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Segment diffusion and flip-flop spin diffusion in entangled polyethyleneoxide melts:
A field-gradient NMR diffusometry study
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Chain dynamics in melts of entangled polyethyleneoxide melts has been investigated using fringe field
nuclear magnetic resonance diffusometry. As already demonstrated in our previous work, intermolecular flip-
flop spin diffusion strongly influences spin echo attenuation for long diffusion times and high molecular
weights. The experimental data have been evaluated taking this phenomenon quantitatively into account.
Predictions of the reptation model for the correspondingly modified time and molecular weight dependences of
the effective segment diffusion coefficient are presented and compared with experimental results. While the
ordinary Rouse model totally fails to explain the experimental data, a satisfactory qualitative description is
provided on the basis of the tube/reptation model. However, the fitted parameter values turned out to be
inconsistent with known properties of this polymer. This in particular refers to the mean squared chain
end-to-end distance divided by the molecular weight, for which neutron-scattering values are available in the
literature. Relative to those results, the value evaluated from our NMR diffusometry data on the basis of the
tube/reptation model turned out to be much too large.

PACS numbeps): 61.25.Hq, 66.10.Cb

[. INTRODUCTION two mechanisms start to dominate is relatively sharp: De-
creasing the molecular mass strongly enhances Brownian
The anomalous characteristics of segment diffusion irdiffusion while dipolar coupling is more efficiently averaged
melts of entangled polymers such as the time and moleculasut so that flip-flop spin diffusion is diminished, and vice
weight dependences of the effective diffusion coefficient are/ersa. There are two displacement mechanisms acting in op-
indicative for the type of dynamics the polymer chains ex-posite directions. Temperature variation as far as possible in
hibit. Field gradient NMR diffusometryFGD) [1] and in  polymer melts without degradation on the one hand and glass
particular the fringe-field version of it therefore are of inter- yransition on the other is of minor influence. In particular,
est as suitable tools for corresponding studies. flip-flop spin diffusion per se as a purely gquantum-
As shown in our previous papge] and verified in the  echanical phenomenon is independent of the temperature.
work of another groufi3], spins are not only displaced by 1, temperature-dependent averaging of the dipolar cou-

segment diffusion in the sense of Brownian motion. At dif- plings only enters indirectly by reducing the effective cou-
fusion timest long enough and high molecular masdés pling constant

immaterial displacements in the form of spin flip-flops of The situation is less clear in the proximity of the glass

dipolar coupled spin pairs come into play, and may even o .
dominate the spin displacements of spins. Pairs of dipola}r":mSItlon temperaturd,, where displacements by Brown-

coupled spins perform mutual flips. One coupling partner'a,n segment.dlffusmn start to freeze in. At the same time,
changes its state from spin-down to spin-up whereas thdipolar couplings are no longer averaged out efficiently, and

other performs the opposite transition. A series of such flipfliP-flop spin diffusion becomes the dominant process. At
flop processes effectively leads to a spin transport competing"y rate, the measuring conditions relevant for temperatures
with the Brownian displacement of the spin bearing nuclei.T near the glass transition do not permit investigations using
The efficiency of this immaterial transport process is a questhe field-gradient NMR diffusometry technique. The condi-
tion of the strength of dipolar coupling and of the diffusion tions under which flip-flop spin diffusion can be detected in
time. Melts of polymers with molecular masses far above thgpolymers using this method therefore are restrictedt to
critical valueM, are characterized by slow chain dynamics> ¢, T>T,, andM>M,.
so that motional averaging of dipolar couplings is weak. The Under such conditions it is obvious that flip-flop spin dif-
mean flip-flop timer¢; in such melts was estimaté#l] to be  fusion is a phenomenon that may partly conceal the true
of the order 100 ms. That is, flip-flop spin diffusion must be Brownian type of segment diffusion for long diffusion times.
taken into account in entangled polymer systems at diffusioThis might give rise to misinterpretations of experimental
times longer than 100 ms. On the other hand, on a shortdfGD data. However, the characteristics of the flip-flop spin
time scale or for molecular masses close to or below thdiffusion effect itself imply informations on the type of chain
critical value, spin echo attenuation will be dominated by thedynamics. The purpose of our study therefore is to take flip-
true Brownian displacement of segments. flop spin diffusion explicitly into account in the evaluation of
Note that the crossover between the regimes where theGD experiments, and to draw conclusions based on seg-
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ment as well as flip-flop spin diffusion concerning the type The crystallization temperature range of our samples was

