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ABSTRACT: The dynamics of polymer chains in melts, solutions, and networks was studied by the aid of
NMR relaxation spectroscopy. Proton data of the spin-lattice relaxation times in the laboratory and rotating
frames, T, and T',, respectively, and of transverse relaxation curves are reported. Frequency, temperature,
concentration, molecular weight, and cross-link density dependences have been investigated. T’ was measured
in a frequency range of 10° to 3 X 10% Hz predominantly using the field-cycling technique. The study refers
to polyisoprene, polyisobutylene, poly(tetrahydrofuran), polystyrene, poly(ethylene oxide), polyethylene,
and poly(dimethylsiloxane). The range of molecular weights was 10°-10%. The power laws for the time
dependence of the mean-square displacement, (r?) « t1/2and (r?) « t'/4, predicted by the Doi/Edwards tube
model for coil-internal segment diffusion are shown to have their counterparts in the frequency dependence
of the spin-lattice relaxation time which is characterized by powerlaws T « «®5and T « w®?* in corresponding
dynamic ranges. The experimental data can be interpreted on the basis of three components of segment
fluctuations. The crucial process is the reorientation of segments as a consequence of translational
displacements. The orientation correlation function for this mechanism can be derived directly from limits
of the time dependence of the mean-square segment displacements provided that the displacements are
guided by the chain contour. The experiments show, on the other hand, that the chain dynamics in length
scales less than the Doi/Edwards tube diameter is not compatible with the Rouse model, whereas that of melts
below the critical molecular weight and solutions is.

Introduction Limit I (r, Kt K71, or ¥« (r*) «a’:
The tube model of polymer dynamics!2is characterized (r?) = 312¢b(t/ 7)1/ 1)

by a number of peculiar power laws referring to transla- ®
tional diffusion. Among these the time, molecular weight, . 2 9 12p an.
and concentration dependences of the mean-square dis- Limit IT (T Kt K1y or 0" K(r’) K6/ Ry):
placements of segments in short length scales are of ) Ut 1510nr 179 Ua
particular interest. The characteristic length scales are (r?y = 34 202N Vit 7)Y 2
defined by the length of a Kuhn segment, b, the step length
of the primitive path, a, and the radius of gyration, R; = Limit III
b}(xl\/j/G)l/ 2, where N is the number of Kuhn segments per (p Kty or 6 2Rga K (P « 6332):
chain.

_ The time scales of diffgsion are specified by certain (r?) = #b*(N t/N)'/? d)
time constants corresponding to these length scales. The
elementary segment reorientation time characterizing Limit IV > 7 or 6Rg2 &L (P

rotationally restricted segment motions is , = {b%/(kgT),
where { is the friction coefficient of a Kuhn segment, kg
is Boltzmann’s constant, and T'is the absolute temperature.
The time constant 7, = N%7,/(372%) represents the period
during which lateral displacements occur not yet influ-
enced by the tube constraint effect. N, = a2/b2 is the
number of Kuhn segments corresponding to the so-called
entanglement length. The definition of 7, refers to the
(longest) Rouse relaxation time of a chain fragment with
N, segments. After the (longest) Rouse relaxation time
of the whole chain consisting of N Kuhn segments, g =
N21,/(3%%), coherent motions (with respect to different
chain parts®) become relevant. The time 74 =
N31,3/2/(x2N,) finally characterizes the tube disengage-
ment process. c is the polymer concentration.

With these definitions the following limits for the mean-
square displacement behavior are expected in the frame
of the Doi/Edwards model.!
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(r®) = 6Dt )

where D = r2a2kgT/(6b2{N?) is the center-of-mass self-
diffusion coefficient of the chain.l:245

Using the NMR (nuclear magnetic resonance) field-
gradient®? and neutron spin-echo scattering!®1! tech-
niques, evidence for a part of the coil-internal limits of
the mean-square displacement behavior has been found
for semidilute solutions as well as for melts. While the
time/length scale of the NMR field-gradient method is at
the “long” side of the above limits, that of neutron spin-
echo scattering is at the “short” side. The gap in between
is favorably covered by nuclear magnetic relaxation
spectroscopy, especially in the field-cycling version.12:13

In previousreports!4-16 it was already shown that a major
relaxation mechanism is caused by reorientations mediated
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by translational displacements of segments. The corre-
sponding process contributes as “component B” to the
segment orientation correlation function. Spin-lattice
relaxation in the laboratory!® and rotating!6-12 frames and
transverse relaxation recorded without!® or with!® mul-
tipulse narrowing in polymer melts have been evaluated
on this basis.

