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ABSTRACT: Using a benchtop NMR spectrometer, we performed proton

“molecular rheology” of PB 3k...2000k

multiple-quantum NMR experiments to study the dynamics of well-entangled o by 'H NMR
linear poly(butadiene), poly(isoprene), and poly(dimethylsiloxane) in a 10 3=+

broad molecular weight range. The method provides a direct time-domain 1074

measurement of the segmental orientation autocorrelation function over — — 10-25

many decades, based on time—temperature superposition. The function 3]

can be directly compared to theoretical predictions based on the tube (o] 10_ 4]

model, and the Rouse and the disentanglement times can be evaluated 10 1

relative to the known entanglement time. We obtain universal results for all 10°4

three polymers when plotted against the molecular weight normalized by 10°4

the entanglement molecular weight, with the familiar mass scaling expo- 10-7_E

nents of 2.0 £ 0.2 and 3.2 & 0.2, respectively. However, the time scaling 10%10% 10210 10° 10" 10% 10° 10* 10°
exponent derived for motions in the constrained-Rouse regime II is not t't,

constant at the predicted value of —1/4 but is always larger and also a

universal function of molecular weight. This observation was previously explained by constraint-release eftects that are active at
surprisingly short times and at local scales. We further discuss observations related to contour-length fluctuations, leading to an
isotropically mobile fraction of segments that can also be quantified by our method.

I. INTRODUCTION

Polymer liquids show dynamical properties that are of considerable
scientific and technological interest. The dynamics of polymer melts
with molecular weight M,, > M,, with M, as the molecular weight
between two entanglements, is most successfully described by the
tube model developed by Doi and Edwards' and is based on the
famous concept of reptation originally proposed by de Gennes.” In
essence, the complex topological interactions between neighboring
chains are modeled by a fictitious tube around the chain referred to.

According to the tube model, the dynamics of a polymer chain
far above the glass transition is complex and falls into different
regimes depending on the length and time scales. At very short
times, corresponding to the nanosecond and a few angstroms
scales, the segments move freely, subject only to chain connectivity
effects (regime I), which can be described by the Rouse model?
One should keep in mind that at even shorter times a truly
molecular perspective must include subsegmental processes, the
time scale of which is set by the a process (“glassy dynamics”,
regime 0), which essentially drives the segmental modes.* At longer
times (nanoseconds—microseconds) and larger space scales, the
polymer chain feels the constraints imposed by the surrounding
chains (“tube”), and the corresponding regime 1 is referred to as
constrained-Rouse, sometimes also “local reptation”. Beyond this
regime, the chain moves diffusively along the curvilinear tube, i.e., it
reptates (regime III). Finally at very long times, free diffusion is
established (regime IV). Figure 1 summarizes the dynamic regimes
predicted by the tube/reptation model for the segmental mean-
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square displacement and the orientational autocorrelation function,
which is the central observable for NMR methods probing
anisotropic spin interactions. The power laws and the characteristic
crossover times for the different dynamic regimes are also indicated.

The tube model further predicts a molecular weight scaling of
the Rouse and the disentanglement times as Tg ~ M2 and 74 ~
M, respectively, and these time scales are of direct rheological
relevance. It is well established that, experimentally, the latter
scaling exponent, as reflected in the M,, dependence of the visco-
sity, is found to be 3.3—3.5, and for an explanation, additional
relaxation processes such as contour length fluctuations (CLF)
and constraint release (CR) were suggested.7_11 These pro-
cesses alter the stability of the “tube” itself, and their respective
relevance and details about their implementation in rheological
models are still under active discussion.

The validity of the tube model can in principle be probed by
adequately course-grained computer simulations. While the in-
vention of primitive-path analysis (PPA) has provided a powerful
tool to extract the microscopic parameters of a static tube con-
straint and thus predict correctly the plateau modulus of long-
chain polymer melts from simulations,"” current bead—spring
models reach the terminal regime only for chains with about 10
entanglements.'> PPA helps in deriving dynamic properties of
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Figure 1. (a) Dynamic regimes and crossover times predicted by the
tube/reptation model, observed for the mean-square displacement
((x(t) = £(0))*) of segments (solid line, ref 1) and the rotation auto-
correlation function C(t) (dashed line, refs 2, S, and 6). Regime transi-
tions occur at the segmental (7,), entanglement (7.), Rouse (7g), and
disentanglement (74) times. (b) Close-up of C(t) for regimes IIT and IV
according to eq 1, where deviations from the —1/2 power law already
start in regime III at around 74/3.

the tube at shorter times'* and is also used as a basis of mapping pro-
cedures to predict the rheological behavior for longer times.

In agreement with recent interpretations of rheological data, """
the most recent simulation results'>'>'® appear to stress an in-
creasing importance of CR in particular at high molecular weights.

Innumerable experimental studies of polymer melts were carried
out to test the predictions of the tube model, but molecular techni-
ques, focusing in particular on the Doi—Edwards regimes II—IV
(constrained Rouse, reptation, and terminal diffusion), stand out
in that they are in principle able to test the fundamental model
assumptions and can be compared directly to computer simula-
tions. For instance, a direct visualization of reptation was possible
for a single and flexible DNA polymer using fluorescence micro-
scopy.® Further, dielectric,”® neutron spin—echo (NSE),*" and
various NMR spectroscopy techniques***>® have been applied
to study polymer dynamics at the atomic level.

