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ABSTRACT.

We present a detailed investigation of local dynamics of linear and cyclic poly(dimethyl
siloxane) (PDMS) covering a wide range of molar masses. To aid interpretation of the
experimental data, QENS measurements in the time scale from 2 to 200 ps and at 0 = 0.3 to 1.8
A" are complemented by theoretical calculations. These make use of a methodology developed
by us elsewhere, applicable to both simple chain modes and real chains, and applied here, for the
first time, to cyclic PDMS.

Analysis of the incoherent dynamic structure factor at 7 < T}, shows that the rotational motion
of the methyl groups is unaffected by polymer topology. At higher temperatures, the QENS data
are described by a model that consists of two dynamic contributions: methyl group rotation and
segmental motion, the latter described by a stretched exponential function.

Relaxation times of both linear and cyclic PDMS increase with increasing molar mass. Several
features predicted by theory are also reproduced by the experimental data. We show,
unambiguously, that rings have higher relaxation times for the segmental motion compared to
linear chains of the same number of monomer units. Theoretical calculations support the idea
that such slowing down of local dynamics is due to the topological constraint imposed by the
ring closure, a constraint which becomes negligible for very large molar masses.

Our calculations suggest that, due to its albeit small conformational rigidity, PDMS undergoes
an additional constraint which further increases the relaxation time, producing a shallow
maximum for N ~ 50 repeat units. A similar feature is also observed in the experimental QENS
data.

Values of activation energy, E,, are derived from analysis of the temperature dependence of
the quasielastic broadening and are found to be in agreement with viscosity measurements
reported in the literature. Although the pronounced molar mass dependence of E, for linear
PDMS is certainly linked to the presence of mobile chain ends, for the cyclic polymers the

behavior appears to be more complex than anticipated.
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1. INTRODUCTION

Cyclic polymers differ from linear chains by one single bond that links the chain ends. This
apparently trivial topological constraint has a profound effect on many polymer properties'. For

example, it has been shown to influence crystallisation”*, thermal properties such as heat

10-12 13-16

capacity’ and glass transition® ®°, bulk viscosity and diffusion coefficients

Early theoretical studies focused on the effect of polymer topology on conformation and radii of

17-20

gyration'”’, glass transition and dynamics®'. Extensive work has also been carried out using

computer simulations™*’

. Experiments on well characterized cyclic molecules have made it
possible to confirm theoretical predictions of chain dimension in solution'” ' **** and in bulk®®
¥ leading to a good understanding of their structural properties. Recently, good agreement
between theory and experiments was reported by us for cyclic poly(dimethyl siloxane)s (PDMS)
in the undiluted state. Our results showed that highly flexible cyclic polymers in the melt adopt

an even more compact conformation than that of unperturbed rings, leading to that R, oc M, 36

37

In this work we make a comparison between linear and cyclic PDMS dynamics. Although

10-12 and diffusion coefficients'>'® have been well

macroscopic properties such as bulk viscosity
documented in the literature, fewer studies have addressed microscopic behaviour. Here, using
quasi-elastic neutron scattering (QENS) we aim to provide a microscopic insight into the
different dynamic behaviour of linear and cyclic molecules, within length scales that are

sensitive to molecular structure.

Experimental and theoretical studies of melt dynamics have focused on the extent to which chain
ends, or better absence of, affect the dynamic behavior of a polymer®'. Chain motion in a dense
solution or melt of entangled linear or branched chains is well understood in terms of the
reptation model.**** However, the concept of reptation is strictly correlated with the existence of
chain ends and for this reason this type of motion should be strongly suppressed in non-linear

- 21,44
polymers such as stars or closed ring molecules™ ™.

Early viscoelastic measurements of cyclic polystyrene produced contradictory results,
particularly with regard to the molecular weight dependence of the viscosity, and this has been
largely attributed to contamination of linear chains and/or formation of knots.*> ** ** More

recently, Kapnistos et al.*’ reported that high purity cyclic polystyrenes (PS) with M,, above the
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entanglement molecular weight for linear PS show no obvious rubbery plateau but a power-law

stress relaxation.

Generally, theoretical predictions of significant differences between the melt dynamics of linear
and cyclic polymers have not been fully supported by experiments. The zero-shear rate
viscosities of cyclic polystyrenes in the molten state was found to be lower compared to values
measured for linear chains, the maximum difference being approximately a factor of 2 at low
molecular weight.*® However, what was surprising is that the molecular weight dependence of
cyclics showed the two-power law regimes observed for linear polymers due to a transition from

unentagled to entangled behaviour. For both PS and PDMS'*'*

, the crossover occurred at similar
values of critical molecular weight M, indicating qualitatively similar dynamic behaviour for

rings and linear polymers.

On the basis of rheological data, diffusion should be faster for rings than their linear counterpart.
This is in agreement with computer simulations which indicate that topological interactions
greatly influence melt dynamics leading to faster diffusion for melts of rings and faster relaxation
times compared to linear chains of equal mass**?. Only limited experimental studies on the
molecular motion of cyclic molecules have been reported. Among these, interdiffusion
experiments of bilayers consisting of cyclic PS and deuterated cyclic PS have shown faster
mutual diffusion compared to equivalent bilayers of linear chains®. Diffusion coefficients of
cyclic PS were reported to be twice those of the corresponding linear molecules, at all
temperatures and above the entanglement molecular weight. Similarly, the rheological
measurements of Bras ef al.’® on linear and cyclic poly(ethylene oxide) (PEO) show that the
viscosity of the ring melt is a factor of 2 lower compared to values for the linear chains, as
expected given that this is equal to the ratio between their radii of gyration. However, linear and
ring polymers are reported to have the same activation energies indicating that the temperature
dependence of the segmental friction does not depend on polymer topology. These authors note
that this result is consistent with an earlier observation of the same shift factors of entangled

linear and ring polymers.*’

When comparing viscosity, 1, at the same distance from the glass transition temperature i.e. at
iso-frictional conditions, values are usually found to be lower for rings than for the

corresponding linear chains. This has been observed in a number of systems including
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polystyrene™, **, polybutadiene™ and poly(oxy ethylene)’’. As discussed in a recent review>,

two regimes can be identified: (a) at low molecular weights, for unentangled chains, the ratio
between the viscosity of linear chains and rings, ny/n; is constant and equal to 2 but (b) above the
entanglement molecular weight it increases above this value depending on the number of
entanglements.

