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ABSTRACT: The influence of segmental and cooperative dynamics in elastomers on the time evolution in NMR
experiments is considered using static proton multiple-quantum experiments. A novel experimental strategy as
well as Monte Carlo simulations of a simple rotational diffusion model is used to investigate the applicability of
the AnderserWeiss approximation, upon which our analytical solutions are based. On the basis of temperature-
dependent experiments, the validity of one of the most popular models used so far for the interpretation of NMR
experiments is disproved. This model, which is based on slow rotational diffusion of a preaveraged residual
coupling tensor, is refined by explicit consideration of the time scale of fast segmental processes which average
the intrasegmental dipolar coupling toward a plateau value that is related to the chain order parameter associated
with topological restrictions by chemical and physical cross-links. Models based on exponential or power-law
loss of correlation are shown to provide physically reasonable representations of the data. As opposed to various
earlier approaches, multiple-quantum NMR is unique in that it can be used to verify or falsify the different
models. Data measured on permanently cross-linked systems are only weakly influenced by slow, cooperative
processes, while reptation dynamics in corresponding linear-chain melts effectively prevents the observation of
a well-defined order parameter.

1. Introduction on chain order and thus elastomer microstructb#é the use
of a dynamic model assuming a slowly fluctuating residual

The variety of possibilities offered by NMR to assess coupling is often favored’

elastomer microstructure is impressiné. multitude of tech-
nigues can be used to estimate residual dipolar couplings or Transverse relaxation decays are notoriously featureless and
other anisotropic interactions and relate these to the density ofinfluenced by a variety of factors, such that the use of
cross-links or macroscopic properties of the network which multiparameter functions based on strong model assumptions
depend on this quantity. Residual interactions arise from fast may lead to severe fitting artifact®1® More specific experi-
segmental fluctuations that are nonisotropic due to the existencements from which information on slow, cooperative processes
of cross-links and other topological constratritand are directly  was claimed to be extractable with better confidence have been
proportional to a dynamic order parameggrof the polymer introduced over the past decades. They are based on combina-
backbone. tions of Hahn and solid echoé¥2! stimulated echoe’%22 or

In a previous publicatiof,we have exemplified the advan-  correlation loss in other dipolar refocusing experimeéatall
tages of a specific approach to multiple-quantum (MQ) NMR, these approaches are exclusively based on the assumption of
which is characterized by the possibility to normalize experi- rather slowly fluctuating residual couplings (down to the 0.1
mental DQ buildup data and thus remove any influences of ms scale), where segmental modes are always assumed to be
relaxation processes on the DQ inten$it} This allows for {00 fast to exert an appreciable influence on the signal functions.
the extraction of absolute values for residual d|p0|ar COUp|IngS In this regard, the Only exception appears to be the transverse-
and thus order parameters and also to assess their distributionyg|axation theory of Brereto?f, who explicitly considers fast

While our previous workwas concerned with a quantitative  pq,5e modes. Its only experimental tests are however restricted
interpretation ofS; in diene elastomers, we here focus on the T, experiments on linear polyme?s26

influence of segmental dynamics on the observables.
The measurement of longitudinal relaxation times using for
instance fast field-cycling instrumentation is among the most

powerful approaches when the time scale of polymer dynamics .
is to be investigated and has recently gained momentum in parameters in rubbers. On one hand, results from temperature-

the field of elastomer¥ 14 The analysis of transverse relaxation dependent experiments arein strai_ghtforward disagreer_nent with
behavior, in particular that of protons, is even more popular the slow-motionansatz as the fitting results are simply
due to its simplicity. While an interpretation of such data in Unphysical. On the other hand, our MQ method generates two

terms of quasi-static residual couplings gives reasonable resultsqualitatively different sets of data (a buildup curve and a decay
curve), which depend differently on the relaxation processes

. : i I and the residual coupling and provide a more reliable basis for
Corresponding author. E-mail: kay.saalwaechter@physik.uni-halle.de. fittina. This paper builds upon and extends the theoretical
T New affiliation: Fachbereich Physik, Martin-Luther-Univeisitialle- g. pap p

Wittenberg, Friedemann-Bach-Platz 6, D-06108 Halle, Germany. treatment presented in our earlier wdfkwhich in turn has

In this work, we present data which disprove the slow-motion
assumption and show that fast segmental modes dominate
transverse relaxation phenomena and thus NMR line width
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Figure 1. Timing schemes of multiple-quantum (a) and Hahn-echo
(b) NMR experiments, along with a definition of phase factors which

(@)

Nt

N A,

\4

%’cecho

are acquired under a pulse sequence with a pure double-quantum

Hamiltonian ¢po1,2) and during pure dipolar evolution over a Hahn-
echo sequencebicng-

basically generalized the treatment of the so-call@dunc-
tion”.27

Within the framework of the AnderserWeiss (AW) ap-
proximation?® it is possible to test and evaluate different models
for the loss or orientation correlation in rubbers. The applicabil-
ity of the AW theory to polymer dynamics has been criti-
cized?®24and we here investigate the range of its validity by
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— lpg} VS b, as explained in detail in ref 18svg andlecnofrom
Hahn-echo experiments are generally plotted on a scale set by
1(z=0) := 1 (the intensity after a 3Qoulse), such that the prefactor
A =1 — B (contents of network chains) is easily identified as the
starting value of the decay curvesis generally used as a (fixed)
prefactor in fits to all formulas given below fbfuo, |bg, @andlecho
The analysis of MQ and Hahn-echo data yielded comparable
amounts of mobile components. Over the investigated temperature
range, the amount of liquidlike components varied between less
than 1% at low temperatures and 6% at high temperature for
NR-A3, while it reached the 20% range for NR-A04 and NR-lin.

In permanently cross-linked systemisyio can be used to
normalizethe DQ-filtered intensity, thereby removing the influence
of relaxation effects on the data:

lhog = lod/Izmo (2)
From about 50 K above the glass transition, the normalized DQ
buildup data are then virtually temperature-independent over many
tens of kelvin, providing evidence that effects of chain dynamics
are largely absent ithpg (see below). Using only intensitidgog

< 0.45, the normalized DQ buildup curves are analyzed with a
buildup function based on a static second-moment approxintétion

Inpo{Dred = %(1 - exp{ - gMzresT DQZ}) 3

help of comparisons of MQ and simple transverse relaxation _ . . . ‘

experiments as well as Monte Carlo simulations. We explore The residual dipolar second moment is here given by its usual

the properties of improved autocorrelation functions, discuss definition

the results obtained from fits to experimental data, and conclude

with a comparison of polymer networks and linear-chain melts, M, = ED 2
. . . . 2res 20 res

where large-scale chain diffusion (reptation) exerts a very

“

specific influence on the measured data.

2. Experimental Section
Samples. Natural rubber was kindly supplied by Malaysian

Note thatD,es is anapparentcoupling constant and represents an
average over many different internuclear pair couplings. Our
previous work has shown that in unswollen elastomers the apparent
distribution of couplings, thus deviations from the inverted-Gaussian

Rubber (trade name CV 60). We have investigated two samples{orm, are generally (and somewhat surprisingly) very we#ke

vulcanized with 0.4 and 3 phr sulfur (NR-AO4 and NR-A3,

Thus, models assuming a single, well-defined value for the residual

respectively) as well as the linear, un-cross-linked precursor polymer coypling appear justified.