The use of NMR, in particular of techniques relying on aniso-
tropic spin interactions and thus rotational motions to study
reptation, was in fact already pointed out by de Gennes in his
seminal 1971 paper.” In short, most NMR experiments (with the
exception of pulsed-gradient diffusion techniques) measure

segmental dynamics ultimately in terms of an orientation auto-
correlation function (OACF) of the second Legendre polyno-
mial C(t) = (P,(cos 6(t))P,(cos 0(0))), where 6 is the segmental
orientation relative to a reference direction, i.e., the external
magnetic field. As already shown by de Gennes, in regimes III
and IV this OACF is proportional to the tube survival probability
1 (t), which in turn is directly relevant for the calculation of
rheological properties.""> Thus, conventional 8proton and deuter-
ium longitudinal and transverse relaxometry®** 3 as well as more
advanced approaches such as solid-echo-based approaches,****
the dipolar correlation effect,* and the 8 echo™” have been used
to study polymer melt dynamics. All these techniques have in com-
mon that they are directly sensitive to the anisotropy of segmental
orientation fluctuations as imposed by the entanglements, leading
to solidlike effects on the NMR signal due to residual anisotrogpic
interactions, a concept that was pioneered by Cohen-Addad.’

In particular, the more recent work of Ball, Callaghan, and
Samulski (BCS) has provided a consistent tube-model-based
theoretical treatment of C(¢). In regimes IIl and IV, it is given by

_ — 8

Clt) ~ £ 2p(t) ~ 712 el P (1)
podd

which is plotted in Figure 1b.> We point out that the regime III—
IV transition is smooth and not identified by a sudden change in
the time-scaling exponent. The full C(f) can be obtained from
refs 28 and 39 or used to predict longitudinal and transverse
relaxation phenomena as well as signal functions of more
complex NMR experiments. As a direct and in some aspects
improved alternative to the 3 echo of BCS,>* multiple-quantum
(MQ) NMR***™* has emerged as a powerful technique to
investigate chain dynamics and local structure (cross-link and
entanglement density) of polymer networks and melts.

In contrast to longitudinal relaxation methods, MQ NMR
is based on fundamentally different principles, measuring a time
integral of correlated dipolar couplings, thus C(t), directly and
model-free in the time domain®** rather than deriving it from a
spectral density, which has to be known for all frequencies in
order to obtain C(t) as its Fourier transform. The earliest magic-
angle spinning (MAS) method of Graf et al.”**" is subject to sys-
tematic errors, and a simple static version, robust enough for a
time-domain benchtop spectrometer, provides a smooth and
artifact-free measure of C(t). In a recent letter,*” we have given a
first account of the application to entangled 1,4-poly(butadiene),
covering regimes II—IV of the tube model. We could determine
the characteristic regime transition times, which exhibited the
expected and familiar molar-mass scaling exponents. Impor-
tantly, we observed deviations from the tube-model predicions
in the form of a mass-dependent time scaling exponent describ-
ing segmental fluctuations in the constrained-Rouse regime I up
to very high molecular weights of around 1000M,, demonstrating
that local chain motions are governed by modes that are much
less restricted than predicted by the tube model. Besides that,
results from experiments carried out on protonated chains
diluted in deuterated (invisible) matrix chains suggested CR
processes as the major origin.

In the present article, we extend our previous work and com-
pare the dynamics of 1,4-poly(butadiene), PB, 1,4-cis-poly(iso-
prene), PI, and poly(dimethylsiloxane), PDMS, over a broad
molecular weight range. We further provide more detailed back-
ground information on the analysis of the MQ NMR data, includ-
ing the discussion of contributions from isotropically mobile
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chain ends that are commonly associated with CLF effects. In the
subsequent article,” we will present the use of the segmental
OACEF as a basis of a fully consistent analytical calculation of the
time-domain NMR signal functions.

Il. EXPERIMENTAL SECTION

Samples. Low-polydispersity 1,4-PI, 1,4-(cis/trans)-PB, and PDMS
were purchased from Polymer Standards Service GmbH (PSS, Mainz,
Germany), except PDMS 1000K, which was kindly provided by Thomas
Wagner (MPI-P, Mainz, Germany). The sample names include the ap-
proximate M,, in Da; GPC characterization results were supplied by the
provider. The samples were placed in 8 mm o.d. NMR tubes, flame-sealed
under vacuum to avoid degradation, and were kept in the refrigerator at
4 °C before and after the measurements. The distribution of cis:trans:vinyl
units in some of the PB samples was determined by "H magic-angle spinn-
ing NMR at 13 kHz rotation frequency in a Bruker Avance II 400 MHz
spectrometer, and values of around 55%:40%:5%, respectively, commonly
found for anionically synthesized samples, were confirmed (see Figure 2).
For PJ, the provider specifies a microstructure of cis:trans:3,4-vinyl of
66%:27%:7%.