As already mentioned, for the polymer investigated here, PDMS, bulk viscosity measurements

L . 10-12
identified a cross-over region

with 1, being higher than n; at low molar mass but smaller at
high molecular weight. This behaviour could not be simply attributed to chain end effects and
was still evident even after scaling at constant segmental mobility. Semlyen et al. argued that
configurational restrictions in the ring molecules would be responsible for a reduction in

segmental mobility, resulting in higher viscosity'*'2.

Following previous studies, including our own work™>™°, here we present a systematic
investigation of the influence of topology on local chain motion by comparing QENS data of

linear and cyclic PDMS. The local dynamics of PDMS has been investigated extensively by

55-57 58-61

neutron scattering and other experimental techniques such as dielectric spectroscopy as
well as simulations®”. Most of these studies have dealt with linear high molecular weight chains
and there is little in the literature on the comparison between cyclic and linear PDMS dynamics,
except for QENS measurements reported by Allen e al.>* ®. Although these were limited to
linear and cyclic PDMS samples with degree of polymerisation less than 20 (equivalent to Mn <
1500 g mol™), the diffusion coefficients extracted from the quasi-elastic broadening showed that

linear chains are faster than the small rings, the difference becoming more pronounced with

decreasing molecular weight.

The results presented in the following sections cover a much wider range of molar mass and we
present a detailed analysis of the incoherent dynamic structure factor, including temperature and
Q dependence. The experimental data are supplemented by theoretical calculations using a
methodology developed by us elsewhere applicable to both simple chain modes and real

chains.”® The same methodology is extended here, for the first time, to cyclic PDMS.
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2. EXPERIMENTAL METHODS AND THEORETICAL APPROACH

2.1 Materials

Table 1 gives a list of samples used for the neutron scattering measurements. The linear PDMS
samples, with trimethylsiloxy terminal groups, are commercial materials from Dow Corning Ltd.
The molecular weights of these linear samples, except for L162 and L237, were obtained from
the manufacturer and are consistent with values reported by Cowie et al. for silicone fluids of
comparable viscosity®. Cyclic PDMS samples were provided by Dr. J. A. Semlyen and Prof. P.
Griffiths except for C370 and C445 that were purchased from Sigma-Aldrich. L1460 was also
kindly supplied and characterized by Dr. J. A. Semlyen and coworkers. Number-average molar
masses, My, and polydispersities (My/M,) of the cyclic siloxanes as well as values for L1400
were obtained by Semlyen and coworkers using gel permeation chromatography calibrated using

standard siloxane samples.
2.2 Thermal Properties: T, and Crystallisation

The molecular weight dependence of the glass transition temperature, Ty, of both linear and
cyclic PDMS has been reported in the literature® . A linear relationship between T, and M,
was observed for both linear and cyclic PDMS but whilst the former has a negative slope (-6.5 x
10° K g mol™) the latter displays a positive slope (3.6 x 10° K g mol™)*. Glass transitions listed
in Table 1 have been derived from the known molar mass dependence reported in the literature™

4, 64

%4 In agreement with experiments as well as theoretical predictions®, for chains of similar

length, the 7% of the rings is always at higher temperature compared to that of linear chains.

To determine the lower temperature at which QENS experiments can be performed, the melting
temperature, Ty, of the linear and cyclic samples were measured using a TA Instruments
differential scanning calorimeter (DSC 2010) with both heat flow and temperature scales
calibrated against indium metal. DSC measurements were carried out under a nitrogen flow at a
heating rate of 10°C min™. 7}, values for semi-crystalline samples are reported in Table 1. Our

results are in good agreement with the work of Clarson et al.* who demonstrated that cyclic
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siloxanes with number-average repeat units, N, in the range 12 < N;< 40 (890 < M,< 2930) as

well as linear chains with 6 < N,<21 (530 < M,< 1645) do not crystallize.

Table 1 — Molar mass and thermal transitions of linear (L) and cyclic (C) PDMS.

Code | 1"/ ¢St | Mu/gmol" My/M, | T,/K | T, /K
L162 0.65 162 - 110 | 210
L237 1 237 - 125 190
L550 3.0 550 - 136 -
L1400 1430@ 1.02 | 145 -
L2000 20 2,000 148 -
L3780 50 3,780 149 | 220,235
L9430 200 9,430 149 | 220,235
C370 370 - 165 | 227
C445 445 - 157 | 270
C1200 1,218% 1.08 | 152 -
C2700 2,675% 1.03 | 151 -
C19000 19,000 - 150 | 229,239

(: kinematic viscosity in ¢S, as reported by manufacturer at 25°C.
@: supplied and characterized by Dr. J. A. Semlyen and Prof. P. Griffiths.

. average number of repeat units, N, = 257

2.3 Neutron Scattering Measurements

Quasielastic neutron scattering experiments were carried out on the high energy resolution back
scattering spectrometers IRIS and OSIRIS (ISIS, Rutherford Appleton Laboratory, UK) using
the PG002 (offset) analyser configuration, which gives energy resolutions (measured as FWHH)

ACS Paragon Plus Environment
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1
2
2 of 17.5, and 24.5 peV for IRIS and OSIRIS, respectively. This energy resolution affords access
5 to a temporal range spanning ca. 2 — 200 ps. The energy range covered in all experiments was —
6
7 0.2 to 1.0 meV and the Q range varied from 0.5 to 1.8 A™. Hollow cylinders were used to
S contain the liquid samples during the IRIS and OSIRIS measurements. Sample’s thickness was
1(1) less than 0.25 mm, corresponding to a transmission of more than 90% of the incident neutron
12 beam. At this level multiple neutron scattering effects were deemed negligible
13
1‘5‘ For each sample, at least one set of QENS data were collected at 110 degrees above the
16 respective T,. To explore the temperature dependence of the dynamics, one of the linear
17
18 siloxanes (L550) and all of the cyclic samples were measured at selected temperatures above
;g their T,. In addition to this, for a few cyclics, QENS spectra were recorded below the polymer 7.
21
22 In a QENS experiments, the scattered intensity is measured as a function of both energy and
;i momentum transfer, O (= (4n/A) sin(82), where A is the neutron wavelength and & is the
;2 scattering angle). The dynamic incoherent structure factor, S(Q,w), is determined from time-of-
27 flight data, after removing empty cell contributions and correcting for absorption, using standard
28
29 software available at ISIS.
30
31 S(0, ) is related to the double differential scattering cross section, 6°c/(6E Q) which represents
32
33 the probability that a neutron is scattered with energy change AE into the solid angle AL2. For
34
35 neutrons scattered incoherently,
36
37 2