(NR-lin). The M, of the latter was estimated by membrane osmosis

to be (4+ 2) x 10° g/mol, with about 10 wt % insolubles that did
not pass a 0.4@m filter. Details on the preparation and charac-

All experiments were performed on a Bruker minispec mqg20
operating at 0.5 T (90pulses of 1.us length), which we have
previously shown to produce fully quantitative resdltShe

terization of the vulcanized rubbers can be found in ref 4. The experimental protocol is flexible in thabo = net. (see Figure 1)
calorimetric glass transition temperatures were determined by can pe incremented by either using a fixed number of pulse

DSC: 208, 213, and 206 K, respectively.
NMR Spectroscopy.'H MQ and Hahn-echo experiments were
performed following previously published proceduté3!81°Sche-

sequence cycles, and varying the cycle timg or vice versa. On
the minispec, the time-incremented two-cycle version= 2) is
the most robust choice. Note that finite-pulse effects are taken into

matic representations of the pulse sequences are given in Figure 1account by scalingpg by a duty-cycle-dependent scaling factor
The MQ experiment features a pulse sequence with a pure DQ () 8 For simplicity, we do not explicitly consider this correction

average Hamiltoniafl that has been modified slightly for better
offset and pulse-imperfection compensatfoit.excites all even

in the following. Our theoretical treatment given below assumes a
continuous average DQ Hamiltonian, and the deviations which are

quantum orders in a multispin system, and blocks of equal duration expected when loss of correlation is evaluated for an actual sequence
7pq are applied to excite DQ (and higher-order MQ) coherences as yith finite, repetitive evolution intervals between pulses were treated
well as to reconvert these into observable magnetization. A phasejn detail in an earlier pap&and are summarized in the Appendix.

cycling scheme is applied to select a DQ-filterddof and a
referencel(es) intensity.lpq subsumes signal from dipolar coupled
segments and alld+ 2 quantum orders (as a result of the four-
step selection phase cyclé)s contains contributions from all

The basic finding is that the extracted fast correlation times may
be overestimated by a factor of 1.5 when the much more compact
continuous-limit formulas are used for fitting.

quantum orders as well as dipolar-encoded longitudinal magnetiza-3. Results and Discussion

tion plus all signal from uncoupled, i.e., isotropically mobile
components. The sunbg + ler comprises the full, dipolar-

The temperature dependencelgd andlsvg as well as the

refocused magnetization of the sample and is subject to relaxation@dsence of relaxation effects lighq is demonstrated in Figure

effects only. The corresponding analyzed quantity is

Ismo = lpg T lret — B exXp{ =215/ Toe} 1)

2. Beyond its use in hormalizing buildup daltag is a valuable

source of information on chain dynamics. Its decay is completely
free of the dipolar dephasing effects which dominate the decay
of Hahn echoes, and the salient advantage of the MQ method

where uncoupled contributions (sol, dangling ends) that appear asiS that simultaneous fits thg andIzvq allow us to test and

very slowly relaxing tails ol are subtracted. The tails are most
easily identified and fitted in a linearized representation of lpg

verify or falsify different models used to describe the influence
of chain dynamics. CDV
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2z Note the usual prefactor &f, which arises for spin evolution

g 0.6 )y under homonuclear dipolar couplings (strong coupling limit).

£ When the interaction frequency distribution is assumed to

E 0.4+ be Gaussian, the classic arguments of Andersen and Weiss can
c

be used to rearrange eqs & to yield
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Figure 2. Experimental data from MQ experiments on NR-A3 over a
wide temperature range. The temperature interval is limited by the
increasingly strong relaxation effects at I@dwwhich preclude reliable I = exd— 1-@ 2 (13)
fitting) and sample decomposition at hihThe solid lines on the left echo 2 "echo

are independent fits to the slow-motion model and are discussed further

in the text. On the right, the lines are fits to eq 3. Note thatEbDszD= IIjsDleljbecause the averages are uncorre-
lated. It should be emphasized that the Gaussian approximation,

In the following, we first outline the theory used to analyze . o .
corresponding to the second-order cumulant expansion, is valid

the experiments, present new experimental and theoretical the whol ‘ the stati h th d
evidence on the validity of the Anderse/eissansatzthat is over the whol€ range from the stalic case, where the secon
central to the theory, and discuss general features of MQ datamoment of the frequency distribution is associated with the

calculated on the basis of different models for chain dynamics. ‘.Nidth of the corresponding Pake pattern, to the fast limit of an

We discuss the results obtained from fitting the different isotropic thermal random process, where all possible orientations
theoretical model functions to actual data and conclude with a '€ §uccesswely sampled by a single segment. L|m|ta_1t|on_s, to
comparison of data obtained for permanently cross-linked be discussed below, must be expected in the slow-motion limit,

networks on one hand and corresponding linear melts on theWhere only the initial part of a time-domain signal associated
other hand with a Pake spectrum has a Gaussian form. In this limit, care

A. The Andersen-Weiss Approximation and Its Validity must also be taken when a preferential macroscopic orientation
The following treatment is formally equivalent to the theory (e.g., in a strained rubber) is present and the isotropic powder

: distribution is modified.
presented by Ball, Callaghan, and Samulski (BCS) for the . . .
description of a specific solid-echo-based experiment termed Equations 1113 can be useq to _estabhs_h anpenmental
the # echo?’ In a previous publicatio®® we have shown that test of the Gaussian approximation, which is completely

the BCS treatment can directly be used for the description of independent of the choice of the autocorrelation function
an MQ experiment, the difference only being a scaling factor (henceforth ACF) used to evaluate the averages over the phase
related to evolution’ under a pure DQ Hamiltonian factors (see below). This becomes possible because the phase

factors¢pg andeecno given by eqgs 8 and 10, respectively, differ

~ a(y) i o only in the well-established prefactor % constituting the only
Hoo=——-Y DIP,(cosB)(1V19 +1V19)  (5) qualitative difference between formulas for spin-pair evolution
2 5 under an average DQ and a pure dipolar Hamitonian (note again
) . that the duty-cycle-dependent scaling factor of the DQ average
as opposed to free dipolar evolution. Hamiltonian, eq (5), is always absorbed into the time axis). A

The network contributions to the DQ-filtered and reference gjtaple combination of eqs 11 and 12 can be used to eliminate

intensities are generally dominated by spin-pair contributions, the mixed phase factofppoippozd Equating bpo:?] and
i.e., pure DQ coherences and dipolar-encoded longitudinal 4y, . 2Fyields

magnetization (LM), respectivelyAnalytical representations

for Ipg andlsmg are therefore easily derived as 2| 9/16
2 DQ
. . Iecho: [lZMQ ( - |_)] (14)
Ipg = [SiN¢pg; SN dpll (6) MQ
o = [3in in (H- 0 (7 This identity is put to a test in Figure 3. It is seen that
2 = 18I foo1 SN ogalHt [00S900: COSPogal] (7) experimental and “theoretical” Hahn-echo decays are in con-
Phase factors are calculated as integrals over the second/incing agreement over the whole investigated temperature
Legendre polynomial of the fluctuating polar orientatjéof range. Deviations occur and must of course be expected at longer
the effective interaction tensor times, where, as mentioned above, a spin-pair dipolar echo decay
associated with a Pake spectrum starts to deviate from a
o0 = Dey ftbPz(cos B dt 8) Gaussian function. This occurs at an evolution timgy) of
Ta

about 1.8 ms, during which theormalizedDQ intensity for

the same sample has reached about 0.45. This is in fact the
limit up to which we have observed good correspondence
Setween a Gaussian-shaped quasi-static DQ buildup, eq 3, and
experimental as well as simulated data for spin pairs and
multispin system48 Using eq 3, the validity limit for a

_ ermanent network is calculated as
Iecho_ |-_ﬂ’\OS(l)echclj (9) P

where the time intervals are chosen according to the pulse
sequence (see Figure 1a). A corresponding treatment of a simpl
Hahn (not solid!) echo experiment yields the dipolar-dephasing
function

where the phase factor is now given by TESXZ 24D (15) CDV
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Figure 3. Experimental Hahn-echo decay curves of NR-A3 (open isotropic rotational diffusion is a popular model, as is described
symbols), compared to “theoretical” intensities (closed symbols) which by a simple exponential ACF

were calculated from experimental MQ data measured at the same

temperatures using eq 14. An experimental normalized DQ buildup c(t) = SOZ exp{ —t/z} (18)
curve of the same sample is shown for comparison.