of chain dynamics. checked with differential scanning calorimetry. It turned out
As a multiple-particle problem there is no straightforwardthat crystallization of the material can safely be excluded

theory of chain dynamics in entangled-polymer systemgbove 65 °C. All diffusion measurements were performed at

starting from first principles. Basically there are two ap-80°C, i.e., well above the nominal melting temperature of

proaches dealing with the influence of the “matrix” on the 61 °C. The sample temperature was controlled with an accu-

dynamics of a “tagged” polymer chain when the molecular racy of better than-1 °C.

weight is above the critical value. In the tube/reptation con-

cept and its refinemen{gl-9], entanglement effects are il- B. Measuring technique

lustratively accounted for by introducing a fictitious “tube”

that is to represent the matrix. On the other hand, SO-Ca”(}%” Diffusion was studied with the aid of the fringe field vari-

t of field-gradient NMR diffusometry as described in our
revious study2]. The stimulatedstim.) echo was recorded
using the standard radio frequen@y) pulse sequence

renormalized Rouse formalisms as typical representatives
memory-function-type theories describe entangled-chain d
namics on a purely analytical badi$1-19. The memory
function is based on the “projected dynamics,” which is T oo

unknown. Thus, assumptions have to be made again. The 5—71-5-72—5-71—(stim. echo, (1)
reptation model as well as the memory function formalisms

unavoidably imply intuitive elements that cannot be proven ) . )

or derived on a theoretical basis. At the present state of th the presence of the steady fringe field gradient of a 9.4-T
art, the lacking information can only be specified empiricallymagnet with a 8.9-cm room-temperature bore. The gradient
using suitable experimental data. In the following, we will Was G=60 T/m at 200 MHz proton resonance frequency.
analyze the influence of Brownian segment diffusion andlhe 90° pulse width achieved at300 W rf power typically
flip-flop spin diffusion on FGD data measured in diversewas 1.6us. The magnet and the probehead were screened
entangled polyethyleneoxide melts. As experimental paramfrom building vibrations by air-inflated damping units. The
eters, the diffusion time, the molecular weight, and the desample was mounted in the probe without mechanical con-

gree of dilution with deuterated polymers of the same chemitact to the rf cail. _ _ _
cal species will be considered. In the nomenclature usual with the pulsed gradient spin

echo diffusometry variant, the relevant time intervals are
=g andr,+ m»=A. The pulse intervat,, that is, the “wave

Il. EXPERIMENTAL SECTION number” q=yGr,, v is the gyromagnetic ratio, was varied
while 7, was taken as an experimental parameter. In all
A. Samples cases, it was made sure thgt> 7, (or A> ), so that the

Two undeuterated polyethyleneoxide (REOsamples diffusion time may be equated with the second pulse inter-
were studied. The specifications are as folloya: weight val, t=A~r7,. ) . )
average molecular massM,,=438000, polydispersity The attenuation 01_c the st|n_1ulated—e_cho amplitude as a
M,,/M,<1.2, producer Polymer Standard Service, &by function of fthe pulse intervals is determined by several fac-
M,,=5 000 000,M ,/M,<1.2, Aldrich. In addition, a mix- tors according td1]
ture of 15.2% PEQ 438 000 and 84.8% deuterated polyeth-
yleneoxide PEQ (M,=460000, M,,/M,=1.4, Polymer A=A (27 A 1(12)Agc(27)Ag(T1,72). 2
Standard Servigewas investigated. The degree of deutera-

tion of the deuterated polymer was 99%. . The attenuation factorf,, A;1, Aqc, andAy are due to
The polymers were first dissolved in chloroforftypi-  yansverse relaxatiofi.e., contribution of the component
cally 0.5 g/100 ml. In order to make sure that complete g hiact to motional averagihgspin-lattice relaxation, the

equilibrium was reached, the PR@olutions were stored for - gihqar-correlation effectDCE), and translational diffusion,
more than 2 days, and the PEPEQ, mixture for 2 weeks. respectively.