o°o Nk .o
38 =" Ab” §;,.(0.0) (1)
39 0QOFE ). 0
40 mnc
41 . . .
42 where N is the number of atoms, and £, &, represent the magnitude of the scattered and incident
ji wave vectors (k= 2m/), respectively. The term Ab” depends on fluctuations of the scattering
45 length b due to the presence of different isotopes and it is related to the incoherent cross section
46
47 (Oine= 47 Abz).
48
gg For PDMS, &;,. = 481.6 barns which is much larger than the coherent cross section of the repeat
51 unit, o.,n(H)= 28.4 barn. As a result, coherent scattering is negligible and, as stated by (1), the
52
53 total scattering cross section is approximated to the incoherent scattering cross section; hence
54
55 the subscript “inc”.
56
57
58
59 '
60 ACS Paragon Plus Environment
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The incoherent scattering law, S;,.(Q,»), is defined as the time- Fourier transform of the

intermediate scattering function /;,.(Q,?):
1 .
Sinc (Q) CO): ; J Line (Q, t)exp (— zcot)dt

which describes correlations between the positions of the same scattering nuclei at time zero and
1 . .
11 (1) -2 < expiQ Ri()exp - 0 R (0))
3)

where the brackets indicate a thermal average and R,(f) and R/(0) represent the position of the it

nucleus (i=1, 2, ..., N) at time t and t=0, respectively. Thus, S;,.(Q,®) gives dynamic information

on self, rather than collective, correlations in the system under study.

Generally, the measured dynamic incoherent structure factor is a convolution of different
processes Sine(0.0)= S5 (0,0)® S74(0.0)® 572(0.0)
“4)

1.e. vibrations (vib), rotations (rot) and translations (trans) of the scattering centers. Similarly, the
intermediate scattering function can be written as the product of the different dynamic

contributions:

Linc(Q.1)= 14975(0.1)- 170(0.t)- 1%2(0.1)
(5)

Simplifications are possible, depending on the temperature and experimental energy range.

2.4 Theoretical Calculations

The single-chain dynamics in a low molar mass melt can be described by the stochastic Langevin
equation in the absence of the hydrodynamic interaction, screened by the surrounding chains.
We closely follow the method described in ref. >, where we theoretically investigated the
dynamics of both linear PDMS and of some coarse grained models (freely jointed and freely
rotating chains) with different degrees of local stiffness for a comparison. As a result, here we

only briefly mention the basic differences due to the constraint of ring closure. We consider

ACS Paragon Plus Environment
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chains comprising N repeat units connected by harmonic springs of length /. Consequently the
linear chain and the ring have the same molar mass for a given N, but the number of connecting
springs is N-1 and N, respectively. In the freely jointed (FJ) model the spring comprises a few
chemical repeat units and corresponds to the statistical segment devoid of any conformational
correlation with the adjacent ones. On the other hand, in realistic PDMS the spring encompasses
a single chemical repeat unit, or monomer, such that the length / is given by the distance between
two sequential units and the conformational correlation is dictated by the preferred rotational
states around the individual Si-O bonds within the RIS scheme. The elastic force matrix acting
among the directly connected units is obtained as described in ref. >, and, in the absence of
excluded-volume interactions (which are also screened in a melt), only depends on the
topologically short-range correlations imposed by the local stiffness in PDMS and by the
constraint of ring closure. Diagonalization of the elastic force matrix decouples the dynamics
equations and produces both the dynamical normal modes through its eigenvectors, and the
(adimensional) intramolecular relaxation rates through the eigenvalues. The elements of the
eigenvector matrix, Vj,, and the eigenvalues for the linear chain are reported in equations (1) - (4)
of ref. >, while in the case of the ring they are given by

N2
Vjp:(ﬁj e"'r’ (6)

where i is the imaginary unit and the Fourier coordinate g, is

%=%%, p=0,1,2, ..., N-1 (7)

The eigenvalues are then given by p,/C,, where

w, = 4sin’(g,/2) (8)

formally the same as in the linear chain. C, is the generalized characteristic ratio embodying the
conformational features of the chain model. For the FJ chain with no short-range correlation
among the bond vectors C, = 1, while in real chains, within the RIS scheme C, can be written

65, 66
as ™’

v 1—g5
C,= 2.y 9)

o 1+gi-2g, cosq,
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Note that with a single term within the sum, and with o = 1, the above expression applies to a
freely-rotating chain model, with g = -cos 0, 0 being the fixed "bond" angle formed by adjacent
"bond" vectors. Using the RIS scheme, the {ay, g,} values for some real polymers, including
also PDMS, are reported in ref. °°, with v in principle equal to three (i.e., the space
dimensionality) times the number of rotational energy minima around a single bond. However,
in practice, only 4-5 non-vanishing terms are required in the sum of equation (9), provided the
chemical repeat unit is effectively treated as a whole. In this case, / is simply equal to the
distance between corresponding atoms in adjacent monomers, and it is equal to 2.9 A as an
average value for the Si'Si and OO separation in PDMS. It should be noted that in a ring
polymer, the cyclic symmetry imposes a two-fold multiplicity to the spectrum of the relaxation
rate between the modes characterized by the indices p and N-p, as it can be seen through

equations (8) and (9). The intramolecular relaxation times 1,, p = 1, 2, ..., N-1 are then given by

1, = Cy/o, (10)

where 7! is the time unit
o= 3kyT/C 12 (11)

¢ being the friction coefficient of the repeat unit.