Below, we will also test whether a simple exponential decay

whereDyes is in rad/s (i.e., it includes a factor ofz2 In our might also be able to model the fast segmental process
previous worki® we have already pointed out that the presented _ 5 5
theory based on dominant pair interactions cannot be expected CH=01-8)exp{—tr} +§ (19)

to hold at longer times, where multispin effects come into play, ) ) o ) )

and we have tentatively proposed to fit only the initial 30% of A third and seemingly more realistansatzis to combine the
the decay ofisyo. Equation 15 constitutes a more rigorously 2P0Ve cases

defined limit, beyond which the AW approximation cannot be _ 2 2

expected to hold. In many earlier works, in particular those on ClH) =1 - &) exp{~Ur} + § exp[—t/zd (20)
Hahn-echo experiments, fits were performed over the whole

time range. This of course leads to systematic errors and toWhich is plotted in Figure 4. ) ,
potentially serious fitting artifacts when the long-time shapes . 1€ Weak residual degree of anisotropy, as describegihy

of the curves deviate from the AW prediction. is proportional toMzres €q 4, ands, itself is given by
The second step of the AW treatment consists of evaluating _ k
the time and ensemble averages of the phase factors in egs 11 $= DresD ot (21)
13 in terms of an orientation ACE(t) of the effective dipolar sa
tensor The effective second moment, to be used in calculations such

as eq 17, is then given by
Clty — ty]) = P,(cosp, ) Py(cosf; )1 (16)

_ 9 Dstar?
: : - . " MZeff - 20\ k (22)
which describes the loss of “orientational memory” of the polar

orientation of the fluctuating effective intrasegmental dipolar
tensor. For example, for the mixed product of DQ phases, the

S)ZMZeff-
average becomes We defineC(t) such that the case @{(0) = 1 is associated

4 o0 (200 with_ a _fuI_Iy extended netwgrk chain, where an intrasegmental
[Poo1Ppo2l = gMaert j(; j; o C(Jty — ty|) dt, dt, (17) static-limit apparent coupling constabtafk, or the related
second momenitl,es, is assumed to comprise an average over
. . even faster intrasegmental local conformational rearrangements.
where the powder average simply leads to a factdfsdhat is These reduce the different intramonomer dipolar tensors to a
absorbed into the definition dlzci (see below). uniaxially averaged quantity that is associated with the effective
A typical ACF expected for network chain segments is orientation of the statistical (Kuhn) segment. The assumption
depicted in Figure 4. The first, most prominent decay corre- of uniaxial symmetry is reasonable and greatly simplifies the
sponds to fast segmental fluctuations that are ultimately treatment as well as a comparison with theory, as discussed in
constrained by topological restrictions (entanglements) and themuch detail in ref 4. On the basis of extensive simulations, we
permanent cross-links. These motions may be associated withhave foundDstafk = 27 x 6.3 rad/s for natural rubber. Ao
local Rouse modes. The plateau value is given by the square of2 is typically on the order of 20 kHz for protons coupled to
the dynamic residual order parameter of the polymer backbone,the same carbork is in the range 0.250.5 (0.5 would be the
S, Further loss of correlation is commonly attributed to slow result of simple rotational averaging with the pair vector
cooperative dynamics of the cross-links and is assumed to beperpendicular to the symmetry axis, but this should not be taken
orders of magnitude slower than the segmental process. Astoo literally, as many different pairs are involve@(k is of
indicated above, most earlier approaches assume that thecourse a model-dependent quantity, and in particular the absolute
segmental modes are too fast to exert an appreciable influencevalue results for the time scale of fast segmental modes depend
on transverse relaxation phenomena. For the slow processpon this choice. CDV

A comparison of egs 4, 21, and 22 demonstrates Whats =
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B. Monte Carlo Simulations. We conclude our assessment
of the AW approximation with a test that is based on Monte
Carlo simulations of a rotational reorientation process. Note that
this simulation does not claim to describe real network behavior
but is rather meant to assess the validity of AW for the model
tested. We have simulated rotational diffusion with fixed jump
anglesa (= grid spacing) ranging between 4.@nd 33.1 and
recordedlpg, lsmg = [@0SEppo1 — ¢pgo)lI(dipolar echo, no
dephasing), and

Iamo = lsmg — 2lpg = [80S@po; T ¢l (23)
Apart from a scaling of the time axis and the interaction strength,
this latter quantity is formally equivalent tQcn, and reflects
simple dipolar dephasing witthpo1 + ¢pg2 as the acquired
phase. For the same set of data we have calculated the phas
factors and evaluated eqs 6 and 7 explicitly and also calculated
the terms entering the AW approximations, egs 11 and 12, for
a comparison.

We have generated 100 000 independent trajectories to obtair

a good signal-to-noise ratio. To mimic a stationary process with
a finite order paramete®? as characterized by eq 19, our
procedure was as follows: (i) Choose a random orientaBign

(ii) For any orientatiorf2 define an energy function&l(Q0,Q)

—S cos(p(L20,L2)), where ¢(R0,Q2) describes the angle
between the orientatior®, and Q. The use ofP; rather than

P, as energy functional models the realistic case that a network
chain segment will rather be oriented along rather than in
opposition to the end-to-end vector (yet the qualitative results
do not depend on this choice)is a constant which determines
the final value ofS2 (s = 0 corresponds t& = 0 and, e.g.s

= 2.5 corresponds t&, ~ 0.27). (ii) Choose an initial
orientationQ2; which corresponds to an equilibrium orientation
according to the energy function8l. Its probability is thus
determined by the “Boltzmann factor” expH(Q0,Q1)}. (iv)

To obtain a time series, one generates a sequence of randoml
chosen new orientations (again using a jump anglasing an
exponentially distributed waiting time with averageAccord-

ing to the standard Metropolis criterion, the new orientation is
only accepted if either the differeneéH between the new value
and the old value oH is negative or, otherwise, a random
number between O and 1 is smaller than exfid). This
procedure guarantees that the distribution of orientations,
generated in this way, is proportional to the “Boltzmann factor”
exp{ —H(R0,21)} . Isotropic rotational diffusion according to eq
18, with a decay time denoted agsis straightforwardly obtained
using s = 0. Indeed, independently of the jump angle, the
rotational dynamics generated in these ways was found to
closely follow egs 18 and 19.

The correlation functions are characterized by two dimen-
sionless parameters, name¥bregefityr 2 and S, which were
varied to check the behavior of signal functions in the slow-
and fast-motion regimes. In Figure 5a, an isotropic model
(corresponding to what is often used for “slow” motions of the
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Figure 5. Comparison of explicit Monte Carlo simulations of DQ

¥>uildup and=MQ decay, eqgs 6 and 7, with their AW approximations,

egs 11 and 12, for an isotropic rotational diffusion model (a) and the
fast-motion model with a plateau (b). Symbols are from the explicit
simulations, and lines are the corresponding AW approximations. In
(b), the data are also compared with explicit quasi-static powder-
averaged solutions fdpo damped by the simulatdgiug as relaxation

term (dashed lines). In (c), the difference between an actual powder
average (dashed), the second-moment approximation (solid line), and
typical experimental data (symbols) fomhg is demonstrated for the
quasi-static case and in the presence of exponential relaxation. The
fitting limits according to eq 15 are indicated by vertical bars in all
graphs.

for smaller 7+ or larger S,. Generally, the deviations are
prominent wherlpg rises more quickly thahsuo decays.