The solutions were then inspissated at room temperature so pq dipolar coupling was not averaged out completely un-
that a thin solid polymer film was produced at the surface ofjer the experimental conditions of this study, the dipolar

the sample container. After evacuation first at room temperasqre|ation effecf21,22 had to be taken into account in the

ture and later at 80 °C in vacuum better than 1@ar for 24 payysis of the diffusive attenuation factor. In a separate ex-
h, the samples were sealed in NMR tubes under nitrogeferiment, the echo attenuation was therefore comparatively
atmosphere in order to prevent degradation by oxygen. Sizgetermined in the homogeneous central field of a Bruker

exclusion chromatography control measurements of the Mazjospec magnet at the same frequency and pulse intervals,
lecular weight distribution were carried out before and aftery, using the same rf electronic console. In this case, diffu-

the preparation procedure and the diffusometry experimentg;ye attenuation does not occur, and the total attenuation of
No changes could be detected, so that degradation of thee stimulated echo is given by

polymers can be excluded. PEO 5000000 was already in-

vestigated in our previous studg0]. However, in later con-

trol tests it turned out, that sample had degraded somewnhat, Anom( 71, 72) = Ara(271) Ara(72) Ag( 271). )

so that the long-time effective diffusion coefficient was

about twice as high as found with fresh samples in thd=orming the quotient of the attenuation factors at H@S.
present study where degradation can safely be ruled out. and(3),
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AG(Tlsz) q4a2<32(t)> an <52(t)>
———— =A4(71,72), 4 2 1y !
Aol 1,75 7072 @ Ad(a2t) exp[ = ]erf o5
then provides the true attenuation factor for translational dif- X exp — 42D ont}, ©

fusion corrected for relaxation and DCE effects.
where the mean squared curvilinear displacement along the

lIl. THEORETICAL BACKGROUND tube is given by[5]
A. Anomalous segment diffusion
Let 7,a¢ be the longest correlation time of the chain con- (s2(1)) = 2Dt + 2b\Dot
formation. In the tube/reptation model this time constant is 12a%Dt Br+1 VDot
called the “tube disengagement” time. Then, it becomes N+ N2b* w18 Nb
clear that fort> 7,,,, diffusion is unrestricted, and the mean
squared displacement of the center of mass of the chain fol- 6(R?)D ot 2(R?)\/3D ot
lows the linear Einstein relationship. On a shorter time scale, = + . (D
however, displacements of segments rather than of the center a2l 1+ 36D et ay3m+18y3D nt
of mass have to be considered. This “segment diffusion” (R?)
generally tends to show anomalous mean squared displace-
ment laws. That is, power laws of the type The mean step length of the primitive path,
(rz(t)>“b2N‘“(l)ﬁ ® Gé
Ts a= MeM—, (8)
w

are expected, whefeis the Kuhn segment length, amdis
the number of Kuhn segments per chain. The local Kuhris expressed as a function of the mean squared chain end-to-
segment correlation time is designated@iy The exponents end distance divided by the molecular weight. The so-called
« and B depend on the limiting case of the model consid-segment diffusion coefficient is defined by

ered. For example, the reptation mofi&] suggests the ex-

ponentse=0 and 8=1/4 in the limit ro<t<7x (limit Il ), kT

the exponentsy=1/2 andB=1/2 for rg<t<74 (limit IIl ), Do=7, 9)

and the exponentax=2 and =1 for t>ry (limit IV),
where ., 7r, andry are the “entanglement,” “Rouse re-

e o . N . where{ is the segmental friction coefficient. The center-of-
laxation,” and “disengagement times,” respectively.

mass diffusion coefficient,

B. Flip-flop spin diffusion 5 5

) o N ) . a‘kgT  a‘Dy
Flip-flop spin diffusion is traditionally considered in con- Dcm=T= 2
text with solids where dipolar interaction is not averaged out 3N“b“  3N“b
by molecular motior23]. Under such conditions, the spin
diffusion coefficient is estimated to be of the ordercan be related to a known reference valDg,;, of a sample
10 1 m?/s. In low viscous liquids, on the other hand, whereof the same polymer species with a molecular weight
motional averaging of short-range dipolar interactions isby
complete, spin diffusion is expected to be totally negligible
relative to Brownian particle motion. Neither of these situa- ref
tions applies to macromolecular liquids. Rather, the com- Dcm:Dref(M_) ' 1D
bined action of Brownian segment diffusion and spin flip- v
flop processes leads to displacements that are well in t

measurable ra_ng[é,24,23._ . , predicted by the reptation model is implied.