The present NMR relaxation study extends the inves-
tigations to a wide variety of different polymers. The data
refer to molten linear polyisoprene (PIP), polyisobutylene
(PIB), poly(ethylene oxide) (PEQ), polyethylene (PE),
polystyrene (PS), poly(tetrahydrofuran) (PTHF), and
linear as well as cross-linked poly(dimethylsiloxane)
(PDMS) recorded with samples in a broad range of
molecular weights and mesh sizes. The objective is to
explain the dependences on the frequency, the molecular
weight, the temperature, and the concentration with a
concept of chain dynamics as close as possible.

Under the usual assumptions the spin-lattice relaxation
rates 1/7; and 1/ T, in the laboratory and rotating frames
of references, respectively, are given by20:21

1 (*)%8

T~ (ﬁ) §'y"'h2I(I+ DUFYRY [T (w) + 492wyl (B)
1 ()8 4,2 D2
T (41) RId + I(FYP 89 2w,) + 5T (w,) +

27 Qwy] (6)

where we have anticipated dipolar interaction. That is,
F® = r-3 gin 4 cos 6 exp(i¢). r, 8, and ¢ are spherical
coordinates characterizing internuclear vectors of nearest
neighbors. v is the gyromagnetic ratio, A is Planck’s
constant divided by 27, and u is the magnetic field
constant. wo = 2wy = vBy and w; = 27v; = yB; are the
circular Larmor frequencies in the external field By and
the rotating radio-frequency field B, respectively. (The
indices of the frequencies will be omitted in the following.)
The intensity function J(w) is the Fourier transform of
the reduced correlation function G(t). At least at long
times (or low frequencies) intermolecular interaction is
negligible so that G(t) can essentially be identified with
the orientation correlation function of the interacting spin
pairs within the chain segments.

With polymers, transverse relaxation normally occurs
under conditions of incomplete motional narrowing. The
decay of the transverse magnetization signal, S(t), can
then be described by the Anderson/Weiss/Kubo/Tomita
formula2®

S(t) = S©) expl-M, [ ¢t - DG dr} (D)

M, isthe second moment of the line expected in the absence
of the molecular motions. Asareasonable approximation,
the reduced correlation function of the local Larmor
frequency, G.(7), can be identified with the orientation
correlation function, G(t), of spin-lattice relaxation.

Taking allthree methods together, transverse relaxation
and spin-lattice relaxation in the laboratory and rotating
frames, permits one to cover an extremely broad range of
fluctuation rates ranging from much less than 102 s-! to
much more than 108 s-1. An important fact is that the
different measuring quantities reflect the features of
essentially the same orientation correlation function so
that the data can be interpreted with a common formalism.
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Instruments and Samples

Most of the spin-lattice relaxation experiments were carried
out with the field-cycling technique.!?!3 A home-built apparatus
using a liquid-nitrogen-cooled copper magnet was used. The
proton frequency range was 2 X 10°-2 X 10" Hz. Spin-lattice
relaxation times at higher frequencies or spin-lattice relaxation
times in the rotating frame were recorded with Bruker SXP 4-100
and MSL 300 spectrometers operating at 90 and 300 MHz,
respectively. The control of the sample temperature was better
than 1 K. All laboratory-frame spin-lattice relaxation curves
were found to be monoexponential over at least 1 or 2 decades.

Linear PDMS samples in a range of weight-averaged molecular
weights M,, = 340-423 000 were purchased from Polysciences,
Warrington, PA, ABCR GmbH + Co. KG, Karlsruhe, Germany,
and Polymer Standard Service, Mainz, Germany. The ratio of
weight-average and number-average molecular weights, M,/M,,
of the samples originating from the latter source was specified
better than 1.2.

The PDMS networks with mesh molecular weights between
M, =700 and 20 000 used in this study are described elsewhere.!8
The polydispersity of the mesh molecular weights were in the
range M./M, = 1.6-1.8.

PIP (M, = 280 000-790 000; M./M, < 1.12;95% 1,4 isomers)
and PIB (M,, = 36 900-1 110 000; M./ M,, < 1.28) were purchased
from Polymer Standard Service, Mainz, Germany. PEO of M,
=5 X 108 and M,, = 150 000, M./M, = 1.04, were obtained from
Aldrich and Latek, Eppelheim, Germany, respectively. The latter
company also delivered the PTHF samples in the range M,, =
22 100-500 000 (M./M, < 1.25). The (atactic) PS sample (M.,
=1 150 000; M.,/ M, = 1.1) was delivered by BASF, Ludwigshafen,
Germany, by courtesy.

Experimental Results

Figure 1 shows the frequency dependences of the proton
spin-lattice relaxation time in the laboratory and rotating
frame, T and T, respectively, measured in PDMS melts,
solutions, and networks. Parameters are the molecular
weight and the temperature with linear polymers and the
mesh molecular weight with networks.