By assuming a Gaussian distribution of R;(¢) - R;(0), in view of the stochastic Brownian forces
due to the random impulses of the surrounding molecules, the dynamic structure factor for

incoherent scattering is obtained from equation (3), as

100 = ool 0 0r} 4 Fewn| € (30) .

where we separated the contribution of the zero-th mode with p=0 that yields the diffusion

coefficient D, given by the Einstein formula
D = kgT/NC=cl’/3AN (13)

from the intramolecular contribution described by the internal modes embodied by the time-

dependent mean-square distance of the j-th repeat unit from itself at different times
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1

2

3 b

4 (r2(0)) = <[Rj(z)—Rj(O)] >—6Dz (14)
5

6

7 irrespective of the position of the centre of mass. Consequently we have (see also ref. ©')

8

9 _ 22 ac

1 (i) = T Zh-ewlogfn, ) (15)
12

12 Note that in view of the cyclic statistical symmetry of the ring <V_1~2,~ (¢ )> turns out to be
12 independent of the j index of the repeat unit.

17

18 The calculated line shapes of [;,.(Q,f) for the FJ chain and the PDMS rings, and for the
;g corresponding linear chains (calculated as described in ref. **), were then fitted by the KWW
21 stretched exponential function for relatively short times before diffusion of the centre of mass
22

23 sets in:

24

25 Iinc (Q: ZL)

26 W: exp(— (f/'C)B) (16)
27 inc >

28

29 Here, both the characteristic time 7 and the £ exponent (<1) are assumed to depend both on QO
30

31 and on N in the theoretical approach. The calculations were carried out for linear chains and
gg rings with a number of repeat units, 10 < N < 200 (beads for the freely jointed model and
gg monomers for real PDMS), in the range of the experimental samples choosing a Q range of 0.2 <
36 Q-1 < 1.0. From the non-linear fit of the calculated line shape using the stretched exponential of
37

38 eq. (16), the correlation coefficient R turned out to be larger than 0.9999 for the FJ chain and
39

40 0.9997 for PDMS, while the mean-square residuals y*, normalised by the number of degrees of
2; freedom, was smaller than 2.5- 107 for the FJ chain and 3.5-10”° for PDMS.

43

44

45

46 3. RESULTS

47

jg 3.1 Analysis of low temperature data of cyclic PDMS

?1) In our previous studies® ', we have shown that the QENS data of PDMS melts are described by
gg a model that consists of two dynamic contributions: methyl group rotation and segmental motion.
54 To test whether changes to methyl group dynamics needed to be accounted for in cyclic
55 . . . . -
56 polymers, we carried out a series of measurements on a cyclic sample with M,, = 2675 g mol™
57

58

59

60 ACS Paragon Plus Environment
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(C2700) in the temperature range 158 K to 208 K. Although this corresponds to temperatures
above T,, segmental dynamics are slower than the temporal range probed by the IRIS and

OSIRIS instruments and thus do not contribute to quasielastic broadening™>’

. Bearing this in
mind, the incoherent dynamic structure factor can be expressed in terms of the rotational

scattering law of the side groups:

Sine (0.) = DWF |4,(0)5(w0)+ 52 (0,0)] (17)

where DWF is the Debye-Waller factor®™ and A,(Q) is the elastic incoherent structure factor
(EISF), which represents the space-Fourier transform of the final distribution of the scattering

centers, averaged over all possible initial positions. For a three-fold jump rotation, 4,(Q) is given

by:

4,(0)=~(1+2,(W30-7) (18)

W | —

Jo(x) being a zero-order spherical Bessel function and 7 the distance between the moving protons
and the rotation axis. Within the rotational rate distribution model, RRDM, the quasi-elastic

component is described by a log-Gaussian distribution of Lorentzian lines Li(w)®” "

l
Sie (Q.0)=[1-4,(0)] X g;Li (@) (19)
where Li(w) =—-—; : 5. The parameter g; represents the weight of each Lorentzian line:
Tt
1 —(InT, —InT, )’
g(InT,)) = o5 exp (In, > ) (20)
271(7F2) 201

orbeing the width of the distribution of rotational frequencies and 7/, the most probable width of
the quasi-elastic component. For side group motion, the temperature dependence of the quasi-

elastic component is described by the Arrhenius equation:
E
I' (T)=T.,exp ——% 21
o(T)="Ty { - T} 1)

where E, is the activation energy barrier for rotation, R the gas constant and /-, the attempt to

escape frequency or jumping frequency at infinite temperature.
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The above equations are used to fit the experimental data, after convolution with the instrumental

resolution, R(Q, ) and addition of a flat background B(Q) :

oNOYTULT D WN =

D 5(00)-F(0)] 4(00(0)1 (- 4(0) Set (o) | |le (@) 5(0 @

12 where the term F(Q) is a temperature and Q dependent scaling factor. The flat background B(Q)

14 represents any fast process outside time window of instrument.

16 For the purpose of the present study, we note that the low temperature data of cyclic PDMS
18 (C2755) are well represented by equation (22), using parameters reported by us for linear
19 PDMS> * (I, = 0.63 + 0.06 meV, E, = 4.5 + 0.5 kJ mol™ and the width of the distribution of
21 activation energies, o = 1.1 + 0.1 kJ mol™) and fixed EISF values for the three-fold methyl
23 group dynamics. The agreement between calculated and experimental values is shown in Figure

25 1 for 0=131A"at 158 K, 183 K and 208 K.

S(Q,w)

46 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

Energy Transfer /meV
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Figure 1 — QENS spectra of cyclic PDMS (C2755) at 158 K, 183 K, 208 K (from front to back)
and O = 1.31 A”. Symbols represent experimental data and lines are calculated S(O, @) curves
using equations 18 to 22 with I, = 0.635 meV, op = 1.1 kJ mol™" and E, =45 kJ mol” and fixed
EISF values. The only adjustable parameters are F(Q) and B(Q).

Perhaps more surprisingly, good agreement between calculated S(Q, w) values and experimental
data is also found for very small cyclics. As shown in Figure 2 for C445 for 7 = 240 K,
calculations closely match the Q dependence of the quasi-elastic broadening. However,
deviations are observed at the lowest and highest Q values. Fits using equations (18) to (22) are
shown in the Supplementary Information (SI). We note that the fitting parameters and the
corresponding values of I',,, o and E, (see SI) are sufficiently close to those reported by us

previously’® and so these will be used again here to fit the high temperature data.