The mean timery; a spin flip-flop process takes in poly- Equations(6) and(7) in this form do not yet account for
mers is in the ordel2] of 100 ms. During this time, the spins  the influence of flip-flop spin diffusion. Therefore its validity
participating in the flip-flop process diffuse a distance on thes restricted to diffusion times shorter than the mean flip-flop
order of 25 nm away by ordinary segment motions, givenime, which for polyethyleneoxide is in the order of 100 ms
that they are sitting on segments of different chains. That isisee Ref.[2]). However, the range of validity can be ex-
an effective flip-flop spin diffusion coefficienD; in the  tended to longer times by replacing the Brownian center-of-
order of 1015 m2/S is eXpeCtEd, which is Sa.f8|y within the mass diffusion Coefficienocm by an apparent center-of-
accessible measuring rang@. mass diffusion coefficient,

(10

r\‘/?/here the well-known square molecular weight dependence

C. Spin-echo attenuation by reptation D2PP=D.,+Dys, (12

In Ref.[26] an evaluation formalism for NMR diffusom-
etry experiments anticipating the validity of the reptationwhich is supplemented by the independent flip-flop spin dif-
model was presented. The resulting echo attenuation factor fgsion coefficientD¢; (see below
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D. The effective segment diffusion coefficient where D, (t) describes translations of the spin-bearing nu-

The evaluation and discussion of experimental data can bglél- The time dependence refers to the anomalous segment
facilitated by considering the effective, time-dependent dif-diffusion regime, Eq(S), of course.
fusion coefficient instead of considering the full attenuation € contribution by segment diffusion was shown to obey
curve based on Eq6) and the time-independent segment
and center-of-mass diffusion coefficients defined before. In At? 1 1
the limit of long diffusion times relative to the encoding Dtr(t):_e_t/Tff(_+_ T
gradient intervalst>r,, the echo attenuation by diffusion 6 t 7y
can be represented by

Ad(q,t)=(expiqz(t)}).

In fringe field experiments, the field gradient is directed -
along thez axis. The displacement component along the gra- e VT (1+8) > T 87K
dient direction is represented lzt), the “wave number” k=0

by q=yGr;, where y is the gyromagnetic ratioG is the t\K

gradient strength. The brackets in E@3) indicate the en- X —) ,

semble average formed with the aid of the probability den- it

sity for displacementg(t) in the diffusion timet (which  whereA is defined as a proportionality constant in the law
essentially is equal to the pulse interwalunder the present (r>y=AtP. y(x,y) is the incomplete gamma function and

conditiong. No assumption concerning a potentially Gauss-r(x) s the ordinary gamma function. The flip-flop spin dif-
ian character of this probability density is made. Expandingysjon coefficient is describel®5] by

Eq. (13) and taking the limit for smalf values leads to the
approximate expressions

A1
==

<

Tt t

Xy (18)

t
(13 ATl

_AtB‘l 1+k

(19

Mo 216V67T(5) 7’4ﬁ2PsT2
ff= (20)

4w 3152 [(1ATy)

g 9
Ag(q,t)=~1- 7<22(t)>~e><p{ - 7<zz<t)>}
as a function of the mean-squared segment displacement
g2 (r?(T,)) during the transverse relaxation tirfig. The spin
ZGXP[ —€<r2(t))]. number density is represented py. Equations(18) and
(20) are based on the mean squared spin displacements and

The exponent is obviously dominated by the second momerifi€ corresponding parameters. _
of the probability density. Formally equating this quantity On the other hand, the mean-squared displacement for the

with the result expected for a Gaussian probability density€Ptation model can be approximated for times longer than
leads to the segment relaxation time §26]

14

(r?(t))=6Dt, (15)

<r2(t)>rept: 6Dt + \/%a vV SZ(U):

(21)

where D is the effective and, according to E¢p), time- 2y
dependent diffusion coefficient that is defined in this way Where(s“(t)) is to be taken from Eq.7).

