density, chain dimensions, chain self diffusion coefficient, and

the zero shear rate viscosity, are reported in Table 3. They are all

in qualitative and in some cases excellent quantitative agreement

with the experimentally measured values. The simulation

predictions support the experimental findings that: a) the

viscosity of the ring polymer is by a factor of 2 lower than that of

the linear melt at the same density, and b) ring chains diffuse

faster than linear chains (here by approximately 40%). This is

a confirmation of the experimental results pointing to a violation

of the Rouse model. The simulation predictions for the zero-

shear rate viscosity are in excellent quantitative agreement with

the measured viscosities for both systems. Moreover the factor of
Table 3 MD predictions for several properties of interest between the simul

System Linear (T ¼ 413 K) linear (T ¼

s1,L (ns) 8.6 � 0.2 22.0 � 0.5
s2,R (ns)
density r (g cm�3) 1.000 1.040
<R2

g>L, <R
2
g>R (�A2) 235 � 10 240 � 10

D (�A2 ns�1) 5.4 � 1.5 2.0 � 0.7
h0 (Pa s) (24.3 � 1.5) � 10�3 (58.3 � 2.2

11174 | Soft Matter, 2011, 7, 11169–11176
2 found between the ring and linear viscosities is practically the

same in the simulated case. This is nicely shown in Fig. 1 where

the two sets of data are perfectly consistent. It is noteworthy that

the simulated and experimental activation energies are virtually

identical. Besides the confidence in the analysis, these results are

also suggestive of the reduced effect of linear contaminants

(in small amounts not exceedingz1%) on ring dynamics for low

molecular weights, as compared to large, entangled ones. This

will be discussed in much more detail in forthcoming publica-

tions. The viscosities were obtained using the longest chain

relaxation times (s1,L, s2,R) as directly calculated from the

MD runs, in the Rouse equations h0,R ¼ (P2rRT/6)s2,R and

h0,L ¼ (P2rRT/6)s1,L.
ated linear and ring PEO systems

373 K) Ring (T ¼ 413 K) Ring(T ¼ 373 K)

2.2 � 0.2 6.0 � 0.2

1.015 1.055
110 � 10 115 � 10
7.1 � 2.6 2.5 � 0.9

) � 10�3 (12.6 � 0.8) � 10�3 (32.2 � 1.8) � 10�3

This journal is ª The Royal Society of Chemistry 2011
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In Fig. 7 the MD predictions for the coherent dynamic

structure factor S(Q, t)/S(Q, 0) of both the ring and linear melts

are presented for Q ¼ 0.05 �A�1 and compared with the experi-

mentally measured data for the same Q value. For the linear

system very good quantitative agreement is found. Moreover the

experimentally significant faster dynamics of the rings is

confirmed qualitatively. This validates the atomistic simulations

studies presented here.
4 Conclusion

Summarizing the NSE results we have found i) the diffusion of

the Rouse ring is almost a factor of 2 faster compared to the

linear reference with identical molecular weight, ii) the dynamic

structure factor for the ring is not affected by internal modes in

the accessible time and Q window, iii) in contrast to the linear

chains, the ring data show less subdiffusive behavior in the entire

Fourier time range and are even compatible with pure diffusion

at longer times in agreement with the prediction of a recent

approach to the dynamic correlation of polymers in the melt.41

Concerning the ring/linear mixture, the diffusion coefficient is

closer to the linear. The same holds for the subdiffusive behavior.

At longer times pure diffusive behaviour is found for the rings, as

anticipated.

While the smaller Rg and the lower viscosity of the rings are in

quantitative agreement with the Rouse theory, the much faster

diffusion demonstrates an obvious violation of this model. The

center-of-mass diffusion is clearly not solely determined by

segmental friction and the number of segments as predicted in the

Rouse model. In contrary it shows an unexpected dependency on

the architecture. Our finding of a significantly faster diffusion of

rings which have the same number of chemically identical

segments therefore is in a definite contradiction to the ‘‘heat

bath’’ assumption which the Rouse model is based upon.

Moreover, the fact that the center-of-mass diffusion of the

present ring/linear mixture at Fring ¼ 20 lies between the pure

ring and the pure linear values seems to reflect the different ring

conformations (compact and slightly swollen). This is confirmed

by our complementary SANS study, which points to a very

compact structure of the pure ring polymer, especially in the

present situation of small molecular weight below the linear

entanglement limit. This obviously generates at least partly

a shielding of the monomers from the heat bath resulting in

a smaller friction per monomer compared to the linear chain and

the Rouse prediction, respectively.38 At the same time, the ring/

linear mixture with a swollen ring conformation as found by

SANS experiences a reduced shielding due to the inter-

penetrating linear chains with a consequently slower diffusion

compared to the pure rings.

A qualitatively similar, but less pronounced, behaviour for D

was found by PGF-NMR and the here presented atomistic MD

simulations. The present work is the first experimental validation

of simulation results on Rg, diffusion and mean-square

displacement on the segmental length scale. The SANS results

using the Beaucage description prove at least similar properties

of a ring compared to a fractal object or a lattice animal. Indeed,

the lattice animal representation or an analogy to randomly

branched structures has been already proposed for larger poly-

mer rings.4,49 However, our PEO ring with about 24 Kuhn
This journal is ª The Royal Society of Chemistry 2011
segments is too small to realize such a conformation.49 In

particular our system is not entangled and the picture of lattice

animals implies entanglements or at least long-lived obstacles.

These, however, are expected to be absent in large ring systems,34

even for molecular weights far beyond the entanglement molec-

ular weight (Me). A detailed description of the dynamic behav-

iour of moderately ‘entangled’ rings, in particular an extensive

analysis of the internal mode dynamics, will be matter of

a forthcoming study.
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