NMR Experiments. Proton MQ NMR experiments were per-
formed on a Bruker Minispec mq20 (B, = 0.47 T), with 90° pulses of
about 3 us length. The sample temperature was regulated and stabilized
to within 0.5 K by means of a Bruker BVT 3000 temperature control
unit operating with gas flow, covering a temperature range between 230
and 400 K. The sample temperature was controlled via dry and cooled
nitrogen gas below and via heated pressurized air above room tempera-
ture. The used MQ experiment is based on the pulse sequence published
by Baum and Pines** and is described in detail elsewhere.*' Basically, it
excites all even quantum orders, and using appropriate phase cycling, the
pulse sequence yields a buildup curve dominated by double-quantum
(DQ) coherences (Inq) and reference decay curve (I,¢) as a function of
pulse sequence time 7Tpq, which is incremented in small steps by adjust-
ing the interpulse spacings of basic two-cycle excitation and reconversion
intervals. The full magnetization, subject only to incoherent relaxation
processes and thus used to normalize the signals, is then obtained as
Ismq = Ipq + et

In terms of phase evolution, with the dipolar phase

ty
¢(ta; tb) = Deff/ PZ(COS ﬁt) dt; t, —t, = TpQ (2)
ty

the signal functions for an effective spin pair can be written as

Ipq = (sin ¢, sin ¢z> (3)
Iref = <COS ¢1 cos ¢2> (4)
Ismq = {sin @, sin ¢,) +{cos ¢, cos ¢,) (8)

where ¢; = $(0, Tpq) and ¢, = #(Tpq, 27pq). The brackets here denote
an ensemble (spatial) average, and we note that the dynamic information
is encoded in the statistically fluctuating orientation of the internuclear
vector, 3. Note that the real system is characterized by a multitude of
interacting nuclear dipoles, and thus the dipole—dipole coupling constant
Deﬂ(Mzeﬂ)l/ 2 is an effective one, representing a second-moment-type
quantity ~[3°D;”]"%

Note further that the double-quantum signal function, Ipq, given by
eq 3, is completely analogous to the sin—sin correlation function first treated
explicitly by the Mainz group,® who obtained it by manual combination
of separate FID and solid-echo data sets. The 3 echo as introduced by
BCS>*7* represents an improved version that can be measured in a
single experiment; it is also a purely dipolar buildup function, internally
compensated for dephasing due to Zeeman precession. There is only

trans .—Cis
N

PB 441 kDa
41% trans
54% cis
5% vinyl

vinyl vinyl

64 62 60 58 56 54 ppm

Figure 2. "H MAS NMR spectrum (13 kHz spinning frequency) of PB
441K. Integration/deconvolution yields a content of cis:trans:vinyl units
of 54%:41%:5%, respectively.

Table 1. Characteristics and NMR-Determined Dynamic
Parameters of the Investigated PB, P, and PDMS Samples”

sample M, PD Z log(tg/7.) log(ta/7.) €

PB 23K 23.6 1.01 12 1.34+0.1 3.2440.02 044£0.02
PB 35K 35.0 1.01 18 1.9£0.1 4.104+0.02 043 =£0.02
PB SSK 5§83 1.02 29 22401 478£0.07 0.39+0.03
PB 87K 87.0 1.01 45 29+£01 S5.10£0.04 0.36=+0.01
PB 196K 196 1.02 102 33£01 66+£02 031+0.01
PB 441K 441  1.07 228 0.31£0.01
PB 2000K 2000 1.02 1036 0.294+0.01
PI 17K 17.6 1.02 2.8 1.61 £0.03

PI2IK 212 1.03 3.3 2.0340.03 0.56 £0.02
PI 47K 47.3 1.01 7.4 3.11£0.04 0.48+£0.02
PI 8SK 854 1.01 13 1.64+£0.03 3.53+0.08 0.44 4+ 0.01
PI 110K 110 101 17 1.97£0.05 3.81£0.06 0.41+£0.02
PI 157K 157 1.01 25 2294003 46£01 0364002
PI 360K 364 1.03 57 0.34+0.01
PI 760K 735 1.04 11$§ 0.31£0.01
PI 1000K 999 1.05 157 0.31£0.01

PDMS 128K 128 1.13 11

PDMS 166K 166 1.06 14 1.9+£0.03 3.67£0.04 0.4140.02

PDMS 1000K 1000 1.70 83 0.36 £ 0.01
“ Weigth-average molecular weight (M,,) in kDa, polydispersity (PD =
M,,/M,,), number of entangled chain segments Z = M,,/M,, character-
istic times of the tube model 7y and 74 in multiples of 7., and the regime
II time-scaling exponent €. The M, of PB, PI, and PDMS taken from
ref 43 are 1.93, 6.37, and 12 kDa, respectively.

3.47£0.04 0.50 £0.02

one important difference: the long-time behavior of the 3 echo (and its
predecessors) suffers from the fact that the experiment consists of two
free (dipolar) evolution intervals, where second-order effects related to
the noncommutativity of dipole—dipole couplings involving different
spins become relevant, equivalent to the failure of a solid echo in revers-
ing dipolar time evolution. This problem is not present for the used MQ_
pulse sequence, which features a clean DQ Hamiltonian, providing
perfect time reversal upon applying the correct phase cycling, leading to
cleaner signal functions.*' While BCS focused their in-depth analysis
only on this function, we will highlight below and in the subsequent
paper*® that including the cos—cos function is beneficial in that more
specific information can be derived from a combined analysis.