The echo attenuation function can then be rewritten for small . It t_urned out that in the transition region from anomf'ilqus
q values as diffusion to ordinary center-of-mass diffusion the description

of the mean squared segment displacement by power laws
was not accurate enough to approximate the behavior of the
polymer segments in this time interval. The mean squared
That is, plots of IM(q,t) versusq? are expected to reveal displacement, therefore, has been calculated by numerically
straight lines in the limit of sufficiently smatj values. Note ~ €valuating the sum in the expression that is valid for limits
however, that the attenuation curves deviate from straigh5] Il and IV of the tube/reptation model,

lines at large wave numbers whenever the probability density
deviates from a Gaussian distribution.

Aq(q,t)~exp{—q°Dt}. (16)

(R%) <
(r2(O)) v =6Dept+ ——5- >

37t p=1
E. Evaluation formulas for the effective diffusion coefficient

The effective diffusion coefficient evaluated in the small

wave-number limit accounts for all time-dependent and
-independent contributions of Brownian diffusion or flip-flop

spin diffusion to segment or center-of-mass displacements.

Analogous to the center-of-mass diffusion coefficient, Eq.

(12), an overall effective diffusion coefficie® can be de-
fined consisting of two contributions,

Xiz[l_ expl— 3772p2<R2>/(Dcmt)}]-
p
(22)

IV. VALUES OF THE FIXED PARAMETERS
The evaluation formulas given in EgEl8)—(22) depend

on a number of parameters that partly can be estimated from

D(t)=Dyt+Dy (1), (17)

known literature data. Choosing a reference molecular mass
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in a range where anomalous segment diffusion and flip-flop L0
spin diffusion do not affect the experimenid, ;=12 300,
but still well above the critical molecular mass [&7] M
=3600, permits us to extrapolate the center-of-mass diffu-
sion coefficientD.,,, at our molecular masses and tempera-
tures based on data given in Ref28-30 and using Eq.
(11). For 80 °C the reference self-diffusion coefficient is de-
termined a,;=3.1x 1013 m?/s.

The flip-flop spin diffusion coefficientDy; is estimated o
on the basis of Eq(20). With y=2.6752<1¢ (Ts) %, # o1k 1

=1.0546<10 ** Js, uy=1.2566<10 °® H/m and I'(3) T s e
=1.60 we obtain ¢ (10°m?)

0.7

0.5
0.4

PEO 438 000
03 t, (ms)
10
20
40

A ()

0.2

O 4 > o O

mé T
Dy=2.0098<10 49— P52 23

§ VEr(T2) 7
0.5
The parameteg represents any potential correlation in the 04
dynamics of neighboring chains. It takes the value 2 for in-
dependent segment displacements. This will tentatively be o
anticipated in the following. 2f 3 &
The transverse relaxatidn, has been determined for each M
of the investigated samples in separate measurements in a
homogeneous magnetic field at the same rf frequency and at
the same temperature. The results dse-2.0, 2.5, and 1.8 0 1 2 3 4 5 6 7
ms for PEQ, M,,=438000(bulk), 438 000(15.2% in deu- () q (10" m?)
terated matrix, and 5000 000, respectively. The spin number
density of bulk polyethyleneoxide can be estimatedpas
~6x10® m 3. Note that the deuterated matrix contains 07
about 1% residual protons, so that the spin number density in
the isotopically diluted sample consisting of 15.2% undeu-
terated material in a matrix with a deuteration degree of 99%
is related to the value in the undiluted samples by the factor

PEO 438 000
0.3 1,(ms)
12

A, ()

0.1F 1

0.5
0.4

PEO 438 000
7,(ms)

0.3

A, (qT,)

15.2%+ 84.8%x 1%=0.1605. All other parameters can be o2l 5 i
expressed as functions of the parameters discussed so far. A 60
Thus, the only remaining free fitting parameter is the .
mean squared chain end-to-end distance divided by the mo- 0.1p ]
lecular mass, 0 n 5 3 , s p 7
2 15 -2
a=(R%IM,,. (24) ) q (10" m™)