Figure 2a shows the temperature dependence of T}
measured in PDMS (M, = 250 000) at 20 and 90 MHz. No
minimum is visible in the investigated temperature
range.?%23 The dynamic range where T, minima of polymer
melts occur is governed by reorientations within the Kuhn
segments (called “component A” of the fluctuations) so
that the condition wr, ~ 1 is fulfilled. (A further minimum
may occur due to methyl group rotation.!52¢) The absence
of any minimum in the temperature range of interest
indicates that motions slower than component A are
relevant. This is in contrast to the PIP data shown in
Figure 2b where a pronounced T minimum is visible.

The T, dispersion data in Figure 1 reveal regimes
governed by different power laws of the frequency.
Depending on the molecular weight, the concentration,
and the temperature, power laws of the form T, T, « 9,
v925, and »9° are evident. A low-frequency plateau T, T},
= const appears in particular for molecular weights below
the critical value, M,, < M, =~ 20 000 (see Figure la).

The exponent 0.25 was observed with high molecular
weights (Figure la), with high PDMS concentrations
(Figure 1¢), and with PDMS networks (Figure 1d). The
proportionality T; « v%5, on the other hand, characterizes
the PDMS data recorded with high molecular weights at
low temperatures and/or high frequencies (Figure 1b).

-At certain frequencies v,, a crossover from the exponent
0.25 to 0.5 at higher frequencies takes place (Figure 1b).
As judged from the », values, a correspondence to the
entanglement time 7. exists of the form 7. = 1/(27v.). Figure
3 shows the experimental temperature dependence of 7,
determined in this way. Apart from the 213 K data point
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Figure 1. T(v) and T p(») of PDMS melts, solutions, and networks. The indicated power laws and the Roman numbers refer to the
limiting cases discussed in the text. The dispersion following from the Rouse model (eq 8) is also shown, The T, data were recorded
at a laboratory-frame Larmor frequency of 90 MHz. (a) Melts. Curve parameter: M, (where M, =~ 20 000). The theoretical curve
for the Rouse model was fitted, resulting in the parameter values § = 2.1 X 10152 and 7, = 9.8 X 10-! 5. (b) Melts. Curve parameter:
temperature. The data for temperatures below the melting point at roughly 233 K were recorded during crystallization in its seminal
state. As crystallized chains are immobilized in our frequency range, the observed T dispersion can be attributed to the dominating
amorphous parts of the sample. Crystallization was found to be slow enough to guarantee constant measuring conditions during the
experiments. (c) Solutions. Curve parameter: polymer concentration. The theoretical curve for the Rouse model was fitted, resulting
in parameter values 8 = 5.7 X 10-!! s? and 7, = 9.7 X 10-'2 s, (d) Networks. Curve parameter: cross-link density characterized by

the molecular weight M, of the mesh chains.

which refers to a strongly supercooled state, the data can
berepresented by an Arrheniusrelationship. The 7, values
are close to those concluded from molecular dynamics?
and neutron spin-echo studies.!011

With PIP melts, a »025 dispersion regime was found again
(Figure 4). At low frequencies and high temperatures a
crossover at a frequency vy from the proportionality 7,
« 05 t0 T, T « 1925 at high frequencies is observed. Note
that this third characteristic dispersion regime must be
distinguished from the ¥ dispersion of the PDMS melts
described above: It appears on the opposite side of the
1025 regime and—in the case of PDMS—presumably lies
outside the experimental frequency window for T and
T, (but not necessarily for T;! see below). The crossover
frequency corresponds to 7g data reported in the litera-
ture?® after correctionfor the different temperatures using

an activation energy of 58 kJ/mol (see Figure 2). The
NMR value is 7r(368 K) = 1/(2mvr) = 2 X 10-%s.

Above about 107 Hz, a tendency toward a high-frequency
plateau which is attributed to local fluctuations within
Kuhn segments (component A). This interpretation is
supported by the temperature dependences found for T
(Figure 2b): For 5 X 108 Hz the T, minimum (which arises
from just this type of local fluctuation) is close to the
temperatures of the T dispersion experiments, whereas
itis far away from those temperatures at lower frequencies.
The minimum caused by methyl group rotation is only
slightly indicated at low temperatures and high frequencies
far outside of the dynamic range of the T, and T,
dispersion experiments. This process therefore is defi-
nitely irrelevant for the T dispersion study.
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Figure 3. Arrhenius plot of 7, evaluated from the T'; dispersion
data of PDMS (Figure 1b). The parameters of the Arrhenius
law, 7. = 7.. exp(E/RT), fitted to the data are 7.. = 1.1 X 10-10
s and E = 15.8 kJ/mol. The deviation of the data point at 213
K indicates the influence of the supercooled state at this
temperature.