For a theoretical treatment, we follow BCS® and our previous work on

MQ_ experiments on elastomers,*® assuming that the interaction
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frequency distribution is Gaussian, which means that the Anderson—
Weiss approximation®” can be used to solve the nontrivial problem of
proper ensemble averaging. In a first step, one obtains

Inq = sinh(¢,¢,)e "

L = cosh(p,p,)e @7
<¢1¢z>67(¢12)

IZMQ = €
where the ensemble average is now to be taken over the individual phases,
which is a rather straightforward exercise.*® Details on the full analytical
treatment and a critical discussion are deferred to our subsequent paper; >
we here merely note that the averages in the above equations reduce to
simple integrals over the OACF C(|t, — ,]) = (P,(cos B,)P2(cos ).

Ill. RESULTS AND DISCUSSION

MQ Raw Data Treatment and Interpretation. We have
measured the Ing and I,¢signals over a broad range of molecular
weights above M. and in a temperature range above T, from 240
to 400 K for three linear polymer melts: PB, PI, and PDMS. In
Figure 3a we present a typical M,, dependence of DQ_ buildup
raw data, just intensity-normalized with respect to 1.0 represent-
ing the full magnitization after a 90° pulse. In the lower M,, range,
we observe a strong increase in the initial slope and an increasing
maximum intensity. This directly reflects the effect of the entang]e-
ments on the magnitude and time stability of the apparent residual
dipolar coupling Dy, which in turn is given by [ C(tpg = 1 ms)]"/
From this, one can qualitatively conclude that C(t) is increasingly
flat at around the time scale set by the DQ buildup, meaning that we
move from regime IV to regime II dynamics in the given M,, range at
the given time scale of 1 ms at 303 K. The temperature dependence
of Inq and I, for the given sample PB 87K is shown in Figure 3b.
The strong variation with T is again due to a transition from regime
IV to regime II dynamics upon cooling.

The composite signal function Isyiq represents the fully
dipolar-refocused magnetization, and it is here employed to ob-
tain the normalized DQ_intensity, I,pq, to be used in further
analysis. As established in our previous work,* the decay of Ismqis
primarily influenced by segmental motions that are faster than the
Tpq time scale, while I is governed by the strong additional
sensitivity to intermediate and slow motions. The fast-motion
contribution can thus be factored out via a point-by-point division
through Isyiq, provided that both quantities contain signal from
the same molecular species.

However, one has to keep in mind that the latter contains sig-
nal from isotropically mobile segments (chain ends, etc.), which
do not lead to measurable DQ intensity. This fraction is most
reliably identified by plotting log(L.s — Ing) = log Iamq Vs
TDQ-49 It is based on the notion that, neglecting chain ends, Ianq
=(cos(¢p; + ¢,)), as seen from eqs 3 and 4. This is equivalent to a
Hahn echo,* i.e,, dephasing of the dipolar coupled part, which of
course emphasizes the slower relaxation of the “isotropic tails”.
These can then be quantified by a single-exponential fit to the
long-time data (see Figure 4). Ultimately, the correct normalized
DQ (nDQ) intensity is obtained as

fog —
Lt + Inq — f exp(— 27pq /T5™)

InDQ_ =

The inset in Figure 3b presents the corresponding nDQ_inten-
sities for the same data set. The observed strong variation of I,pq
is a clear signature of reptation dynamics, while it is nearly
T-independent in the case of cross-linked polymers,*® indicating
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Figure 3. (a) Molecular weight dependence of Ipq for PB ranging from
6 to 1100 M,. (b) Typical temperature dependence of I . and Ipq
observed in polymer melts, here for the example of PB 87K. The inset
shows the normalized DQ signals (see text). (c) Relaxation-corrected
(normalized) I,pq data corresponding to (a). The effects of entangle-
ments and large-scale motion are directly reflected in the initial slope and
the intensity of the signals.

the complete absence of long-time relaxation in permanent
networks, where C(t) has a long-time plateau. This is stressed
by the data presented in Figure 3¢, which is the nDQ data cor-
responding to the raw data in Figure 3a. The long-time signal
relaxation due to segmental dynamics is removed, leaving slow-
motion effects, i.e., increasingly isotropic motion due to faster
reptation of short chains as the origin of the low signal for low
M,,. At high M,, the nDQ_buildup is network-like, revealing
strongly anisotropic chain motion as a result of the entanglement
constraints.

Chain-End Dynamics and CLF. Before we turn to a closer
analysis of I,pq, we explore the isotropic end fraction in some
more detail. Doi identified the chain-end dynamics, now referred
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Figure 4. Procedure to extract the slowly relaxing part associated with
isotropically mobile chain segments in the MQ signals. See text for details.

to as CLF in the framework of tube models, as a possible reason
for the large (>3) exponent in the mass scaling of the terminal time
and the viscosity.”® While the final conclusion is still a matter of
current debate, the interpretation of the chain-end influence on the
stress relaxation modulus is rather descriptive, in that it serves as
“diluent” of the entangled fraction, with G ~ Go[1 — u(M/M,) 172150
The second part in the sum represents the isotropic fraction that bears
no load, and the fraction is thus predicted to scale with Mwl/ 2,