. . . FIG. 1. Decays of the stimulated-echo amplitude of PEO
Itis generally accepted that this quantity does not depend O#38 000 melts at 80 °C due to attenuation by segment and flip-flop

the molecular mass. Therefore the mean squared chain engsin gitfusion. The abscissa axes refer to the squared wave number
to-end distance for any molecular mass can be calculated Vi§|= yG,). The curve parameter is the diffusion interval The
) solid lines in(a), (b), and(c) represent fits of Eq$6), (7), and(12).
(R)=My0. (25 predetermined parameters We,o=3.1x10" 13 m2/s, Mo
=12300,M.=3600, p;=6X10?%m®, T,=2.0 ms. The fitted pa-
Likewise, the mean step length of the primitive patban be  rameter iso = (4.5+0.4)x 1072° m2mol/g.
expressed by this characteristic ratio and the critical molecu-

lar masg[27], M=3600, =110000, M,,/M,=1.01) a somewhat lower valuer
=0.83x10 ?° m?mol/g was obtained.
a= &U_ (26) This difference was attributed to the slightly higher poly-
2 dispersity of the sample used in RE31]. As the polydisper-

sity of our samples is more like the one in Rgf1], we take
The coil dimension data derived from the present investigar=1.01x 10"2° m?mol/g as a reference value.
tion are compared with the findings of neutron scattering
experimentg 31] carried out with a polyethyleneoxide melt,
M,,=100000,M,,/M,=1.5, at 80 °C. In that study, a value
o=1.01x10?° m?mol/g was found. In a more recent neu-  Figures 1 and 2 show typical echo attenuation data as a
tron scattering investigatiof32] on a polyethyleneoxide function of the squared wave number. The curve parameter is
fraction with narrow molecular weight distributionM(,  the diffusion timer,. Anticipating the validity of the repta-

V. RESULTS
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F i\
—_— u = PEO 5000 000
Tm 7 | \\E\ ------ reptation model
o L s
g ° &
2 4 T
< 3 3 e
Z T i aaars
ON)
= L
i
TlR Tg=900's
1 | s M |
0.01 0.1 1
t=t,(s)

FIG. 3. Effective diffusion coefficient of polyethyleneoxide
M,,=5 000 000 at 80 °C as a function of the diffusion titre r,.
The solid lines represent fits of Eqa.7), (18), and (20) with 7¢;
and o as the only fitting parametersé€2). For the reptation
one obtains7;;=(0.12-0.02) s and 0=(8.1+=0.4)
x102° m?mol/g.

model

discrepancy to the neutron scattering vdla#] is a factor of
4.5 and 25, respectively.

At diffusion times longer than the mean flip-flop time, a
substantial contribution by flip-flop spin diffusion becomes
obvious. Figures 3 and 4 show proton data of the effective
diffusion coefficient measured in PEO 5000000 and PEO
438000, respectively, as a function of the diffusion time on
the basis of Eq(16). In order to demonstrate the effect of
flip-flop spin diffusion, Fig. 4 also shows data for polymer
chains in a deuterated matrix of an equivalent molecular
mass. That is, the interchain dipolar interaction is strongly

reduced in this case, and, hence, the intermolecular spin flip-
flop rate as well.
The time-independent plateau of the effective diffusion

780
1.00
0.70]
0.50
0.40
S 030
o~
E o2
g PEO 5 000 000 o
< T, (ms) X x
0.10F o 15 i
: v 40 v
0.07 x 100 x
0.05 x
0_0/1 1 1 1 1 1 1 1 Xl ): X | -
1 2 3 4 5 6 7 8 9 10 11
2 15 2
(@) q (10°m™)
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0.70
0.50
0.40
" 030
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Z 020
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< 7,(ms) * °
20
0.01F ; o *X g o o 7
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*
0.05
004 1 1 1 1 1 1 1 1 1 1
0 1 2 3 4 S 6 7 8 9 10 11
2 15 2
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1.00
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- 040
o
e 030
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7 020
<
PEO 5 000 000 a
0.01F rz(ms) 0’ -
’ A 30 .
0.07 + 8 . +
. 200 . -
0.05 .
004 1 1 il il 1 1 1 1 1 1
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(©)

q2 ( 1015 m-2)

coefficient of PEO 5000000 appearing at long diffusion
times (Fig. 3) certainly cannot be due to center-of-mass dif-
fusion. Apart from the absolute value of the diffusion coef-

FIG. 2. Decays of the stimulated-echo amplitude of PEO
5000 000 melts at 80 °C due to attenuation by segment and flip-flop

spin diffusion. The abscissa axes refer to the squared wave number

(g=7yGmy). The curve parameter is the diffusion intervagl The
solid lines in(a), (b), and(c) represent fits of Eq$6), (7), and(12).
Predetermined parameters wemR,o;=3.1X10 1 m?/s, Mq;
=12300,M.=3600, p.=6x10%%m?, andT,=1.8 ms. The fitted
parameter isr=(2.5+0.4)x 10" 1® m?mol/g.

tion model, Eq.(6) was fitted to the data sets for polyethyl-
eneoxideM,,=438 000 andv,,=5 000 000, considering the
displayed data for all diffusion times for each sample to-
gether at one time. The influence of flip-flop spin diffusion
was taken into account according to E¢K2) and(20). The
only free fitting parameter was=(R?)/M,, .