PIB melts show a T'; dispersion behavior equivalent to
that of PDMS: A 4925 dependence of T4, and T} at low
frequencies is followed by the proportionality T « 195
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Figure5. Ti(v) and T,(») of PIB melts. The curve parameters
are M,, (>>M.) and the temperature. The T, data were recorded
at a laboratory-frame Larmor frequency of 90 MHz. The
indicated power laws and the Roman numbers refer to the limiting
cases discussed in the text.

above 10¢ Hz (Figure 5). The temperature dependence?:
indicates that the T and T, dispersions are again due to
processes slower than component A or methyl group
rotation. From the crossover frequency one evaluates
74364 K) = 2 X 107 s.

With PTHF the situation is less clear: The data (Figure
6) indicate a »*% dispersion in the low-frequency regime
and a transition to a somewhat steeper slope at about 2
X 10* Hz which likely must be considered as the regime
of a »%5 dispersion analogous to that of PDMS and PIB
melts but now being strongly concealed by the superim-
posed influence of the local fluctuations within the Kuhn
segments. The slightly sigmoidal shape of the overall
dispersion seems to support this view.

The PS data (Figure 7) once more reveal a 1925 law in
thelow-frequency regime for My, >> M.~ 31 000. Athigher
frequencies a tendency toward a proportionality T « »2
is visible which is attributed to rotational jumps of the
phenyl rings. Thus the »%% dispersion which one would
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Figure 6. T(v) of PTHF melts at 323 K. The curve parameter
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dominating at higher frequencies.
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Figure 7. T (v) of PS melts at 473 K. The low-frequency
dispersion of the sample above M, =~ 31 000 is governed by limit
II. The data above 2 X 107 Hz are influenced by local processes
such as rotational jumps of phenyl groups.

expect at high frequencies in analogy to the PDMS and
PIB data is concealed by this motion.

PE!% and PEO melts (Figure 8) show a low-frequency
dispersion, which can be characterized by the propor-
tionality T « »%5 for My > M, (4000 and 5800, respec-
tively). Close to or below M, a low-frequency plateau was
observed.!5 Above 106 Hz, the slope of the T'; dispersion
flattens. This must be explained by the tendency toward
a plateau due to component A. On the other hand, a 925
dispersion region in analogy to that of PDMS and PIB
obviously is beyond the low-frequency edge of the exper-
imental frequency window of T (but not necessarily of
Tsh.

The exponents fitted to the low-frequency relaxation
dispersion data of polymer melts with M, >> M, are listed
in Table I. The time constants 7, 7, and g can directly
be evaluated from the conditions wr, = 1, wr, = 1, and w7gr
= 1 indicating the T; minimum (due to component A), the
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attributed to the influence of component A.

Table 1. Exponents of the Power Laws T, T}, = »¥
Describing the Low-Frequency Dispersion of the
Experimental Spin-Lattice Relaxation Data of Polymer
Melts with M, » M,

polymer x(Ty, data) x(T data)
PDMS 0.25 £ 0.05 0.24 £ 0.01
PIB 0.27 £ 0.01 0.24 £ 0.01
PS 0.26 £ 0.02
PTHF 0.25 £ 0.08
PIP (5344 K) 0.27 £ 0.06 0.22 9 0.01
PIP (368 K) 0.5 @ 0.05
PE 0.52 = 0.02
PEO 0.46 % 0.01

Table I1. Representative Values of the Characteristic Time
Constants Directly Evaluated from Experimental Data
(without Any Fits of Model Curves)2

polymer T7/K T4/8 Te/8 TR/S ref
PDMS 200 2.6x10° 26
300 7% 10-8 Figure 3
PIB 263 1.6 X 10-® 27
345 1.8x10° 24
364 2 X107 Figure 5
453 5 X 10-5 28
(M., = 200 000)
PTHF 323 9x 108 Figure 6
PIP 368 3.6x101 2% 10 Figure 4
(M,, = 280 000)

¢ 1¢ From Ty or Ty, minima (My, > M) using the condition wr,
= 1. 1,0 From the crossover T « % (limit II) to T, « »*5 (limit
I) using the condition wr, = 1. rg: From the crossover T, = »%%
(limit IIT) to Ty, « »*% (limit II) using the condition wrg = 1.

crossover of the T'; dispersion »%-26— 05, and the crossover
05— 0.25 regpectively. Representative results are listed
in Table II.

Transverse relaxation curves of polymers cannot gen-
erally be described by monoexponential decay curves in
contrast to spin-lattice relaxation. This is partly due to
incomplete motional narrowing (see eq 7). A more severe
reason is however due to the dynamic three-block structure
of the chains.?® Figure 9 shows representative decays of
a PDMS melt. For the convenient representation of the
molecular weight and temperature dependences, the
“transverse relaxation time” T'; was defined and evaluated
asthe decay time to 1/e of the initial value. Experimental
data have been reported elsewhere.15.16.24
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Figure 9. Transverse relaxation decays of PDMS melts mea-
sured® at 316 K using the Hahn spin-echo method. The broken
lines have been calculated using eqs 21 and 23. Above M, the
different dynamics of chain-end (slow component) and chain-
middle (fast component) blocks reveal themselves. A(t) was
approximated by the residual correlation a; effectively implying
the correlation loss by component B during the interval of
limit 1.