S(Q,w)

-0.2 0.0 0.2 0.4 0.6 0.8 1.0

Energy Transfer /meV

Figure 2 — QENS spectra of cyclic PDMS (C445) at 240 K and O = 0.73, 1.27 and 1.76 A™ (from
front to back). Symbols represent experimental data and lines are calculated S(Q, ) curves
using equations 18 to 22 with I, = 0.635 meV, op = 1.1 kJ mol™" and E, =45 kJ mol” and fixed
EISF values. The only adjustable parameters are F(Q) and B(Q) (equation 22).
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1
2
2 3.2 Theoretical results
Z As previously pointed out and also noted in ref. > for linear chains, the fit of the calculated
; 1y (Q,1) using the KWW function was in all cases excellent. The fitted £ exponents are reported
9 in Figure 3a as a function of Q-/ for the various cases. As a general trend, we find that: i) S
10
1" increases with the local stiffness of the chain; ii) £ decreases somewhat with an increasing molar
12
13 mass in particular at small Q values; iii) while £ is slightly larger for the linear chain than for the
14 . . . . .. . . .
15 ring at very small molar mass, this difference becomes quickly negligible with an increasing
:? molecular length; tending to a value close to about 0.65 as found in ref. > for linear chains only.
18 . T
19 As already done in ref. 33 the characteristic time rdepends on Q through the power law
20
21 t=1,-0 (23)
22
23 . . .
2 Also in this case, eq. (23) describes very accurately the O-dependence of 7z, as shown by the
;2 correlation coefficient larger than 0.9990 for the FJ chain and 0.9986 for PDMS obtained by the
27 fit of 7 vs. Q.
28
29
30
31
32 —o—lin 20 4.0 —® ]
33 —=— ring 20 //—"
34 —o— lin 50 o)
—e—ring 50
35 —v—ring 100 3.51
36 —4— ring 200
37
38 Lii':l:ozo 3.0- —s— Linear FJ
39 " —e—Rij
40 —o—1in 50 R{“g FJ
a7 ‘ #|—e— ring 50 —‘—Ll'near PDMS
—+— ring 200 —v— Ring PDMS
42 T T T T T 25 T T
43 0.3 0.6 0.9 0 100 200
44 0l N
45
46 Figure 3 - a) The [ exponent plotted vs. Q-1 for the FJ chain model and for PDMS with the
47
48 topology and the selected N values shown in the legend. b) The o exponent plotted as a function
49
50 of N for the FJ chain model and for PDMS with the topology shown in the legend. In both
g; panels, the error bars obtained in the fitting procedure are shown, although in most cases they
53 are smaller than the symbol size.
54
55
56
57
58
59
60 ACS Paragon Plus Environment
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The fitted values of a plotted as a function of N are shown in Figure 3b. The « exponent is
larger for the FJ chain than for the more realistic PDMS chain having a local stiffness, and it is
larger for the ring than for the linear chain. While this difference is very small for PDMS, unlike
for the FJ chain, in both cases « increases monotonically with N, hence with molar mass, to an
asymptotic constant value very close to 4 for the latter and most likely independent of the
molecular topology. On the other hand, the asymptotic value for PDMS is smaller, tending to a

value close to 3.4 as obtained for much larger linear chains in ref. >>.

The 19 values obtained from equation (23) are plotted as a function of N in Figure 4. The
characteristic time shows an interesting difference between the linear chains and the rings at
relatively small molar mass, whereas the asymptotic value for very large N is independent of
molecular topology, as could be expected. In particular, the ring shows a larger 1y both in the FJ
chain model and in PDMS. However, this difference becomes negligible for very large NV, hence
for very large molar masses, so that asymptotically the same 7, is achieved for both topologies.
Moreover, the results obtained for realistic PDMS chains, accounting for the (albeit limited)
conformational rigidity related with the preferred rotational states around the Si-O, show a
further slight increase of 1y in small rings with N =~ 50 compared to the linear chains, thus
producing a shallow maximum in Figure 4b. A discussion of the physical origin of these

theoretical results is deferred to the later discussion in comparison with the experimental results.
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30 20
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. 16
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14
15 : . : ; . . - .
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Figure 4 - The effective characteristic time 1y in o units (see eq. (11)) plotted as a function of N
for a) the FJ chain model and b) PDMS. In both panels, the error bars obtained in the fitting

procedure are shown, even though they are smaller than the symbol size.
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3.2 Analysis of QENS data at constant T

The molecular weight of the chain dynamics shows features that are consistent with the
theoretical calculations. As shown in Figure 5 and Table 1, QENS measurements were carried
out on a series of linear and cyclic PDMS samples at approximately 110 degrees above the
samples’ T,. For all samples, full broadening of the elastic line is observed but changes with

molecular weight appear to be more pronounced for the linear than for cyclic PDMS.

A qualitative indication of the dynamic changes due to topology is given in Figure 6 where we
compare, at the same temperature (280 K) a cyclic (C1200) and a linear PDMS (L1400) sample

with similar average number of monomers (N, =16.4 and N,, =19.3, respectively).

To extract quantitative information on the molecular weight dependence of the segmental
relaxation, we follow our previous QENS analysis of high molecular weight linear PDMS.** > In
that work, we showed that, for PDMS, CHj; rotations make a non-negligible contribution to the
QE broadening (at least within the timescale of the IRIS spectrometer). Thus, the dynamic
incoherent structure factor is described by the convolution of two functions, one representing the
local segmental relaxation, and the other one the rotational motion of the CHj3 groups.

55

As discussed in references > and *°, the segmental motion can be expressed by the Fourier

transform of the KWW function or equivalent expressions such as the Havriliak-Negami

71,72

equation’ * *“. The S(Q,w) contribution from methyl group rotations is obtained by extrapolation

of data acquired at T < T, to the desired temperature. This procedure assumes no substantial
change, i.e. similar energy landscape’, for the methyl group motion across 7, z and T, Hence, the

model function is given by:

5(0.0)=F(0)] 4(0)5(0)+{(1-4(@) T (0] |50 (Q.0)@R(00)  5(0

(24)

where Sgp(Q,w) s the Fourier integral of the KWW function (equation 16).
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S(Q,w)

-0.2 0.0 0.2 0.4 0.6 0.8 1.0
Energy Transfer /meV

0.0 1 T T T T
-0.2 0.0 0.2 0.4 0.6 0.8 1.0
Energy Transfer /meV

Figure 5 - QENS spectra at O = 1.45 A" of (a) L237, L2000, L3800 and L9430 (from top to
bottom) and (b) C370 (O), C1200 (4) and C2700 (@) at ca. 110 degrees above the sample’s T,

ACS Paragon Plus Environment

20

Page 20 of 38



Page 21 of 38 Submitted to Macromolecules

(Note: the small upturn for energy transfer values above ca. 0.9 meV is a result of data reduction

artefact due to normalization.)

oNOYTULT D WN =

S(Q,w)

26 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

28 Energy Transfer /meV

Figure 6 — Comparison between QENS spectra of linear and cyclic polymers with similar
32 number of monomers at 280 K and Q = 0.73, 1.27 and 1.76 A™: (O) C1200 and (4) L1400. For

34 clarity, error bars are only shown for the cyclic data.