Isotropic fractions have previously been identified in 'H and
*H NMR T, and line-shape studies of polymer melts as well as
elastomers,>" and the most complete study for polymer melts is
due to Kimmich et al,>* who found an approximate M,, ' be-
havior for poly(ethylene), PDMS, and poly(tetrahydrofuran).
We note that the fits in this work are only based on 3—4 data
points each, and closer inspection reveals that a lower exponent
could still be reconciled with the data in the higher M,, range. A
possible interpretation of the M, ' is that 2M./M,, trivially
represents the unentangled end fraction in any linear chain, while
a proper theory of course has to take into account the observed
increase at increasing temperature. This is on the one hand due to
reptation itself>® but, as pointed out by Kimmich, could also be
due to the formation of hairpin-like loops that “stick out” of the
tube in the center part of a chain. In a thorough study of Cohen-
Addad using end-deuterated pseudo-triblock copolymers of PB,
it was indeed shown that a significant fraction of the isotropic part
must be associated with the chain center,> stressing the non-
trivial origin of this fraction.

Figure 5 presents values of the chain-end fraction ffor some PB
and PI samples obtained from our MQ experiments as a func-
tion of temperature. The insets further show the molecular weight
dependence for all studied PB and PI samples at 303 and 313 K,
respectively. The fractions decrease as either the temperature or M,
increases, and from the insets we take mass scaling exponents on
the order of 0.65 %+ 0.1, which is not much larger than Doi’s
predicition, yet smaller than (but still compatible with) the data of
Kimmich et al. We stress that significant fractions >>10% are only
obtained for the lowest-M,, samples and at the highest tempera-
tures, and in this range, the tail fraction is not as well separated as in
Figure 4, leading to ambiguities. We stress, however, that the rather
small end fraction and possible uncertainties in its determination of
the order of a few percent do not challenge any of the results drawn
below from I,pq calculated by eq 6.

Analysis of nDQ Buildup Data. For the case of polymer
melts it was shown by Graf et al.*** that for short Tpq the nDQ
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Figure 5. Chain-end fractions of some (a) PB and (b) PI samples as a
function of temperature. The insets show a log—log plot of the M,,
dependence for all PB and PI samples studied at 303 and 313 K, respec-
tively, with solid lines as fits to determine the scaling exponents.

intensity is proportional to the OACF on the time scale of Tpq,
InDQ(TDQ) o< C(TDQ) X ‘L’DQZ. This provides a means for a direct
time-domain measurement of C(t), and the advantage of our
robust static MQ experiment vs the MAS version of Graf et al. is
that the time axis is not limited to a few points dictated by one or
even multiple rotor periods but can be probed continuously,
starting at a minimum Tpq of around 100 us (depending on the
pulse lengths). Note that the approximation works best when the
faster (regime 0, I) processes, that constitute the major relaxation
channel of Isyq, are normalized away via the nDQ calculation, con-
stituting a significant advantage over the 3 echo. This will backed up
with theoretical calculations in our subsequent paper.**

We first focus on the possibility to obtain the power law expo-
nent of C(t) in a short time range from a single MQ experiment in
a completely model-free way. In Figure 6a,b we plot the loga-
rithmic nDQ_buildup vs log 7pq and perform a linear fit to the
initial data points up to a value of around I,,pq ~ 0.0S. Note that
such fits need to be performed in logarithmic units, and they have
to be weighted according to the error intervals, which are esti-
mated from the (constant) experimental noise, but vary on a log-
scale, so as to not overestimate the initial points that suffer from
low signal. Since C(7pq) o< Inpq(Tng) X ‘L’DQ_2 ~ Tpq ', the
so-obtained slopes correspond to 2 — ¢.

Results for the resulting power-law exponent of C(t) for PB
87K are plotted in Figure 6¢ as a function of temperature, and
they are compared to the result of the unexpectedly high ¢ value
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Figure 6. (a, b) Log—log plot of I,pq(Tpq) vs Tpq for two different
temperatures (sample PB 87K), with linear fits to the initial parts. (c)
Power law exponent ¢ calculated from the initial slopes as a function of
temperature. The corresponding regime II result with its confidence
interval as obtained from the analysis of the full C(t) on the basis of
time—temperature superposition (see Figures 7 and 8) is also indicated.

obtained from the analysis based on time—temperature super-
position (see below and ref 39). The simple slope analysis thus
confirms the central result of our earlier work, namely, that the
time scaling exponent in regime II always exceeds the tube model
prediction of 1/4. We finally note that a reliable initial-slope
analysis is possible due to the virtual absence of any pulse-
sequence imperfections, which could challenge DQ_excitation
efficiency, thus delaying the initial DQ _intensity buildup. This
would lead to potentially overestimated values for .
Determination of the Complete OACF. Since the tempera-
ture range of our study is limited to probing the dynamics in
regimes II—IV, and since the influence of faster (regime 0, I) pro-
cesses is essentially taken care of by the normalization procedure,
we follow refs 26 and 40 and factorize the OACF according to
C(t>1,) = C(t,) x C.(t>1.) with C.(t < 7,) = 1 and use

InDQ(TDQ > Te) = ASQZTDQZCe(TDQ) (7)

Table 2. Experimental and Literature Parameters for the
Three Investigated Polymers®