Any interpretation of the frequency dependences must
be compatible with the features of the molecular weight
and temperature dependences, which reflect the same
molecular dynamics with different phenomena. Below it
will be shown that the combined analysis of all dependences
forms a particularly critical test of theoretical predictions.

Theoretical Predictions for NMR Relaxation

Rouse chain dynamics! has been proposed under three
different circumstances, namely, in polymer solutions, in
melts with M « M., and—according to the Doi/Edwards
model—in liquid polymer systems with any molecular
weight in the time scale 7, « ¢t « 7, (limit I). This type
of chain dynamics is characterized by the following
frequency dependence of T':3031

T,=-—LB — (.« Lg=const)y (8

7. In(w7)

T dispersion data of solutions and melts with M « M,
can indeed be described perfectly by this model (Figure
la,c). Melts of “entangled” polymers in limit I, however,
reveal a quite different behavior. Rouse dynamics entirely
fails to explain the »%3 dispersion observed in this case
(Figures 1b,d, 5, 8). An even more severe discrepancy of
this model is the strong residual correlation obviously left
over at the long-time end of limit I: Motions far beyond
limit I are revealed by T and T relaxation spectroscopy
although the rather isotropic segment reorientations
caused by Rouse modes should prevent the visibility of
such phenomena.

A further fact contradicting Rouse dynamics is that the
influence of cross-linking (Figure 1d) is rather weak.3?
Merely with a mesh molecular weight less than about 3000
a somewhat different 7 dispersion was found. In the
length scales of limits I and II there must be restraints
existing already without any cross-links.

de Gennes* predicted a proportionality T; « »3/¢ which
should be valid in the time scale 7, « ¢t <« g (limit II).
This frequency dependence was never observed with melts
or solutions of entangled polymers.

Thus a number of crucial predictions of tube theories
fail to explain experimental findings. On the other hand,
the fact that the Doi/Edwards limits of the mean-square
segment displacement obviously have their analogues in
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the different regimes of the T dispersion suggests that a
similar model deviating only in a few basic points might
provide better descriptions. The following concept aims
at such a scheme.

Analysis of the Orientation Correlation Function
into Components

Three components of the orientation correlation func-
tion can be distinguished:

Component A refers to the restricted rotational fluc-
tuations within a Kuhn segment. A simplified but for our
purposes sufficient approach of the corresponding orien-
tation correlation function is

Aty ~aet/"+a, ©))

The finite residual correlation of component 4, a; =1 —-
a1 > 0, determines to what extent slower motions can
contribute.

Component B is the orientation correlation function
for reorientations mediated by translational displacements
(RMTD). It is expected to be related to the segment
dynamics according to limits I-III. Provided that the
displacements of the segments are guided by the contour
of the Kuhn chain or the primitive path, the following
expression is valid:33

__1.d, .

B(t) 2D, dt<r5 ) (10)
D, isthe segment diffusion coefficient along the curvilinear
contour. It is independent of the molecular weight for
times ¢ « 7r.3® r, is the segment displacement in the
center-of-mass frame of reference. This component
therefore refers only to processes taking place in length
scales within the polymer coils.

The longest time constant of the Doi/Edwards model,
i.e., 74, defines a terminal decay of the orientation
correlation function corresponding to the crossover to limit
IV. In order to combine this final correlation loss with
the diverse power laws expected to be valid in shorter
time scales, we interpret it as a further component acting
as a “cut-off” factor for component B.

Component C defined in this way is approximately given
by the exponential function

C(t) ~ /™ (11)

This function depends strongly on the molecular weight
as a consequence of the proportionality rq4 « M3. In the
following section the influence of chain-end effects?® as a
competitive contribution important with chain lengths
close to the critical value will be considered in addition.

The very different time scales of the three components
guarantee their stochastic independence so that the total
orientation correlation function can be written in the form

G@) = A(t) B@t) C(t) (12)

Component B Dominates. As a matter of fact,
component C can be relevant for spin-lattice relaxation
experiments only with molecular weights close to M.. For
higher molecular weights the fluctuation rates due to
component C tend to be beyond the lower end of the
relevant frequency window. Inthis case the approximation
C(t) =~ 1 can be employed for T; and T, (but not necessarily
for Ts).