In all cases, this disagreement is due to the fact that the AW
treatment assumes a Gaussian distribution of frequencies, while
the starting point is of course a spin-pair single-interaction
treatment, where the powder average dR#cosp3) corresponds
to a Pake-like frequency spectrum rather than a Gaussian. The

residual tensor) is tested over a range that covers the transitiorPscillations in Figure 5a are simply the result of the powder

from the quasi-static regime to fast motions that almost fully
averageMyes Note that upon approaching the fast lirhifig
exhibits a transition from a Gaussian-type (parabolic) to an
exponential decay (which is somewhat obscured by the semilog
representation).

Within the fitting limits specified abovelsuwg is seen to
perfectly follow the AW prediction, while some deviations occur
for Ipg toward largerss. For the fast-motion model with a plateau
given by S, shown in (b),Ismg is similarly well predicted by
AW, and the same type of deviation occurs fgp, but now

average in eq 6, and they are observable because the correlation
loss is comparably weak on their time scale. This is further
demonstrated in (b), where quasi-static powder solutions damped
by Ismo as relaxation term (dashed lines) model the explicitly
simulated data very well. We checked that additional consid-
eration of higher-order terms of the cumulant expansion (the
AW approximation corresponding to the second-order term)
yields only a minor improvement. This has to be expected
because within the framework of cumulant expansions one
cannot obtain negative values. CDV
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Reassuringly, two-parameter fits of the theoretical functions
introduced in the next section to the explicit simulation data
reproduced the couplings within 10% and the correlation times
within 40%, which is still good, as experimentally we will see
that the latter varies over orders of magnitude. The failure of
AW to describe the powder distribution is therefore not serious.
As additional confirmation, Figure 5c shows that actual
experimental data fol,pg, Which is free of relaxation effects
and can thus be analyzed in the quasi-static limit, is actually
better described by the second-moment formula, eq 3, than by
the powder solution. Fits to experimental data might therefore
be even better justified in this regard.

We have previously shown that the damping of the oscilla-
tions is primarily due to couplings between multiple protons
within the monomeric unit48 and this phenomenology was of
course the initial motivation for the AW approximatiéhWe
believe that the apparent failure of AW as observed by
Breretor#* is due to his use of Gaussian statistics for the end-
to-end vector that should lead to a broad gamma distribution
of couplings. This distribution is, however, never observed in
dry networks, as discussed in more detail in refs 4 and 32.

In what follows we present a different approximation lfgniq
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Av< explicit solutions
—— AW approximations
--—-eqs (23), (24)
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Figure 6. Comparison ofsmo, |amg, andlpg with the respective AW
approximations, using eq 24 as an approximationlfgr and eq 23
to also obtainpe.

In summary, we may conclude that, within the relevant fitting
limit and our rotational diffusion model, the AW approximation
works extremely well in all dynamic regimes fBfuo, whereas

(thus alsolechg that might turn out to be useful in the context for Ipg small deviations occur that are not very relevant when
of 2H NMR experiments, where multiple couplings are of no a simultaneous fitting is performed and are further not expected
concern. For this purpose we first introduce an alternative to play a significant role for actual experimental data on proton

microscopic realization which also gives rise to the same
rotational correlation function eq 19, which will turn out to be
the experimentally relevant one. Again we consider a jump
process with an exponentially distributed waiting timeNow
with probability 1 — S, the jumper selects a randomly chosen
orientation and with probabilit$, a fixed orientatiorQ (with
NMR frequencymg ~ Me?). Different jumpers are character-
ized by different fixed orientation®. Formally, the function
Iamo(t) can be written a&xp((Y wiAt)LJwhere the sum in the
exponent contains the contributions of the different orientations,
taken by the jumper. On average, a fractionSefrequencies
are identical towq, whereas the remaining frequencies are
randomly distributed. In the limit> 7;, where fluctuations of
these fractions can be neglected, one can wriig(t) ~
[exp(Swwat)dl’ amo((1 — S)t), wherel’ smg corresponds to the
simple random-jump case with no orientational correlation.
Approximating this function by the AW formula in the limit

t > 11, one finally ends up with

Lol ~ BXP(S,0a0 ex ~ Mot~ $)) (24

The first factor corresponds to the quasi-static dephasing
function. It depends on the dimensionless parame&ger=
SMaer/&. Thus, one can first obtain the quasi-static FID via
straightforward simulations and then evaluate this function for
any value ofMaef, t, andS,. The above result justifies the use
of an additional exponential term in fits T relaxation data&’

but we emphasize again that a reliable multiparameter fit to a
single data set is hardly possiBfe.

The above estimation is compared with explicit simulation
results and AW approximations in Figure 6. One can clearly
see that now a very good agreement Withio(t) is achieved
for t > 7. In contrast, for smaller times the AW approximation
is superior. We also sholso = (1/2)(smo — lamg), as obtained
from our simulations. On one hand, it is compared with the
AW approximation and, on the other hand, by using eq 24 rather
than the AW approximation foiamg. Again, we find that the
agreement fot > ¢ is very good for the latter estimation.

systems. For the analysis &fl transverse dephasing or DQ
data, a significant improvement can be reachedMegir? <
S? < 1 when using eq 24 for the estimation lafug, Where
very nice agreement is found even for long evolution times.
C. Testing Different ACFs. Slow-Motion Model. The
common model based on negligible relaxation effects of fast-
limit segmental motions and dominant slow motions of the
residual dipolar tensor, as expressed by the ACF given by eq
18, leads to results for the signal functions, egs-13, that
were (up to a factor of3(;)?) already presented in refs 10 and

217
lS

T
Ipg = eXI{ - gsozl\/lzefffsz(eTDQ]IS +

sin)—»{gSDZMZeﬁtsz(eZTDQ"s — 2g70d 4 1)} (25)

o
J o

Note that the quasi-static buildup function, eq 3, follows directly
from eq 25 in the limitrs — co. The relation forlgcnois well-
known and has often been usedTinrelaxometryt’

Equations 25 and 26 were used ittdependentlyfit the
experimental pg andlsug for the sample NR-A3 presented in
Figure 2, left panel. Fits tdhpg on the right using eq 3 gave
residual couplings around 205 Hz, which define the fitting limit
7pg < 1.8 ms via eq 15. The results are compiled in Table 1
and are plotted in Figure 7.