PB PI PDMS
D,../27 [Hz] 100 + 30 110 £ 15 90 + 10

S. 0.045 0.021 0.024
Neop 13 21 25

N 18 30 32

b[A] 9.6 9.3 13

T, [K] 174 206 150

Tyr [K] 126 161 100

E [Nsm™'] 1.0 x 107 40 x 10" 24 x 1013
o [K'] 7.10 x 10°* 717 x 10+ 144 x10°°
references 43, 55 43, 55 43, 56

“ The values for D,.,, the corresponding order parameter S, = (C (T )3
and number of Kuhn segments between two entanglements, N, cx,, were
determined herein, while references are given for the literature para-

meters used in eq 9 to calculate the entanglement time 7...

to obtain a small section of C.(7pq) directly from the nDQ data,
simply by dividing through 7pq> S. = (C(7.))"/*3/(5N,) is the
entanglement-induced local dynamic order parameter, which de-
pends on the number of Kuhn segments between two entangle-
ments, N, and A is a numerical factor. For a complete determi-
nation of C(t), both its absolute value need to be fixed, and
several orders of magnitude in time have to be covered.

The absolute value of C(Tpq) = S.’Ce(Tpq) = (Dresk/Ditar)”
(yielding A in eq 7) can be calculated as the ratio of the apparent
D,.s and a quasi-static reference value Dy,./k. The latter depends
on the spin dynamics and the motions within a nominal Kuhn
segment and was determined approximately for the three poly-
mers studied here:** 271 x 8.1 kHz (PB), 277 x 6.3 kHz (PI), and
271 X 7.6 kHz (PDMS). An estimate of D, at a certain tempera-
ture can be extracted from I, pq using a generic second-moment-

based buildup function

1 2
Lnq = 5 {1 — exp <_gDre52TDQ2):| exp( — 27pq /To™?)

(8)

which includes an apparent damping term. Note that for PB,
which is roughly a 50/50 mixture of cis and trans units, we use a
two-component function, as explained in ref 39. Such superposed
buildup functions (with potential D, distributions) but without
the T, term are normally used for permanent networks, for which
Iipq is temperature-independent and reaches a long-time pla-
teau of 0.5.*' For melts, the fit yields good values for the highest
M,, and temperatures at which the nDQ intensities close to 0.5
are reached (i.e,, in regime II, where C(t) has a weak decay).
We followed this procedure for each polymer (see ref 39 for
details on PB), and the results for D,., are given in Table 2. Thus,
the absolute value of C(Tpq = 1 ms) is obtained as 3 x 10~*(PI
at 343K), 1.4 x 10 * (PDMS at 243 K), and 1.5 x 10 * (PB at
303 K), fixing the factor A in eq 7 for each polymer. Conserva-
tively, noting the model dependencies of the Dg,./k values
(which in fact is the only model dependence), the error in the
absolute values of C(t) is estimated to be on the order of 40%.
This treatment corrects another problem of refs 26 and 40, where
the used MQ_pulse sequence suffered substantial intensity loss
due to experimental imperfections, which means that no absolute-
value fit for a determination of D, was possible. The authors had
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to resort to a calibration based on MAS sideband intensities, which
apparently gave incorrect values. Along with later disproven
assumptions™ on specific intrasegmental proton pair coupling
directions, the authors obtained a grossly overestimated local
order, spawning a number of controversial discussions.

Following ref 39, we construct C(t/7.) o< Lipa/ ‘L’DQZ on the basis
of the well-known and widely used time—temperature superposi-
tion (TTS) principle. Via a combination of data for a large set of
temperatures, the envelope C(f) is easily obtained by referencing the
time axis to the known 7, calculated according to

_ S(T)P*N? 2

kT 7s(T)Ne (9)
where &(T) = & exp{[0(T — Tyg)] '} is the monomeric friction
coeflicient, b is the Kuhn segment length, and Ty is the Vogel—
Fulcher temperature which is around S0 K lower than T. The
literature*” does not provide a consistent value for the numerlcal
factor k in the denominator, where the given values range between
unity and 67, For our evaluations, we followed refs 26 and 40 and
used k = 77. The other parameters used to calculate 7, are found in
the literature and are also listed in Table 2. In this way, a given Tpq
is easily equated to t/7, by division trough 7.(T). Restricting the
MQ data to the initial time range, the full C(¢) is finally obtained;
see Figure 7a for data for PB 2000K (Z = 1036) as an example.

These data, for chains with >1000 entanglements, in fact con-
stitute the most important set, since we observe that the log—log
slope of the composite C(t) is constant over 4 orders of magni-
tude in effective time, evidencing an extended regime II with a
well-defined time-scaling exponent. In fact, € = 0.29 is the lowest
value observed in our work.

With the full correlation functions given on a properly ref-
erenced time scale, it is now possible to extract the value at C(7,),
which is extrapolated to about 2 x 10> (PB), 8.8 x 10 * (PI),and
6.6 x 10 * (PDMS). This immediately yields the parameters S, and
N, which are listed in Table 2. We see that the latter results, which
reflect the tube diameter d = Nel/ 2p, are 20—30% smaller than the
literature values, yet reassuringly, the order of the 3 polymers is
conserved. This indicates a systematic error for our reference values
Dgar/k, which are probably too low. Presumably, our simplistic
model based on spin dynamics in an isolated chain se%ment does not
take proper account of interchain dipolar couplings.”™ We have in-
deed observed that isotopic dilution lowers the expenmental appar-
ent D, by about 25%,” confirming the hypothesis. Further, our
model was based on an extended arrangement of monomers inside
the Kuhn segment, with rotational motions as a crude representation
of the subsegmental dynamics. More insights should arlse from
incorporating atomistic molecular dynamics simulations,® taking full
account of the local conformational dynamics.