Component A, on the other hand, tends to be very fast
8o that in the time scale of the experiments A(t) ~ a9 is
often justified. Under such circumstances, that is, for M
> M. and 7, € t < 74, one has G(¢t) = a»B(¢).
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With anomalous segment diffusion, i.e., (r:2) = at*where
k <1, the intensity function counterpart to the orientation
correlation function B(t) for contour guided segment
displacements is

Igw,) = ﬁ—x sin(w(lz_ K
1

)I‘(x)wi"‘ 13)

In the Doi/Edwards limits I-III the following cases can
then be distinguished with respect to the frequency and
molecular weight dependences of the spin-lattice relax-
ation times (M > M,):

Limit I (e, »>t» 71, orr,  Kw, <N

T, « a,M w,"/% T, = a,M%0,1/* (14)
Limit IT (r, &t Krg or TR ;<77

T, « a,M°wi/% T, = a, M0, M/ (15)
Limit III (Rt K1y OF T Kw, K7™

T, « a,M V%% Ty, « a,M 0 (16)

Influence of Component A. At the high-frequency
end of the accessible scale, the dynamics restricted to the
length scale of the Kuhn segments (component A) dom-
inates with the less flexible polymer species. One then
expects T; « a;M%°. Atextremely highfrequencies, that
is, wo > 7571, the limit Ty « a;MPwq? follows from the simple
correlation function suggested in eq 9.

Influence of the Terminal Decay (Component C).
For molecular weights close to M, at extremely low
frequencies one expects

Limit IV t>» 7y or w, L7

T, « a;M %00 T, = a;M %] an

The behavior actually observed for M ~ M. is additionally
influenced by chain-end effects to be discussed subse-
quently. The time scale of limit IV is, however, of major
importance for the interpretation of transverse relaxation
which is sensitive to considerably longer fluctuation times
than spin-lattice relaxation.152¢

In limit IV the T; dispersion reaches a low-frequency
plateau. This is the regime where the terminal decay by
component C becomes relevant.

Characteristic exponents of the limiting power laws of
the frequency dependences so far given are 0, !/5, and !/,
in coincidence with the experimental findings. Note that
the only mean-square displacement limit leading to a
molecular weight dependence of component B is limit III.

Chain-end Effects. Blocks consisting of N, Kuhn
segments at both chain ends do not “see” the topological
constraints of the tube.? The limits II and III of
component B are therefore expected to be irrelevant here.
For the chain-end variant of component C we assume the
correlation function C., = exp(~t/7c). The influence of
C. will be particularly strong for molecular weights close
to M.. The different dynamics of chain-end blocks was
also found in a study of block copolymers of the type ABA3
and was concluded from a recent computer simulation.

The fraction of segments located in the chain-end blocks
isp = 2N /N~ M.,/M (M = M_,). The weighting factor of
the central segment block which is subject to “entangled
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behavior” is therefore 1 — p. The correlation function for
component C must be modified correspondingly. The
molecular weight effective for tube disengagement is M(1
- p). The effective tube disengagement time therefore is

3 2
Tat = N—(}\,L)fscm M>M) (18
g e
The correlation function for component C of the chain-
middle block is then assumed to be C., = exp(~t/7qeff).
Total Correlation Functions for Spin-Lattice Re-
laxation. The dynamics in the central and in the chain-
end segment blocks is expected to be different according
to the scheme outlined above. Inspite of this heterogeneity
spin-lattice relaxation tends to be monoexponential
because of the averaging effect of fast immaterial spin
diffusion.20 Strictly speaking the average should be formed
with the correspondingly weighted relaxation rates. For-
mally it is however equivalent to form the average on the
level of the correlation function. For spin-lattice relax-
ation, eq 12 thus can be replaced by

Gyt = pG () + (1 - PG, (0

= pA(t) BiC,(t) + (1 - P)A(®) Byyy(®) Cop(t)
for M> M, (19)

B; and By iy refer to the correlation functions of com-
ponent B in the Doi/Edwards limits I-III. The chain-end
correlation function G..(t) solely refers to limit I

Polymer chains with My, < M, entirely consist of chain-
end blocks, so to speak. In this case the weighting factor
for the chain-end blocks is set p = 1. Apart from
component A which is relevant in the short-time/high-
frequency limit, the relaxation behavior should be governed
by the Rouse mechanism, so that eq 8 is relevant. The
correlation function of melts with M < M, in the long-
time limit can tentatively and for simplicity also be equated
with that of the the chain-end blocks, i.e.

G () = A@t) BC () for M<M, (20

Total Transverse Relaxation Functions. Averaging
by immaterial spin diffusion is not effective for transverse
relaxation so that the formal average formation on the
level of correlation functions (eq 19) is no longer feasi-
ble.!52° Rather a superposition of the transverse mag-
netization signals of chain-end and chain-middle blocks
has to be considered. That is

S@) = pS.(t) + (L - p)Se(t)
= S(O)[p exp{-M, [}t - NG, (r) d7}
+ (1-p) exp-M, [/t~ NG g drll @D

S.e(t) and Scm(t) are the transverse magnetization signals
of the chain-end and chain-middle blocks, respectively.
These functions can be calculated by identifying the
correlation functions G.(¢) with the functions G.(t) and
G.n(), respectively, as defined in eq 19.