The order parameters shown in Figure 7a as well as the
correlation times in Figure 7b depend on the choicévigfs.
According to eq 22Maes = 7.05 x 10 rac®/s? when we use
our previous result foDgafk = 27 x 6300 rad/s for natural
rubber? While the S, from I,pg and Ipg are compatible ove&DV

lsmg =

2t
exp{ - :_;rSOZM2eff‘l752(4e_TDQ/Ts — g 2od%s % —

S

Techo _

Ts

_ _c2 2| A TechdT.
Iecho_ eXF{ SDMZeﬁTs (e cendte +
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Table 1. Results of the Various Fits to Temperature-Dependent MQ Experiments Performed on the Sample NR-A3

fast-motion
slow-motion slow-motion ACF (DQ & combined ACF power-law ACF
norm (nDQ) ACF (DQ) ACF (ZMQ) IMQ simult) (DQ & =MQ simult) (DQ & =MQ simult)
temp/K S S 7dms S dms S Tilus S Tilus T/ms S T0/NS K

267 0.0419 0.189 0.06 >1b 0.0052 0.0497 530 0.0548 5.2 2.38 0.0473 2400 1.71
285 0.0341 0.0513 0.56 0.174 0.051 0.0362 1.42 0.0411 1.2 3.11  0.0290 120 0.91
303 0.0338 0.0373 1.89 0.0833  0.098 0.0344 0.60 0.0360 0.1 9.40 0.033 20 0.78
321 0.0335 0.0341 4.45 0.0505 0.145 0.0340 0.31 0.0348 0.24 15.7 0.0313 3.7 0.71
340 0.0329 0.0330 8.13 0.0348  0.190 0.0332 0.18 0.0338 0.14 25.2 0.0313 0.76 0.65
349 0.0330 0.0337 8.57 0.0313  0.170 0.0329 0.13 0.0337 0.10 20.7 0.0311 0.29 0.62
367 0.0322 0.0321  13.7 0.0279  0.200 0.0325 0.12 0.0327 0.11 74.0 0.0310 0.23  (0.62)
385 0.0319 0.0321  16.0 0.0235 0.210 0.0321  0.09 0.0324 0.07 43.6 0.0310 0.11 0.61
403 0.0311 0.0316  15.7 0.0248 0.163 0.0313 0.08 0.0316 0.06 50.0 0.0303 0.09 (0.60)
421 0.0267 0.0300 19.0 0.0219 0.215 0.0267 0.08 0.0268 0.08 (100) 0.0254 0.06 0.58

aparentheses indicate suitably chosen values that were held constant due to fitting inst&uilitigsysical best-fit result.

1 S constant, a DQ buildup could not possibly be observed on the
(a) time scale of some milliseconds! Most perturbingly, the apparent
correlation times increase with increasing temperature, which
*o :BDQQ is gompletely unp_hysical. Therefore, the slo_vv-n_]otion_ model,
0 IMQ w_hlch was used in a Ial_rge number of publlcat_|ons, is to be
o 0.13 o dismissed for the analysis of transverse relaxation phenomena
e o in elastomers.
"ataeo0p Beag Fast-Motion Model. These major problems are fixed when
©0039 we take the fast segmental motions as the dominant source of
T,=213K relaxation. The simplesinsatzs to assume rotational diffusion
of the intrasegmental static-limit tensor (characterizeiby),
where a weak residual degree of anisotropy is introduced via
S. This situation is modeled by the ACF eq 19. Starting with

0.015 y T T T T T
200 240 280 320 360 400 440 480
temperature / K

w 1007 egs 11 and 12 and going through the mathematics related to
E 104 (b) 0 ®®0?® integrals over correlation functions is a straightforward exercise,
:0 o * and the results are
: y
= ] 0o 0 0 ¢ © _ T
= 0.‘11E 0o © o IDQ — ex;{ _ g(l _ Soz)Mzeffo Z(e L “bQ _ 1) _
8 ] Ty
= 0.014 o e 7, (DQ) )
° ] o1, (ZMQ 4a2 2l i 4 2 2/ 2
5 1e-317,=213K §Sn MaeiTng [ SIN 5(1_ S Mgty (€209 —
[&] 3 T T T T T T T T T T T T T

200 240 280 320 360 400 440 480 4

temperature / K 26 ™Y1 + 1) +§SOZMzEﬁrDo2} (28)

Figure 7. Order parameters (a) and slow correlation times (b), obtained

by fits to the experimental data for NR-A3 shown in Figure 2, using IZMQ =

eq 3 as well as eqs 25 and 26 for the slow-motion model. The results

in (b) are plainly unphysical, proving the inadequacy of this model. exp{ _ g(l _ SOZ)MZeff‘L’fZ(4eTD°/” _ g 2mo 27;DQ _ 3)}
f

most of the temperature range, significantly different and (29)

strongly temperature-dependent values are obtained from fits
to Ismg. This finding alone shows that the slow-motion model Note that eq 29 is formally, apart from the prefactorMddy,
is not applicable, as the same results should be obtained fromequivalent to eq 26, which reflects the fact that the static
the two sets of data. In our previous wdfkwe have compared  contribution is in either case fully refocused. In other words,
residual couplings obtained for PDMS networks at room fits to Ismg or other dipolar-refocused relaxation decays (such
temperature, where fits tgvq gave significantly smaller values  as mixed magic echo&¥ alone cannot be used to verify or
for S, than fits tolypg. This was at that time interpreted as an  falsify the form of the ACF.
indication for restricted (rather than free) rotational diffusion Combined Model. As a further step, the residual tensor can
of the residual dipolar tensor. Here we see that this interpretationbe assumed to be subject to additional slow exponential loss of
cannot hold and that the finding is related to the fact that room correlation by cooperative motions. Equation 20 describes this
temperature for PDMS is about 160 K aboVg where also  scenario. It is essentially the same ACF that is the core of the
here theS, determined fromzuq falls below the correct value  famous Lipari-Szabo model for the description of relaxation
from the normalized DQ buildup. of (biological) macromolecules in solution subject to fast internal
Even more striking results are obtained for the “slow” fluctuations and slower overall tumblifgMany of its proper-
correlation times, which are plotted in Figure 7b. The results ties and limits of applicability (most importantly the condition
for the different data sets differ by~ orders of magnitude, 75> 1) are comprehensively discussed in their encyclopedic
explaining whysimultaneoudits did not satisfactorily agree  publication. Notably, they found th& is always a stable result
with the data at any temperature. Theobtained fromlsvg even in cases where the specific form of the ACF is not known
are in the range of microseconds. If the residual dipolar tensor a priori. §, can of course in our case be determined indepen-
underwent isotropic rotational diffusing with such a time dently (froml,pg), while it is a fitting parameter in solutio&DV
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experiments, where the global mobility describeddbys still 1.0 7=
much faster than the time scale set by the couplings. For this _ 1 ™ (a) t,=3ms
model, the signal functions are again obtained in an analogous & 0.81
manner and are basically combinations of the above two cases: ﬁ 06 ]
8 I : . 1 ::"‘\? 0 0.0.0.0.0-0.0-0-0.0-0-5-0-8-0-0-6-0-8|
= —~S1—-g2 gt 4 PR 4] _ S 041 o % o nDQ from static M
Ing exp{ 9(1 SIM st (e + . 1) S | ?/!, . EMQ rom static My
8.2 2 ole} 02 — DE? DQ/ZM
580 MoesTs (e 0o/ | < 1)} 1 e nDQ = DQ/ZMQ
S T T T T o Y T T T T
o
. _ _ - b) ¢, =03 us
sm?{g(l _ SOZ)MZeﬁTfZ(e 2l _ 2¢ ™7t | 1) + %-» 0.8- ‘?:\( ) f p
4 g 06l N
§SOZM2eﬁTSZ(e72IDQ/Is _ 2e7TDQ/Ts 4 1)} (30) g . ”",,,‘N"'\ "
E o4l » S [w=02ms
_ _ c g gl ], =100
lsmo = eXF{ - g(l — §)Moer 7y 2(49 ool — g Aed 4 024 & <i -------------- m S ,,,,,,,,
2TDQ 4 2 5 ZTD -"‘--.,_______‘-_-
“D9_ 3| - 252Mm,, g 4e oY — g Zodn . D93 PR
7 ) gb Maetls . - ~. (€)1,=0.3ns,k=06
@) 7 %%
@ ",
. c 0.6 ",
Power-Law Model. Finally, we test = \ 00O Bl 00O OO0 O 00— OO0
é 0.4 _,o"f "
o 1 for |t| < 1, - 2
O=1a-sAaity +s2 forti=z 2

as a model for the fast initial decay. Kimmich and co-workers

have proposed such an approach for a more realistic account of
polymer dynamics, where superpositions of processes on
different time scales (e.g., Rouse modes) must commonly be ;e different ACFs: (a) slow-motion model, egs 25 and 26; (b) fast-

expected®* In their work on the dipolar correlation effect in  motion model, eqgs 28 and 29, ahgho for the composite model, eq
rubberst? they have however used such a function to model 31; and (c) power-law model, egs 33 and 34. In all cases, the DQ

the allegedslow process, and our corresponding tests showed buildug data are corgpare(?t\r/]vith th? tl_ouilldup baﬁeggon IaQt/unasi-static
. H econd moment, eq o, an € analytcal normallgg@ = Ipg/Ismq.
that this leads to the same unphysical temperature dependenc%ther parameters a.ufk = 27 x 6300 rad/s an®yes = 27 x 200

that we have observed for the exponential slow-motion ACF. aq/s § = 0.032). The dashed lines in (b) and (c) correspond to results
Using eq 32 for thdastdecay, we obtain using different (boxed) parameters and are described in the text.