With C(7.) now fixed, we obtain an absolute-value C(t) for
each sample, and we can compare our data with complementary
data from T, field-cycling NMR published by Rossler and co-
workers,”® as already discussed in ref 39 (see Figure 7b). The
agreement is near perfect and demonstrates the complementarity
of the two techniques, which are both based upon TTS, yet rely
on rather different principles, namely a direct time-domain mea-
surement in our case and full frequency-space coverage and
subsequent Fourier transformation in the latter case, based on
the applicability of Redfield relaxation theory. This theoretical
approach is very different from the short-time second-moment
approximation used herein and states that 1/T is proportional to
the spectral density J(w), which is the Fourier transform of C(t).

e
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Figure 7. (a) Master curve for C(t/7.) obtained by TTS on the example
of PB 2000K. Crossed symbols denote the part of the buildup curves that
conforms to the initial-rise approximation (I,pq < 0.05). The inset
shows I,pq/ rDQ o< C(IDQ) traces subject to TTS; note that no vertical
shift is applied. (b) C(t/t.) for PB, combined with field-cycling NMR
data from ref 28 covering the lower time range, with no relative shifts
applied. The dashed line indicates the approximate time limit for
complementary NSE spectroscopy at the highest studied temperature.
(c) Selected correlation functions for different PI samples. The lines
correspond to the fits used to extract Ty, T4, and the scaling exponent &,
with the fits to PI 85K being offset for clarity.

A chain length of Z & 10 marks the current upper applicability
limit of field-cycling relaxometry for C(t) determination, as the
full frequency space down to the lowest frequencies reaching the
Debye limit needs to be covered in order to reliably extrapolate
the 1/T) to infinitely small Larmor frequencies. The accessibility
of lower frequencies is challenged by the difficult compensation
of the Earth’s magnetic field, at which wy/27w &~ 2 kHz, and
further, the applicability of standard relaxation theories at such
low frequencies remains to be scrutinized.

1555 dx.doi.org/10.1021/ma1025708 |[Macromolecules 2011, 44, 1549-1559



Macromolecules

‘We emphasize that we have an absolute-value comparison along
both axes, with only a trivial change of the time reference. Using k =
7T in eq 9, the data sets and the extracted regime transition times
match well when 7, = 47,.** The factor of 4 merely arises from a
comparison of respective literature data>>** and makes sense from a
phenomenological point of view, as several conformational jumps
(ot process) are needed to effectively relocate and thus relax a Kuhn
segment, which is the meaning of 7,. This issue is routed deeply at
the connection between molecular reality (with 7, being accessible
by suitable NMR methods or dielectric spectroscopy) and coarse-
grained chain models (for which 7, results from extrapolations of
model fits to, e.g. rheological or simulation data) and clearly deserves
further investigations.

Dynamic Regimes and Tube-Model Parameters. Once the
correlation functions were constructed for all samples, the next
step was to extract characteristic regime transition times based on
the predictions for C(t) for the tube model (Figure 1), and noting
the obvious deviation already discussed, the scaling exponent
¢ for regime II. See Figure 7c for sample data. Note that all fits
need to be performed in log—log units. The parameter ¢ is deter-
mined first by exploring the slope in the early time region above
T, which now yields rather well-defined values with a smaller
error interval as compared to the single-set analysis presented
in Figure 6a,b. With ¢ fixed, 7y is easily located by fitting two
straight lines with fixed slope, taking —1/2 as the expected re-
gime III slope,” fitting parameters being the prefactor (y value)
and the crossover time. Finally, 74 is determined by fitting (the
logarithm of) eq 1 to data beyond 7x. It should be mentioned that
regimes III and IV were not reached for all samples studied here,
in particular at high M,,. This was due to technical limitations
because it implies to measure at high temperatures with the risk
of sample decomposition.

The results for g and 74 are shown in Figure 8a for all samples,
including field-cycling data of Rossler and co-workers for the
lower M,, range which we have reanalyzed following the above
fitting procedures. Within our experimental errors, which are
mainly determined by the use of cheap low-field NMR equip-
ment, and could further be due to systematic errors in the GPC-
based M,, determinations, the molecular-weight dependence of
Tg agrees with the tube model prediction (~M,,’). For 74, the
exponent is higher than the predicted value of 3, but this is of
course expected, as this is also observed for the melt viscosity or
the terminal relaxation time from rheological experiments. Only
above an even higher M, = 200M,, recent work indicates that
the expected scaling is observed.®’