Numerical Evaluation

For spin-lattice relaxation, the Fourier transform of
the correlation functions eqs 19 or 20 was numerically
evaluated decade by decade using the Gaussian quadrature
method36

T (@) = 2["G(t) cos(wt) dt ~ 2 [*G(¢) coswt) At (22)

The integration limits were chosen to be [ = 1015 s and
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Figure 10. Theoretical T, dispersion with the molecular weight
and the polymer concentration as curve parameters. The curves
were evaluated on the basis of the correlation functions in egs
19 and 20 and the formalism described in the text. Chain-end
free-volume effects® which are relevant in reality for short chains
were not taken into account. The parameters are as follows: (a)
;=096 7, =1X1090g7,=2X1078; 7, = 1 X 10°1> X MM,
s(M< Mc); Tee = 1X 1015 x Mc2 s(M> Mc); Tdeff = (Al/ble)3 0
- p)%r. 8; M, = 20 000; M, = 9000. (The values were adapted to
the PDMS melt data in Figure 1a.) (b) a; = 0.98; 7, = 6 X 10-10
8;7e=3X1058; 7, =2X 10X MM, s (M < M);1e =2 X
108 X M2s (M > Mc); Tdeff = M/M.)? (1 _p)zfe 8; M. = 4000;
M, = 1400. (The values were adapted to PE melt data.!®) (c)
Parameters as with Figure 10a modified by the polymer con-
centration (in percent by weight) as described in the text. For
experimental data see Figure lc.

u = 10-1 s corresponding to the experimentally accessible
frequencyrange. Above M, the correlation functioneq 19
was composed of the diverse limits of component B in
such a way that a continuous function of time was formed.
The crossover conditions are B(t) = 1 for t < 7,5, Bi(7e) =
Bu(re), and By(rr) = Bui(7r).
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Parts a and b of Figure 10 show the frequency depend-
ences of the spin-lattice relaxation time calculated for
polymer melts with different molecular weights below and
above M,. The parameters of the above formalism were
chosento adapt the theoretical curves to the experimental
data for PDMS (see Figure 1a) and PE,!% respectively, so
that the frequency and molecular weight dependences are
reproduced.

InFigure 10c, the influence of the polymer concentration
on the frequency dependence of T is shown. Apart from
the concentration dependence of 74, the following relations
were assumed to be valid for solutions:3” M (c) = M (c=1)/
¢, p(c) = M(c)/M, and az(c) = as(c=1)c%. Forc=1,i.e.,
melts, the parameters take the same values as in Figure
10a. Theresult corresponds to the experimental behavior
shown in Figure lc.

The crossover between limits II and III of component
B, that is, from incoherent (molecular weight independent)
to coherent (molecular weight dependent) segment mo-
tions, is of particular interest in context with transverse
relaxation. Inordertohavesmooth curvesin the crossover
region, component B was approximated for those two limits

by
By m(t) = e erfc(V/'x) (23)

wherex = x(t) = (5.M-1t + £:t3/2)1/2, ¢ and £z are numerical
constants. Depending on whether the second or the first
of the two terms of x(t) dominates, we have the limits
MO¢t-3/4 and M1/2%t-1/2 corresponding to Br(t) and Biy(t),
respectively. Note that the transition between the limits
IIT and IV is already implied by the introduction of
component C as a cutoff term of component B as outlined
above. Note further that limit I normally refers to times
too short to be relevant for the transverse relaxation
behavior. This limit therefore was not considered ex-
plicitly in the calculations of the transverse relaxation
decays. It was rather taken into account by an effectively
reduced residual correlation a,.

Figure 9 shows two representative transverse relaxation
decays evaluated on the basis of eqs 21 and 23 for molecular
weights below and above M. The curves are compared
with experimental data?® for PDMS melts. Above M, the
contributions of the chain-end blocks (slow decay) and
the middle block (fast decay) can be distinguished.

Figure 11 shows the molecular weight dependence of T,
(evaluated as the decay time to 1/e). The curves quali-
tatively mirror all features of the experimental data
presented in a previous paper.l® This refers in particular
to the crossover phenomena observed at the characteristic
molecular weights M. and Mpc. (The experimental
transverse relaxation decays were evaluated in the same
way as those calculated numerically in this study.) The
molecular weight dependence between M, and Mpc refers
to limits ITI and IV. The molecular weight independent
plateau above Mpc reflects the dominance of limits I or
II. T, at high frequencies and molecular weights is also
independent of the molecular weight. This is a conse-
quence of the dominating component A.%