DQ evolution time / ms

Figure 8. Intensity data for MQ experiments calculated on the basis

4 2
5(1 = §)Mpes Tpo on the order of tens of microseconds, while the onset tigig
lpo = exp| — = 2e=D\" 20— 2 . orders of magnitude shorter.

Comparison of Model Predictions.The qualitative features
of MQ data calculated on the basis of the different models can
be inspected in Figure 8. The couplings are chosen on the basis
of the experimental findings, and the correlation times are
selected so as to qualitatively reproduce the experimental trends
for bothIpg andlsug of NR-A3 at a temperature of about 320
K, wherelpg reaches a maximum of about 0.3zgh = 2 ms.

In Figure 8a, it is shown that Gaussian-type decayk:a
would be expected for the unrealistic slow-motion model. In
addition, the normalization procedure should fail, as the
analyticallnpg falls below the quasi-static prediction and thus

(k= 1))702 + ZTE)E)K TOK) - gS)zMZeﬁTDQZ
4
o~ $)Maer

sinh
"3

2 DT T

—K K 4
2)772DQ T9) T §Son2eﬁTDQ2 (33)

IEMQ =

depends orrs. This is again in contrast to the experimental
é(l _ SDZ)M finding thatlnpg is nearly independent of temperature.
_ 9—Zeﬁ 2 _ Q3 From Figure 8b, we take the confirmation that a dominant
exp o k|20 — 2)— — S(k — 1)| + . N
(k — 2)(k — 1) T, 2 fast process does not exert an influencd g; normalization

is successful. In this range, egs 25 and 26 predict a nearly
re x e exponential transverse relaxation behavior, which is equal for
4TDQ o (1=29)| (34) the two signal functions and thus cancels upon division. For
Tpg/Tr > 1, we find thatlsmg is reduced to
These relations are valid under the conditiens 0, x = 1, 2,
andtg < 7pg. The latter is not very restrictive under realistic

. . > Lo 35
experimental conditions, where the minimum accessigigis (35)

8
lsmg = eXF{ - §(1 - SoZ)MzeffoTDQ}
Cbv
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while Ipg is equal to eq 3 multiplied by this exponential loss 1.0
term. The apparent fast-limit MQ relaxation time is thus 321K oo
-1 D -2 0.8 ¢+ DQ
Tomo = (g(l - Soz)Mzeffo) ~ 2-5( Etat) £ ' (36) > — exp. ACF (1))
2 064 — — double exp. ACF (t, 1)
Note that, apart from the square dependenc®,athis result is e | A\ L power-law ACF (v,, k)
identical to the exponential loss term derived for the dipolar E 0.4-
dephasing function, eq 24. F& — 0, both results match, as 5
expected, and the difference is rather minor for experimentally <
relevantS, in the percent range. A relaxation term of similar 0.2
form was predicted by Brereton for the case of transverse
relaxation of Rouse chains in melts and netwdA&.In this 00— i ) :
case, (1— $9)Myer was associated with the coupling within 0 2 4 6 8 10 12 14
the so-called “NMR submoleculé” similar to using a pre- DQ evolution time / ms
averagedVizerr ~ (DstafK)? for the Kuhn segment, and was Figure 9. MQ data acquired for NR-A3 at 321 K and fitting results.
associated with the fastest Rouse mode. For the three improved models, egs 28 and 29, egs 30 and 31, and eqs

Experimentally, however, only the lowest temperature results 33 and 34, respectively, where fitted simultaneously to the two sets of
(see Figure 2) exhibit exponential relaxation behavior. At higher 9at@:
temperatures, the shapelefio becomes increasingly convex,
and several causes appear possible:

(i) Isotropic J couplings, which are always part of the total
average Hamiltonian, can become observable bec#isel]]
= 035 In weakly coupled multispin systems whebeis only
about 10 times larger thah dipolarJ cross-terms indeed lead
to a notable parabolic dephasing of a dipolar-refocused intensity.
Fortunately, exemplary spin dynamics simulations of an NR
monomer unit with typical dipolar andJ couplings indicate
that this loss is on the 10% scale withifg < 5 ms and is thus
hardly relevant here. The effect may, however, become impor- | 3 8 ; ’
tant in more weakly coupled entangled polymers. Note that this important h|ghe(-sp|n coherence; requires that experimental data
must also be taken into account for rubbers with chemically Should always lie below these lines, as is observed. .
equivalent protons such as PDMS. This somewhat counterin- [N accordange with the above discussion, t.he model consider-
tuitive behavior can superficially be explained by the fact that iNg only 7t fails to reproduce the convexity of thEMQ
a dipolar Coupling renders two otherwise equivalent Spins I‘e|axatI0n, and the addition of both a slow eXponentIa| pI’OCBSS
magneticallyinequivalentin the same way as a relative chemical and the power-law model does better in capturing this feature.
shift (the formal derivation involves the above commutator). Reassuringly, however, both the single- and double-exponential

investigated temperatures are listed in Table 1. The fitting
accuracy for the exponertwas generally not very high (about
4+0.05), and at higher temperatures, i.e., where HMQ
relaxation curves become increasingly convex, we observed
increasing interdependencies betwegand«. The variations

in 7o over a range of similarly low? were however not larger
than the last significant digit given. Note that, following eq 15,
fitting was only performed up topg = 1.8 ms. The long-time
behavior can be considered a prediction, and one should bear
in mind that the more efficient correlation loss of increasingly

(ii) Additional loss of correlation belov&? might play arole. ~ model yield very similar results for; (see Table 1). Yetrs
This is indicated by the dashed line in Figure 8b, wheteaf still exhibits an unphysical increase with temperature, again
100 ms was additionally considered. indicating that isotropic rotational diffusion is inappropriate to

(iii) More convex relaxation curves are also obtained when describe an assumed cooperative long-time behavior. The power-
considering the power-law ACF (see Figure 8c). In this case, law model clearly works best, and it does not require any
we highlight the very interesting finding thijo does not vanish ~ assumptions on such a long-time process. In fact?thepin-
even forDyes = S = 0. This explains whyt,po even slightly alignment experiments of Sotta and Deloche on PDMS networks
surpasses the static-limit buildup curve (indicated by the arrow). at room temperature suggest that such a process should be absent
This is because correlations decaying by power laws persist overup to about 300 m&
much longer time scales than in the exponential case. For Finally, Figure 10 shows the new results farand 7o in
example, for the parameters given in Figure 8b,c, the exponentialcomparison to the unphysical discussed in the context of
ACF decays to about 0.001 after 2 ms, while the power-law Figure 7b. Both quantities vary over orders of magnitude in
ACF is still 5 times higher and decays further by less than factor the investigated temperature range and exhibit a characteristic
of 2 within the next 2 ms. upturn upon approaching,, suggesting that the association of

Therefore, when one accepts that power laws could correctly the dominant relaxation process with fast and more local
model the correlation loss of segments subject to polymer segmental motions is correct. Thecan even be fitted to a
dynamics over large time scales, it is possible that even the WLF function, and the extrapolated glass transition matches
normalized DQ buildup is in part influenced by processes which the DSC value within 1 K. The unrealistically small value of
involve length scales that are significantly smaller than the cross- 71(Tg) = 35.2 ms however, shows that rotational diffusion is
link separations. Our comparison of network and linear chain certainly a rather crude model to describe the multi-time-scale
data to be presented below corroborates this finding. nature of polymer motion.