All experimental data collected at temperatures above Ty, are well described by equation (24),
40 irrespective of molecular weight and topology. The quality of fits is shown in Figures 7 and 8 for

42 linear (L1400) and cyclic (C2700) PDMS samples of intermediate molecular weights.

44 At first, the S(Q, ) data were fitted at each Q value to determine the Q dependence of the KWW
46 parameters i.e. the stretched exponent £ and the characteristic time z. As shown in Figure 9, even
48 for very small chains, a unique Q dependence can be identified for Q values above 0.5 A™. In
this Q range, [ values were found to be Q independent (Figure 10). This finding is consistent

with our earlier study of linear high molecular weight PDMS>> *°.
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S(Q,»)

-0.2 0.0 0.2 0.4 0.6 0.8 1.0

Energy Transfer /meV

Figure 7 — QENS spectra of L1400 at 298 K and Q equal to 0.92, 1.42 and 1.76 A (from front
to back). Symbols represent experimental data while full lines are fits using equation (24). The
dashed and dotted lines represent the two dynamic contributions: (a) segmental dynamics

(dashed) and methyl rotations (dotted). For clarity, error bars are only shown for one set of data

(0=0.924").

To account for differences in the distribution of relaxation times, effective times, 7. were

calculated using the relationship:

= 25
Tof =T (25)

Values of 7 are also plotted in Figure 9 and compared to the trend obtained by fitting
simultaneously at all Qs using equations (23), (24) and (25).
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S(Q,»)

T T 1

22 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

24 Energy Transfer /meV

26 Figure 8 — QENS spectra of C2700 at 283 K and O equal to 0.92, 1.42 and 1.76 A (from front
28 to back). Symbols represent experimental data while full lines are fits using equation (24). The
30 dashed and dotted lines represent the two dynamic contributions: (a) segmental dynamics

(dashed) and methyl rotations (dotted). For clarity, error bars are only shown for one set of data

33 (0=0.924").
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(8]
|

In T or T/ ps
— [SS]

-1.0 -0.5 0.0 0.5 1.0

In Q/ A1l

Figure 9 — Q dependence of the characteristic time, T (O) and 7.y (®) (equation 25) as obtained
from fitting data of L237 at 235K using equation (24). The lines represents values obtained by

simultaneous fits using equations (23)to (25).

1.0 1.0
\

0.8 0.8 1 CZ\

\

)
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oy ° ol
0.4 0.4 4
0.2 0.2 4
0.0 - ‘ ‘ 0.0 : ;
0.0 0.5 1.0 15 2.0 0.0 0.5 1.0 15 2.0
Q/ A1 Q/ A1

Figure 10 — Q dependence of the [ parameter as obtained from fitting data of (a) L237 at 235K
(IRIS data) and (b) L550 at 235 K using equation (24). The lines represent a guide to the eye.

However, analysis of OSIRIS data for L550 revealed a sharp increase in £ values towards unity
(B ~ 0.8) at the lowest Q (Figure 9). This is attributed to contributions from center of mass
diffusion which, at small Q values, is expected for small molecules. Diffusion of the whole
molecule can be described by a single exponential function corresponding to a Lorentzian line in

the frequency domain. In our analysis, this corresponds to a stretched exponent = 1.
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The OSIRIS data of L550 (Figure 10b) confirm that, at Q > 0.5 A™, S is, within experimental

error, independent of the momentum transfer, Q.

oNOYTULT D WN =

The molecular weight dependence of the stretched exponent f (Figure 11) suggests that [
2 decreases with increasing molar mass for both linear chains and cyclics, reaching a constant
11 value at high M, which is equal to 0.56 and 0.52 for linear and cyclic polymers, respectively.
13 Our experimental data lend support to the predicted trend (Figure 3) that S increases with
decreasing molar mass and it is lower for cyclics compared to linear chains of the same
16 molecular weight. This effect may be attributed to conformational restrictions in cyclic compared
18 to linear PDMS. We note, however, that changes in experimental /f values are relatively small

20 compared to those predicted by theory (Figure 3).

22 1.0

26 0.8 -

i a #H% R SRR G .

34 04 -

38 0.2

42 0.0 T T T
43 0 5000 10000 15000 20000

M, / g mol!

47 Figure 11 — Molar mass dependence of the stretched exponent as obtained from fits of the
49 S(Q, ) data at ca. 110 degrees above T, for: (O) linear PDMS and (@) cyclic siloxanes. The

line is a guide to the eye.
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Very few studies of local chain dynamics have been published and the results are somewhat
contradictory. For example, dielectric spectroscopy (DS) measurements carried out by Krist et
al. found £ = 0.485 for both linear and cyclic polymers suggesting no change in the distribution
of relaxation times with topology.”® Similar work by Goodwin ez al. reported a slightly lower S
average value (S = 0.48) for linear compared to cyclic (8= 0.53) PDMS®'. This result was taken

as an indication that -relaxation is more cooperative in linear PDMS.

Here we note that, although average [ values are lower for cyclics, changes are within

experimental error. (Figure 11).

To be able to make quantitative comparison between the timescales of the segmental relaxation
in PDMS samples, we calculated effective times, 7.5, from tat 0 =1 A'l, i.e. 7, using equation
(25). 7y values are plotted in Figures 12 and 13 as a function of molecular weight, for both linear

and cyclic PDMS.

100
75 A
E) [ J
50 A o
B
35 —————— O _.---- ®- ¢
3 5
° ’/6’
25 - 0
° /o’/
_*"O‘/‘O/
0 T T T
10 100 1000 10000 100000
M, / g mol!