Temperature dependences were treated assuming Ar-
rhenius laws 7; = 7;. exp(E/kpT) with the same apparent
activation energy E for all time constants. Figure 12shows
the theoretical dependence T'; on the reciprocal temper-
ature. The essential features of experimental data? are
reproduced again, in particular the crossover phenomena
at the characteristic temperatures Tap and Ts. These
temperatures indicate the crossover between cases where
the dynamics is governed by molecular weight dependent
(T > Tap) or molecular weight independent (Tsg > T >
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Figure 11. Theoretical molecular weight dependence of T,
evaluated as the decay time to 1/e of the transverse relaxation
functionineq 21 (see Figure 9). The two characteristic molecular
weights, M. and Mg, indicate the crossover between cases where
Rouse-like motions (M « M,), M-dependent contour-guided
motions (M, < M < Mgc), and M-independent contour-guided
motions are relevant. The M-dependent motions refer to limits
III and IV, and the M-independent motions, to limits I and II,
as described in the text. Chain-end free-volume effects® were
not taken into account. The essential features of the experimental
M, dependences are reproduced.!®
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Figure 12. Theoretical temperature dependence of T evaluated
as the decay time to 1/e of the transverse relaxation function in
eq 21 (see Figure 9). The two characteristic temperatures, Txg
and T, indicate the crossover between the limits of M-dependent
(T3> Tap) or M-independent (Tap < T < Ts) motions and of the
limit where all chain modes are frozen in (T « Ts). The
M-dependent motions refer to limits III and IV, and the
M-independent motions, to limits I and II, as described in the
text. Chain-end free-volume effects® were not taken into account.
The features of the experimental temperature dependences are
reproduced.?

Ts) motions and where all chain modes are frozen in (T
&« Ts). The molecular weight dependent motions refer to
limits III and IV, the molecular weight independent
motions, to limits I or II. The temperature dependences

of Ty and T}, are characterized by minima where wr, ~
1.24.27

Conclusions and Discussion

The main techniques employed in this study were field-
cycling NMR relaxation spectroscopy and transverse NMR
relaxation. The dynamic range of these methods is
particularly wide and covers relatively low frequencies.
There is a straightforward connection between the com-
ponents of segment fluctuations and the relaxation quan-
tities. A corresponding formalism has been outlined. NMR
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field-gradient studies of segment diffusion,’-® on the other
hand, refer to a longer time scale. NMR relaxation thus
covers the dynamic range between neutron spin-echo
studies!®!! at short times and NMR field-gradient ex-
periments at long times.

For M > M., three peculiar power laws of the low-
frequency dispersion of the spin-lattice relaxation times
of polymer melts, namely, Ty, T, « »°, »*25, and »°5 are
evident. Seven different polymers were investigated so
that the experimental findings can be considered to be of
a universal nature.

The dynamic ranges in which these power laws appear
coincide with the Doi/Edwards limits for the time de-
pendence of the mean-square displacement so far as one
can judge from the literature data available.

There is, however, a severe discrepancy with the Doi/
Edwards theory: The Rouse dynamics expected in limit
I éould not be verified with melts above M.. This model
entirely fails to describe the relaxation data, while the T
dispersion of solutions and mélts far below M, can perfectly
be rendered on this basis.

On the other hand, assuming that segment displace-
ments are guided by the chain contour permits one to
derive the experimental low-frequency T, dispersion
directly from the limits of the time dependence of the
mean-square segment displacement. The conclusion is
that in limit I the segments tend to be displaced along the
randomly coiled chain contour. Thedisplacements inlimit
II take place along the primitive path which is the result
of the topological constraints. That is, the peculiar
exponent 1/, arises from a random walk (chain contour)
on a random walk (primitive path). Limit III finally
corresponds to the conventional reptation regime referring
to coherent chain displacements along the primitive path.
This interpretation is corroborated by the successful
description of the molecular weight and temperature
dependences of transverse relaxation on the same basis.
In the light of this conclusion and our previous statistical
thermodynamics study,? the Doi/ Edwards tubelike region
must be understood as the mean fluctuation range of lateral
chain excursions (“folds”) defining semi-independent
subchains. A consequence of this is that the diffusion
coefficient D, for displacements along the curvilinear path
is independent of the chain length for t « 75.

The failure of the »3/4 law predicted by de Gennes* to
describe the experimental T'; dispersion in limit Il appears
now plausible: In its derivation no finite persistence of
the segment orientation with displacements was permitted
in contrast to the present concept. The persistence
probability of the path thus plays a key role in the
interpretation of the data.

The above discussion of NMR relaxation in polymers
refers to the tube model in general. Further progress in
our understanding of chain dynamics is expected from
theories starting from first principles such as Schweizer’s
concept.“®! The appealing feature of this treatment is
that a priori model assumptions such as the tube or Rouse
dynamics are avoided throughout. An attempt to derive
the spin-lattice relaxation dispersion directly on this basis
has been undertaken and will be published elsewhere.3!
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