Application to Experimental Data. In Figure 9, we show While the power law might model the real behavior better,
the analysis of experimental DQ aR#Q intensities using the  we still lack the theoretical understanding to attach physical
improved models. The fits were in each case performed significance to the onset time, and the exponenk. In
simultaneouslyo both sets of data. A, is fixed, there are particular, theT dependence of, cannot be satisfactorily
only two or three free parameters each, which provides stabledescribed by the WLF function. The work of Kimmich suggests
fitting in most cases even when the functional form of the fitting that the true ACF might in fact follow different power laws
functions cannot fully reproduce the data. The results for all over different time regime¥,and we hope that future theoretic&bv
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Figure 10. Comparative plots of the correlation times obtained from
the different fits to data for NR-A3. In (aj; is compared to the different
7s of Figure 7b. The line is a WLF fit using the canonical values for
the constant’ and(Ty) = 35.2 ms andly = 214 K as results. Part
(b) shows the onset timers and the exponent for the power-law
ACF.

work will reveal the true shape of network chain ACFs and
thus help to obtain a more quantitative picture.

D. Comparison of Network and Melt Dynamics. Figure
11 highlights the qualitative differences between MQ data from
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Figure 11. (a) Comparison of the MQ signal functions of NR-A3, a
highly cross-linked network, and NR-lin, the linear precursor melt, at
different temperatures. (b) Results f& from fits to Inpg Using eq 3
for lnpg = 0.45. For NR-lin at temperatures360 K, the fitting limit
WaSlnDQ < 0.25.

motions. This may complicate the reliable separation of
segmental and reptation-type contributions in transverse relax-
ation experiment3®

As seen above, the influence of these fast processes is at least
partially removed by normalization, suggesting that the remain-
ing T-dependent decrease bbq is indicative of larger-scale
motion only. This justifies in retrospect the results of Graf et
al., who have assumed that for short times

networks and linear-chain melts. The MQ technique has early
on been shown to provide insight into large-scale chain motion
(i.e., reptation) and entanglement-induced local chain ordering

in poly(butadiene) melts by Graf, Heuer, and Spfeasd we \;hare C(t/t,) should subsume correlation loss due to slow
are now in a position to refine some of the previous arguments. pocecces on a length scale of the reptation tube diaraeter

Note first that linear natural rubber is a complex material and above (i.e., processes that are slower than the equilibration
that is not completely soluble (probably due to some oxygen- time t.). Using a fixed reference value fdb.s that was
induced cross-linking) and appears to exhibit physical cross- getermined afl ~ Ty + 50 K (below which the signal was
links of an origin unknown to us. We found that the NMR  observed to be independent of molecular weight), they could
behavior was history-dependent, in that for instance a samplejndeed qualitatively confirm the power-law behavior that is
of NR-lin heated to 350 K showed a higher chain order than predicted forC(t/te) in the framework of the tube mod&.
one that was heated to 430 K for about 10 min prior to the A yet unexp]ained and much debated f|nd|ng was the
same experiment. The presented data are based on the lattesurprisingly high value obesdetermined in this and also other
type of thermal treatment. (In the networks, such differences previous papers3®4°it corresponded to a8, of about 0.2, while
were not observed, but longer heating at higher temperaturesit was expected to attain a value typical for dynamic averaging
did lead to irreversible Changes.) We here jUSt take NR-lin as on the |ength scale Oi, i_e_, for interentang|ement SpacingS,
representative of a linear polymer that offers the (partial) whereS, ~ 0.01. This discrepancy is at least to a large part
possibility for large-scale chain motion. More quantitative explained by thes, which are plotted in Figure 11b. While for
studies will have to be performed on properly calibrated samples. NR-A3, a plateau is reached at about 60 K abdve S

The most important observation in Figure 11a is the initial- continues to decrease for NR-A04 and NR-lin over a much wider
rise behavior of bothlpg and lhpg: while it is nearly range.

T-independent in the network, it is slower and varies strongly = The sample NR-A04 is rather lowly cross-linked, and from
for the melt, thus identifying an important NMR signature of our previous work, we infer that chain order in this sample is
reptational dynamics. To the contrary, the overall correlation not significantly larger than the entanglement-induced order (the
loss as reflected in the relaxation behaviot gfq is similar in cross-link separationll; are larger tharMe), while reptation

the two cases, suggesting that transverse relaxation in theshould be suppressédvet still, S continues to decrease at
entangled melt is still significantly influenced by fast segmental temperatures as high as 160 K abdygindicating that the EHeC&DV

1
InDQ ~ gDreSZTDQZC(t/ te) (37)
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of fast segmental averaging drbg is not complete even at  Therefore, the significance of Cohen-Addad’s “NMR submol-

these temperatures! ecule” that is usually evoked to establish statistical scale
We now come back to the above discussion of the propertiesinvarianCé? in particular its relation to the Kuhn segment size

of the theoretical MQ signal behavior for the case of a power- and the tube diameter, will have to be considered carefully in

law correlation function (Figure 8c), where even without an light of these findings.

apparentS, residual chain order is detectable. As mentioned )

above, this is due to the slowly decaying nature of the ACF; its 4- Conclusions

long tail appears to be more and more important when the piece |, summary, we have shown that the slow-motion scenario
of chain that is unperturbed by cross-links becomes larger andhat was used in many models for the analysis of NMR data of
has to explore an increasingly large conformational space. Thepolymer networks and melts does not hold in general. We have
corresponding additional contribution tapg and thus toS, discussed the advantages of static MQ spectroscopy in the
would naturally decrease when the local processes are sped URontext of the NMR analysis of networks, where it became clear
at higherT. We hypothesize that the very weak trend®fas  that the analysis of two independent sets of data, lpg.and
determined fromnpg for NR-A3 toward lower values at higher |- “and their comparison to Hahn-echo decay functions, can
temperature is also due to this effect. be used to investigate the range of applicability of the Ander-
Support of this scenario can be taken from a recent collabora- sen-Weiss approximation that permits the derivation of closed-
tion with J.-U. Sommer, who investigated residual order in form signal functions on the basis of specific models for the
Monte Carlo simulations of end-linked networks and found that segmental orientation autocorrelation function. The applicability
the tensorial self-averaging as expressed by the dipolar phasef the individual models can be tested by simultaneous fits to
factor, eq 8, which expresses a running time average, exhibitsthe two signal functions, and in this way, we could show that
a power-law behavior that is indeed much retarded as comparedhe slow-motionansatzthat models the loss of spirspin
to a vectorial bond order parameférlt still remains to be correlation solely on the basis of large-scale cooperative
investigated in how far this extends also to the ACHPgfeq rearrangements on the length scale of cross-links is not
16. applicable.