On the whole, Figure 8 is a convincing demonstration that for
flexible homopolymers, we observe universal behavior indepen-
dent of the specific type of polymer, backing the validity of our
experimental approach. From Figure 8b, we take that the clear
molecular weight dependence of the exponent in the con-
strained-Rouse regime is also a universal feature of entangled
melt dynamics. The value of & decreases as M,, increases, with
values that are vaguely indicative of actual reptation € < 1/2 only
being observed above Z = 10. Thus, the onset of actual reptation
is much protracted, as already deduced from NMR and dielectric
data by Réssler.”®®! In particular, a similar, smooth regime
crossover characterized by a continuous mass-dependent varia-
tion of a well-defined power law exponent ranging between the
pure Rouse prediction below M, and reptation-like behavior
above about 20 M, has been observed in “pure-normal-mode”
dielectric spectra of PI after suitable subtraction of the a
relaxation contribution.®!
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Figure 8. Universal M,,/M, dependence of (a) the regime transition
times extracted from the correlation functions and (b) the exponent in
the constrained-Rouse regime, for all investigated PB, PI, and PDMS
samples. The solid lines in (a) are fits in log—log units, with the given
error representing the fitting uncertainty. In (b), the dotted line just
guides the eye, and the dashed line indicates the apparent high-M,,
plateau, which is still larger than the 1/4 predicted by the tube model.

Similar conclusions on the protracted onset of reptation can be
drawn from recent computer simulations.’>*>* As to the origin,
simulations hint at a time-dependent apparent tube diameter that
increases in the regime beyond 7..'* Another interpretation of
probably the same phenomenon, which manifests itself as a
pronounced M,, dependence of the plateau modulus at 7, and,
correspondingly, in deviations from tube-model predictions, is
that the importance of CLF has so far been overestimated.'*'®
This holds in particular for short times, requiring the partial neg-
lect of CLE" or an adjustment of CLF and CR time scales.'” We
note again that in our previous letter” dilution experiments of
protonated probe chains in deuterated (invisible) matrix chains
of different M,, demonstrated that the M,, dependence of ¢ is
indeed mostly determined by the matrix, stressing the impor-
tance of CR effects even at short times, i.e, in regime II. This
conclusion has recently been backed by computer simulations of
similar bidisperse blends."®

Still, even at very high M,,, our NMR results suggest deviations
from the picture of a static tube constraint in regime IL The
apparent asymptotic value of &€ ~ 0.28, being significantly larger
than 0.25, is quite similar to the lowest scaling exponent 9/32 ~
0.281 of the mean-square displacement for ¢ < T obtained from
polymer mode-coupling theory by Schweizer et al.*> However, it
remains to be shown whether the return-to-origin arguments
used to convert the tube-model prediction (Ar?) ~ #*into the
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intuitive inverse C(t) ~ ¢ '/*law are also applicable in this case.
In any way, the apparent deviation between a reliable experi-
mental value and a seemingly well-accepted prediction could be
taken as a serious shortcoming of tube models in general and may
serve as a touchstone for future refinements.

IV. CONCLUSIONS

We have presented a consistent NMR analysis of entangled
melt dynamics over 10 effective decades in time, using simple low-
field equipment and a method based on dipole—dipole couplings
among abundant protons, which provides a completely field-
independent measure. We hope that our data may serve as a
showcase of proton multiple-quantum NMR being one of the
most powerful and readily available techniques to date for the
quantitative study the dynamics of highly entangled polymers. We
have confirmed and extended our previously published work® by an
in-depth comparison between three different linear polymers, namely
poly(butadiene), poly(isoprene), and poly(dimethylsiloxane), evalu-
ating the applicability and shortcomings of the tube model.

In more detail, using time—temperature superposition, the
method was applied to the study of chain motions over many
orders of magnitude in time in terms of a segmental orientation
autocorrelation function. This function is at the root of describ-
ing the dynamics in any mobile polymer system. We have here
tested a well-defined prediction based on the traditional tube
model and have demonstrated that the extracted regime transi-
tion times follow the expected molar mass scaling; however, the
behavior in the constrained-Rouse regime II deviates in that the
“tube” does not appear to be a fixed constraint at such rather
short times. Rather, it is dynamic, with previous experiments on
selectively isotope-labeled bidisperse blends indicating that this is
a constraint-release effect, being governed by the matrix rather
than the test chain itself. In addition, the method provides the
amount of isotropically mobile segments, commonly associated
with chain ends and connected to contour-length-fluctuation
effects, which we have investigated as a function of temperature
and molecular weight. The latter data suggest a mass-scaling
exponent of around —0.65, which is larger than Doi’s grediction
of —0.5°" but closer to previous NMR observations.”

Finally, we hope that our work may inspire more theoretical work
on the predicion of our observed orientation autocorrelation func-
tion, which after all represents an attractive alternative to monitor
describe dynamics, supplementing the more common predictions of
dynamic structure factors. When this function is known, first, almost
any NMR observable can be calculated, as will be further highlighted
in our subsequent paper*” concerned with an analytical prediction of
the full time dependence of NMR signal functions beyond the initial-
rise regime. It should be kept in mind that for networks, where the
correlation function attains a well-defined plateau value at long times,
its square-root is directly proportional to the cross-link density and
thus the modulus. The orientation correlation function is thus of
direct rheological relevance, reflecting conformational entropy, un-
like the segmental mean-square displacement, the interpretation of
which requires more sophisticated models. Second, in combination
with recent advances in the computer simulation of the rheology of
long-chain melts,">*>"* and hopefully also analytical theory, a com-
parison with a reliable NMR measure holds large potential to ad-
vance our understanding of dynamics of polymer melts and possibly
other topologies such as rings, stars, or grafted architectures. A
particular focus will be the further exploration of the relevance of
CLF and CR effects.
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