Figure 12 — Molar mass dependence of ty for linear (O) and cyclic (@) PDMS at ca. 110

degrees above the corresponding glass transition. The dotted line is a guide to the eye.
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Values of 7z plotted in Figure 12 refer either to measurements carried out at T, + 110°C or
values scaled to this temperature using experimentally determined activation energies (see
following section). The 7.5 value reported by us previously for a linear PDMS sample with M,, =
91,700 g mol™ (=47.5 ps), also shown in Figure 12, compares well with the value for the highest

M, sample investigated here.

As shown in Figure 12, differences in the glass transition temperature of the samples are not
sufficient to account for the molar mass dependence of the relaxation times. For linear siloxanes,
7, Increases, 1.e. molecular motion slows down, with increasing molar mass. A similar trend has
been reported for polyisobutylene (PIB) by Frick et al.”*. These authors noted that T, differences
and contributions from centre of mass diffusions at low molar mass could not fully account for
the observed dynamic changes with chain length. It was suggested that the discrepancy was due

to faster motion of near chain-end groups. This idea was supported by experiments in the glassy

state.
50
[ ]
b o
2 «
= 254 e
o . o o
° 9/"/
/’9’,”
afg/,/
/’e"
0 T T T
10 100 1000 10000 100000
-1
M,, / g mol

Figure 13 — Molar mass dependence of 1 for linear (O) and cyclic (®) PDMS at 280K. The

dotted line is a guide to the eye.
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The QENS data reported here were collected at Q values above 0.5 A" and, as discussed earlier,
little or no contribution from centre-of mass diffusion are expected even for small chains.
Therefore, having accounted for T, changes, the observed trend supports the idea that mobile

chain ends are responsible, at low M,, for the faster dynamics.

The closed structure of rings implies no contribution from fast chain ends. Therefore, one might
expect that, once T, changes are accounted for, relaxation times are independent of molar mass.
This is not the case for our data (Figure 12) and although 7. values for cyclic PDMS are higher
compared to those of linear samples, there is a clear M, dependence. In particular, z; increases
with increasing degree of polymerisation, reaches a maximum and, for M,;=19000 g mol”
approaches values characteristic of linear chains. On the other hand, this trend is consistent with
theoretical predictions in terms of t, (Eq. (23) and Figure 4). To understand this behaviour, it
should be noted that the local segmental relaxation proceeds through the conformational
rearrangements around the chemical bonds of the main chain. Thus, the ring shows a lengthier
relaxation due to the topological constraint imposed by the ring closure: this feature slows down
the local dynamics compared to the linear chain whose dynamics is faster thanks to its free ends.
This effect is already evident in the FJ chains devoid of any local rigidity and corresponding to
the familiar bead-and-spring chain. Moreover, it is further enhanced in PDMS by the additional
constraint of the (limited) conformational rigidity related with the preferred rotational states
around the Si-O bonds, as anticipated, producing a shallow maximum (Figure 4b) fully

consistent with the experimental results of Figure 12.

Figure 12 suggests that the dynamics of small rings is not that different from motion of very
short chains. However, one should bear in mind thatz; values reported in Figure 12 were
obtained in some cases at considerably different temperatures. For example, there is a 40 degrees
difference between 7 of C370, measured at 275 K, and the corresponding value for L237,
measured at 235K. To appreciate how 7, changes with molar mass and topology, we have
reported in Figure 13 values at a common temperature of 280 K. Greater changes with topology

can be observed in this case since differences in T, are not accounted for.

Finally, we note that the exponent,a, obtained by assuming a power law dependence of the
characteristic time (equation 23), was found to vary in the range 1.86 £ 0.05 for L162 to 2.5 +

0.1 for L1400. These values are lower than those obtained by us for linear high molecular weight
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PDMS («a ca. 2.3)> 7% suggesting a very weak, if any, molecular weight dependence. We note
that larger values are obtained if methyl group rotations are not accounted for, with « in the
range 3.0 to 3.3 for high molecular weight PDMS, depending on temperature. It is also
interesting to point out that the values of a in the latter range nicely agree with the theoretical
ones reported for PDMS in Figure 3b where the methyl group rotations is also ignored. Similar

observations were made by Frick et al.™

who studied the molecular weight and Q dependence of
the relaxation times of PIB at 368 K from 0.2 to 1.9 A™. In that work, a change from 1cQ P at
low Q to tocQ™ at high Q was observed for samples with My, ranging from 680 to 73000 g mol™.

Our data samples relatively high Q values and such cross-over is not evident.

For cyclic PDMS similar « values were obtained within a relatively narrow range from 2.1 to

2.8, depending on molar mass and temperature (the error in all cases is estimated to be ca. 0.2).

3.3 Temperature dependence of segmental motion for linear and cyclic PDMS

As briefly mentioned in the previous section, in addition to measurements carried out at equal
distance from 7T,, QENS data were also collected, for selected linear and cyclic samples at a

series of temperatures above T,,. To simplify data analysis, the S(Q,w) spectra were fitted

simultaneously using a constant #and 7=7, 0 . Example of fits are shown in Figure 14 for

C2755 at T= 258, 283 and 308 K.
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Figure 14 — QENS spectra of C2755 at O = 1.45 A” and three temperatures above T, g 258, 283
and 308 K (from front to back). Symbols represent experimental data while full lines are fits
using equation (24). The dashed and dotted lines represent the two dynamic contributions: (a)
segmental dynamics (dashed) and methyl rotations (dotted).
The temperature and molar mass dependence of T for all samples investigated is shown in
Figure 15. As shown by us elsewhere, for PDMS samples at T above Ty, both viscosity and
relaxation times follow an Arrhenius temperature dependence’ > ¢
rop = T ee! KT (26)

where E, is the activation energy, R the gas constant and 1. is the relaxation time at infinite

temperature.

As shown in Figure 15, equation (26) applies to all QENS data, irrespective of molar mass and
topology. The variations in Te¢ values mimic the trend reported earlier (Figures 12 and 13). For
linear chains relaxation times are strongly dependent upon molar mass, increasing as M,
increases. However, for cyclic PDMS, 1. increases from C370 to C2700 and consistently lower

values are obtained for C19000, at all temperatures (even below those of the linear samples).
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Figure 15 — Temperature dependence of .y for linear and cyclic PDMS samples. The lines are

fits to the experimental points using the Arrhenius equation.