F(_)r the lower molecular mass, reasonable a_gre_er_"e“t of FIG. 4. Effective diffusion coefficient of polyethyleneoxide
the fitted curves with the data can be stated. This is in cony — 438000 in bulk and diluted in a deuterated matrix at 80°C as
trast to the sample with the high molecular mass. Moreovery function of the diffusion timé~ r,. The dashed lines represent
the values obtained for the fitting parametg#)/M,, turned
out to be unrealistically large. The results are (4(®b4)
X102 m?’mol/g and (2.3:0.4)x10 *® m?mol/lg for
PEO 438000 and PEO 5000 000, respectively. That is, thae find 7;;=(0.27+0.03) s,0=(6+1)X10"2° m?mol/g.

~~

n
w)
«

m

-15

Dty (10
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7

1

g

T T T T
m  15.2%PEO, 438 000 in 84.8 % PEQ, 460 000
o 100 % PEO, 438 000

_____ reptation model

.
%ff\fﬁng;ﬁfﬁ oo

.- = X3 iii%li

Ed

L]

Y I
t=t,(s)

fits of Egs.(17), (18), (20), and (22) for the reptation model
=2). The results for the bulk sample arg=(0.11+0.01) s and
o=(4.5+0.5)x10"2° m?mollg. For PEQ in deuterated matrix
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TABLE |I. Fitted parameter values and calculag({=2). of 100 ms, immaterial spin diffusion starts to dominate the
effective diffusion coefficient.
My, iils  o/(10°2° m?molig) Dy /(m?ls) The effective diffusion coefficient data of PEO 5000 000
438000(bulk)  (0.11+0.01) (4.5-0.5) 9.9¢10 16 {:\nd PEO 438 QOQ melts reported .here cIea.rIy d_emqnstrate the
438000(15.29% (0.27+0.03) (6:1) 1.7 1016 mfluenlce of this mtermolgcular fI|p-fqu spin d|ffus.|on. The
5000 000(bulk) (0.12+0.02) (8.1:0.4) 73¢10-16  effect is further substantiated by an isotopic dilution effect

on the diffusion data. The echo attenuation curves can hence
be evaluated on the basis of Brownian segment diffusion
ficient, which is by orders of magnitude larger than thealone only for diffusion times shorter than the mean intermo-
center-of-mass diffusion coefficient expected for this mo-lecular spin flip-flop timer;;~100 ms.
lecular weight, the investigated time scale is far below the The time dependences of the effective diffusion coeffi-
longest chain relaxation time. In the frame of the reptationcient were compared with the expectations on the basis of
model, for example, one estimates a tube disengagemetiie reptation model. The combined effect of flip-flop spin
time of 74~900 s, whereas the plateau starts already at 20@iffusion and Brownian segment diffusion was taken into
ms. That is, the only explanation of the plateau value and itaccount. The fitted values for the mean squared chain end-
extension to short diffusion times is flip-flop spin diffusion. to-end distance relative to the molecular weigiR?)/M,,

This conclusion is corroborated by the fact that isotopicturned out to be much larger than those concluded from neu-
dilution by deuterated chains reduces the plateau vidige  tron scattering experiments.
4). The data for PEO 438 000 in a deuterated matrix actually This discrepancy becomes plausible when considering the
approach the true plateau value expected in the absence iofuitive assumptions of the tube/reptation model for liquid
flip-flop spin diffusion: The tube disengagement time is es-entangled polymers: The diameter of the tube is considered
timated in this case to be 0.6 s, i.e., well within the accessiblas free fitting parameter. When fitted to plateau modulus data
time scale. of mechanical relaxation, values on the order of 5-10 nm