In conclusion, we explain the unusually high chain order  The time scale of fast segmental motions providing the
observed by Spiess and co-workers by incomplete segmentalpreaveraging of tensorial NMR interactions clearly dominates
averaging between entanglement constraints and the corresponadhe relaxation process, yet the explicit functional form of the
ing additional contribution to the residual dipolar coupling correlation function describing these motions is not known at
detected vialnpg. Accepting this explanation, it is clear that present. While an exponential loss of correlation yields cor-
the NMR observabl&, cannot be expected to simply represent relation times that correlate well with the WLF function
chain order between fixed constraints. In other words, the describing the slowdown upon approachifig the correlation
assumption that neglects segmental dynamics on a length scal@f the obtained values for the fast correlation time with the
shorter thara cannot be expected to hold a priori, neither for parameters from established theories of polymer dynamics is
the overall transverse relaxation behavior in networks nor for unclear. The experimental intensity decay appears parabolic at
the coherently detected order parameter in networks or melts.higher temperatures, and power laws describe this feature best
The only reliable strategy to attach length-scale information to and do not rely on assumptions on slow large-scale rearrange-
the observed chain order is therefore the observation of ments, the existence and importance of which for NMR
temperature independence in moderately to highly cross-linked observables are not confirmed. It should, however, be kept in
networks and to extrapolate to zero cross-links to obtain the mind that experimental tests of improved models might be
entanglement contributighi-or melts, this is an open challenge, challenged by the possible influenceJdouplings, which lead
as the self-averaging behavior induced by reptation and itsto a weak additional parabolic signal dephasing and must be
interference with the long tail of the segmental relaxation is carefully considered.

not yet understood. Finally, a comparison of the NMR response of networks and
Future work will have to show to which extent the phenom- a linear-chain melt showed that the large-scale motions char-
enology of Figure 11b is also observed for other polymer acteristic for a melt, as for instance described by the tube and
systems and in how far correlations to well-known parameters reptation models, imparts a clear signature on the time and
of the tube models (e.g., the friction coefficient, the entangle- temperature dependence of the dynamic chain order parameter,
ment molecular weight) and the processes governing the glassyet they do not appreciably change the overall relaxation
transition can be established. Improved models for the analysisbehavior, which is still dominated by the segmental process. In
of MQ and other NMR experiments of polymers abdyewill further contradiction to the slow-motion model, the magnitude
have to incorporate the full spectrum of motions starting at the of the NMR-detected order parameter is also influenced by local
segmental level and take into account the peculiarities of the segmental processes that occur below the entanglement length
tensorial self-averaging process that are central to the averagescale, thus explaining the unusually high order parameters
Hamiltonian and AW treatments. reported in some earlier publications. Future work will be
The work of Brereton on analytical solutions for Hahn-echo directed at the development of more appropriate models for the
decays appears promising in this reg#rds it is the onlyansatz NMR analysis of polymer networks and melts, where a detailed
that explicitly considers fast segmental motions as an importantand quantitative correlation of NMR observables with estab-
source of relaxation and also provides an alternative to AW. lished polymer models, on one hand, and observables from
We however note again that, experimentally, we could not experiments such as dielectric relaxation, rheology, or neutron
support the very central assumption of this and earlier theories scattering, on the other hand, is still an open challenge.
that the Gaussian end-to-end distance distribution of chains
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Appendix. Cycle Time Dependence

We here give a short review of our previously published
treatment of correlation loss during finite evolution delays which
make up an actual MQ pulse sequefcand summarize the
differences that arise in the context of different correlation NS
functions. The essential starting point is that the repetitive pulse 0.2 N
sequence cycle of length (that is repeated, times to realize =
a specifictpg) is subdivided into specific evolution periods 0.0 . . . x
between pulses. The pulses are treated as infinitely short, which 0 2 4 6 8 10
should not be a large restriction except for experimentally DQ evolution time nt, / ms
irrelevant duty cycles, as discussed previously. When one Figure 12. Changes in the relaxation behavior bfug in MQ
considers explicitly the terms that make up the average experiments with finite numbers of pulse sequence cycles according
Hamiltonian, the integral in the calculation of the double- © €dA.3. The parameters afn(k = 27 x 6300 rad/sS, = 0.032,

! S . ,andts = 0.5us.
guantum phase (eq 8) is to be performed in discrete steps which
cover only those intervals;(t;) during which the magnetization
is formally transverse:

norm. intensity
.
7

(n¢ — o0, tc — 0, Tpg = Nctc = const). TermA corrects an error

in eq 32 of ref 10, where the factor 16 has to be replaced by 8.
. This previous equation was derived on the basis of the slow-
—Deg z v/;’Pz(cosﬂt) dt (A1) motion model and that the second moment was defined in a
2 indmas” different way. Thus, (I— S%)Maes is to be replaced by/s0

_ _ M2? for a proper comparison with eq A.3. Note that for a
This then necessitates a careful treatment of the averages OVeﬁumericaIIy stable implementation of the sums in egs A.5 and

products of such phase factors which are performed to obtalnA_G’ the cosh function needs to be expanded in terms of its

the signal functions according to eqs 11 and 12. The resulting ;i ent exponentials and multiplied into the sums, such that

dpuble integrals over the _correlat|on_ function, as f(_)r e_xample the argumentt(/6zc) is combined with thé-dependent argu-
given by eq 17, thus turn into more involved combinations of .+ "pafore exponentiation

double sums and integrals, where the resulting integrals heuristi- The error then suggested apparently stronger finite-cycle

cally correspond to evaluating the correlation loss within and effects than actually expected from the now corrected treatment.

between individual transverse evolution periods. : . X P
We refrain from reporting the algebraically complex signal In the (now obsolete) slow-monon region dls.cussed in Figure
4 of ref 10, the corrected time scale of signal decay only

functions for all considered model ACFs and restrict ourselves i .
. . decreases by about 10% upon transition from a continuous

to the presently most useful case for the analysis of experimental S . o

treatment; — 0) to a time-incremented experiment with=

data. The finalt..dependent results fdbq andlzmo, €gs 11 1. Larger differences are found in the fast-motion domain, which
and 12, for the exponential correlation function that models the ; . Lo
I is more relevant for the data discussed in this paper.
fast initial decay, eq 19, read . . .
Figure 12 demonstrates the differences between the continu-
w_1 2 2 1 2 ous case and a single time-incremented cycle. Except for the
I50=75 exp{ —(1 — §")Myeqt (A + B)} ) exp{—(1-§) (experimentally hardly relevant) case f = 200, all curves
5 8., > 2 are almost perfectly exponential, and the apparent transverse
Mt (A + C)} exr{— 9 Mzertc e } (A.2) relaxation time Tawo) differs by a factor of 1.5 between the
limits. The lowest experimentally feasible cycle time is on the
and order of 200us, and the relaxation behavior is then seen to be
rather close to experiments with one or two time-incremented
|§3|Q =exp{—(1— SDZ)MZeﬁTcz(A+ B)} (A.3) cycles, as performed on the minispec. As discussed in the
context of eq 367; O Tawg % Thus, a factor of 1.5 should be
where used to correct any of the fitted quantities for finftesffects.
Experimentally, we found that fits using eqs A.2 and A.3

$po =

P i 1 (A.4) yielded values for WhiCh were about 1.4 time_s smaller tha_n
c 67, ) the values reported in Table 1, in agreement with the theoretical
an expectation. Finally, a similar comparative analysis of the
_ L : o\ —itgdre experimental data involving finite- expressions on the basis
B=|2cos 6cl 2| ) [(8n; — 3i)e - of the power-law ACF gave roughly the same exponerasad
G = iama onset timesrg which were also between 1.4 and 1.5 times
(4n,—i)e (4note! ] (A.5) smaller than those reported for the continuous treatment.
tc 4anc )
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