Activation energies can be calculated from the slope of In t¢ versus 1/T (Figure 15). E, values
are plotted in Figure 16 for both cyclic and linear PDMS, and compare to literature data from

bulk viscosity measurements of Dodgson et al.'*"2.

At first inspection, agreement with viscosity measurements appears to be closer for linear than
for cyclic PDMS. For linear chains, £, increases with increasing molar mass from 9.3 + 1.0 kJ

mol™ for L237 to 14.6 + 0.3 kJ mol™, the value reported by us for L91700 in reference 49.

Viscosity data of Dodgson et al.'®'? show that, for cyclic PDMS, activation energies decrease
with increasing molar mass, contrary to the decrease observed for linear PDMS. For both cyclic
and linear PDMS a constant value is reached at high molar mass which is equal to ~14.8 kJ mol™

for the linear samples. For cyclics a higher value ( ~15.5 kJ mol™) was obtained.

Although our data provide clear evidence that activation energies are higher for cyclics

compared to linear chains, there is no unambiguous trend with molar mass. Values range from
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17.4 + 0.7 kJ mol™ for C370 to 16.2 + 0.9 kJ mol” for C19000. The relatively high value
recorded for C370 is not unexpected based on QENS measurements of small rings carried out
several years ago by us where a value of 21 kJ mol™ was reported for hexamethylcyclotrisiloxane

(M, = 222.5 g mol™). However, the reason why there is such a discrepancy between E, values of

C370 and C445 (15.2 + 0.1 kJ mol™) is at present unclear.

25

20 A

E, / kJ mol!

0 T T T T T T T T
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

103 M, 1/ gl mol

Figure 16 — Molar mass dependence of the activation energy for segmental motion as
determined from data in Figure 15 using equation (26): linear PDMS (solid squares) and cyclic
PDMS (solid circles). Experimental data are compared with activation energies of linear (open
squares) and cyclic (open circles) PDMS from the rheological measurements reported in

reference 10. Lines are guides to the eye.

Conclusion

A detailed investigation of local dynamics of linear and cyclic PDMS as a function of molar
mass has been presented. QENS experiments in the time scale from 2 to 200 ps and at Q = 0.3 to
1.8 A™! were complemented by theoretical calculations carried out (a) within the framework of a

freely-jointed (FJ) chain model devoid of any local correlation among the rotational states and
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equivalent to a fully flexible bead-and-spring chain, and (b) for a realistic PDMS chain within
the Rotational Isomerical State approach considering the monomeric -Si(CH3),-O- as the repeat

unit.

At low temperature, the experimental results show that the rotational motion of the methyl
groups provides the main contribution to the quasielastic broadening. The S(Q,®) data of cyclic
PDMS can be represented by the same model used for linear chains™ *°. Our findings show that
the methyl group rotation is described by the same parameters reported for a linear PDMS

sample with My, = 91700 g mol™, irrespective of molar mass and topology.

To extract information on segmental motion, a series of QENS measurements were carried out at
temperatures above T, i.e. in the melt state. Using the same procedure established for high
molecular weight PDMS, we used a model function that explicitly accounts for contributions

from methyl group rotation and segmental motion® .

For the segmental relaxation,
measurements carried out at a constant distance from T, show that the stretching exponent
slightly decreases from £ ~ 0.6 at low molar mass to values approaching 0.56 for linear chains.
No clear evidence for differences between £ values of linear and cyclic chains was found, within
experimental error. We note that # values higher than 0.5 are predicted by theory and attributed

to chain stiffness effects that increase with decreasing chain length.

Several features predicted by theory are also reproduced by the experimental data. Specifically,
relaxation times of both linear and cyclic PDMS at temperatures equally distant from their 7,s
increase with increasing molecular weight. Perhaps more importantly, rings display higher
relaxation times for the segmental motion, i.e. relax at a slower rate, compared to linear chains of
the same molar mass. This is true even when differences among glass transition temperatures are
accounted for. Theoretical calculations support the idea that the topological constraint imposed
by the ring closure slows down the local dynamics compared to a linear chain. For very large
molar masses, this constraint becomes negligible and so the same 7z, is achieved for both
topologies. Interestingly, it is suggested by our calculations that, due to its conformational
rigidity, PDMS undergoes an additional constraint which further increases 7. thus producing a

shallow maximum for N = 50 (Figure 4(b)).
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Evidence for a broad maximum in 7 is also observed in the experimental QENS data (Figures
12 and 13).

Furthermore, the activation energy of cyclic PDMS is higher than that of linear chains, values

being in reasonable agreement with viscosity measurements'®"'%.

The pronounced molecular
weight dependence of E, for linear PDMS is primarily linked to the presence of mobile chain

ends.

Our experiments and calculations based on siloxanes show changes with topology that are not
only in agreement with previous QENS data but also mimic the trend identified by both bulk

1912 a5 well as self-diffusion and spin-spin relaxation measurements'

viscosity measurements
according to which rings have slower dynamics (higher viscosities or smaller diffusion
coefficients) compared to linear chains at low molar mass but show opposite behaviour in the
high molar mass range, above the entanglement molecular weight, M,. Similar observations have
been made by Ozisik et al.” and Hur et al.” % in their computer simulations of cyclic and linear
polyethylenes. We note that experimental studies of ring dynamics have often been carried out
on high molar mass samples, above M.>>>* " and therefore the results are not comparable to our
experimental data. However, for poly(oxyetheylene)s, Nam e al.”’ measured self-diffusion,

NMR spin-spin relaxation and zero shear rate viscosities of monodisperse, of low molecular

weight cyclic (400 to 1500 g mol™) and linear samples, reporting slower dynamics for rings.

As discussed in previous sections the faster motion of linear chains cannot be simply attributed
to chain end effects; dynamic differences are still evident even after scaling at constant
segmental mobility. Other effects such as frustration of segmental rotational diffusion in small
rings and the configurational entropy of rings, which is generally much smaller than that of the
linear chains’ 8, also need to be considered. As noted earlier, the observed slowing down of the
segmental relaxation is attributed to the topological constraint imposed by the ring-closure which

in turn slows down the intramolecular conformational rearrangements.
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