The dashed lines in Figs. 3 and 4 represent fits of Eqscome out that are one order of magnitude larger than the
(17), (18), and(20) for the reptation model specified by the mean distance of neighboring chains. Within the tube on a
mean squared segment displacement according taAg. length scale of its diameter, the validity of the Rouse model
and Eq.(22), respectively. The flip flop timer;; and ¢ originally derived for free chains in a viscous medium is
=(R?/M,, are the only fitting parameters; all other param-anticipated. That is, the numerous polymer chains filling the
eters are predetermined from other information sources aspace inside the tube are assumed to cross each other without
outlined above. For PEO 5000000, we fing=(0.12 any excluded-volume restrictions. Because this scenario is
+0.02) s,(R%/M,,=(8.1+0.4)x10 2° m?mol/g. The fit-  intrinsically unrealistic, the model predictions in the anoma-
ted parameter values for PEO 438000 arg=(0.11 lous segment diffusion regime unavoidably are subject to
+0.01) s, 0=(4.5+0.5)x10"2 m?mol/g for the bulk overestimations. The situation would certainly become more
sample, and 74=(0.27-0.03) s, o=(6+1) favorable for the reptation model if the time scale above the
X102 m?mol/g for PEQ, in the deuterated matrix. The  tube disengagement time could be considered. With the mo-
values are again larger than the neutron scattering yallje  lecular masses and the investigation method of the present
In Table | the fitting results corresponding to Figs. 3 and 4study, this time scale is, however, far from being accessible.
are listed for comparison. In addition, the spin diffusion co- In this context, it is of interest that the confinement of

efficient has been calculated based on déhealues. polymer chains into pore channels of a diameter much less
than the coil diameter in bulk more closely corresponds to

the presumptions of the reptation model anticipating “fixed
obstacles” as topological constraints of chain dynanpis
Field gradient NMR diffusion measurements probe chailNMR experiments carried out under such conditions do re-
dynamics of sufficiently long polymers in a range whereproduce the specific predictions of the model indgz2j10|.
anomalous segment diffusion dominates. The method is The tube/reptation model is difficult to modify for chain-
therefore suitable for testing corresponding model predicehain interactions and correlations more refined than just the
tions. In particular it should be noted that the diffusion timetube hypothesis. The reason is the purely geometrical nature
scale ranges from milliseconds up to the order of secondsf this ansatz. An analytical treatment from the very begin-
i.e., to a scale inaccessible to other techniques such as radioing may be superior in this respect. Unfortunately no theory
active tracer and quasielastic neutron scattering experimentstarting from first principles is available due to the many-
In this study we have concentrated on the ability of the tubeparticle character of the problem. That is, any purely analyti-
reptation model to describe the anomalous diffusion behaviocal approach unavoidably will be subject to intuitive assump-
as revealed by the fringe-field NMR diffusometry technique.tions that have to be incorporated into the formalism. The
In evaluating experimental data two important implica- advantage may however be that modifications of these as-
tions must be taken into account. First, anomalous diffusiorsumptions can easily be performed in order to achieve better
of polymer segments requires a model-dependent modificacoincidence with experimental data.
tion of the usual evaluation formulas for field gradient NMR It is clear that the ordinary Rouse model cannot account
diffusion measuremen{see Eqs(6) and (7)] unless an ef- for the experimental findings of this study: The molecular-
fective diffusion coefficienfsee Eq.(16)] is considered for mass and time dependences as well as the absolute values of
small g values. Second, at diffusion times longer than thethe effective diffusion coefficients predicted on this basis are
intermolecular spin flip-flop timer;, which is on the order incompatible with our data. However, as already mentioned

VI. CONCLUSIONS AND DISCUSSION
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in the introductory section, versions extended in the form offor the solution of the polymer dynamics problem. A corre-
memory function formalisms could be exploited in this con-sponding treatment will be published elsewhere.

text [11-19. In this case, the main objective is to reveal
limiting cases of the chain dynamics on the basis of a gen-
eralized Langevin equation of motion. While the limiting-
case structure as such may correctly be represented by the
results, the remaining arbitrary element of this formalism is  This work was supported by the Volkswagen-Stiftung, the
the intuitive basis of the memory function that has to beDeutsche Forschungsgemeinschaft, and REFant No. 98-
assumed. This particularly refers to absolute values of th@3-33307a We thank Dr. U. Beginn and G. Hanich for the
parameters and to the exponent values of power laws. SEC/GPC characterization of the polymer samples and for
semiempirical theory of this sort nevertheless may be usefuhelpful discussions.
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