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Biaxial deformation of a polymer under shear: NMR test of the Doi-Edwards model
with convected constraint release
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2H NMR quadrupole interaction spectroscopy has been used to measure the deformation of a 670 kD
poly(dimethylsiloxang melt under shear in a Couette cell. The signals were acquired from a per deuterated
benzene probe molecule which provides a motionally averaged sampling of the entire segmental ensemble. We
have measured the dependence on shear rate &thevelocity), Syy (velocity gradien, S, (vorticity), and
Syy (sheay elements of the segmental alignment tensor, as well as the angular dependence of the deuterium
quadrupole splitting at fixed shear rate. We show that the data agree quite well with the Doi-Edwards theory
but significantly better when convected constraint release effects are included. These fits return a value for the
tube disengagement time of 100 ms.

DOI: 10.1103/PhysReVvE.64.051809 PACS nun)er36.20—r

INTRODUCTION properties of the polymer melt. In particular, it may be di-
rectly related to elements of the stress tensor, and it deter-
The deformation of a random coil polymer under sheamines the optical anisotropy in the material refractive index
may be described by means of the averaged segmental align;, 5 known as birefringence, via the stress-optical layy

ment tensof 1,2] =Co,p. Cis called the stress-optical coefficid@t5]. Bi-
L refringence measurements may be uggdo investigate the
Sap(t)= L*lJ ds(u,(s,H)ug(s,t) —33,4), (1)  segmental alignment tensor and so give some insight regard-
0 ing the deformation depicted in Fig. 1. If incident plane po-

where th ; mponents of tangent vectors to the larized light has its polarization axis parallel to the extension
ere hed, are o components of tangent ve © axis, a unique refractive index is observed. In this case ex-

segments(. ) represents the ensemble average, and the ing. . wil'occur between polarizers crossed at some angle
tegral is taken over the curvilinear path ®thain segments ' o . 9
along the chain length. Recently, we have shown that it is X' generally called the extinction angle. In simple shear flow

possible[3,4] to use deuterium nuclear magnetic resonancéiS @ngle defines the orientation of the principal axis of de-
(NMR) spectroscopy to measure elementSgf, in particu- formation of the polymer to the local velocity direction. .

lar obtaining the diagonal elements corresponding to the ve- Our use of deuterium NMR to measure segmental align-
locity axis correlatiorSyy and the velocity gradient correla- Ment avoids some of the underlying assumptions inherent to
tion Syy for a 610 kD melt of polydimethylsiloxang [4].  the optical methods, for example, the identity of the macro-
These two terms afford some insight regarding the norma$copic and microscopic polarizability tensors, and the domi-
stresses. However, that earlier study was limited in three ma?ance of intrinsic birefringence over form birefringence. In
jor respects. First, we obtained no measurement of the diaginciple, the NMR method provides a direct measurement
onal element corresponding to the vorticity axis alignmentof S,;. However, as in birefringence studies, we do require
S,-, and so we were unable to draw conclusions regarding somewhat arbitrary scaling constant, similar to the stress-
the biaxiality of the deformation, and, in particular, the ratio optical coefficient. Our approach relies on a measurement of

of second to first normal stress differences, the orientation of bond vectors through the strength of the
electric quadrupole interaction experienced by deuterons

& _ Syv~Szz ?) present on a small probe molecule which rapidly samples the

¥, Syx—Svv :y=0. mean alignment of the host polymer. The strength of this

interaction depends in a very simple manner upon the rela-

Second, we made no measurement of the off-diagonal eleive orientation of the electric field gradient axighe bond
ment of the deformation tensoByy, which is responsible axis) and the polarizing magnetic field used to produce the
for the shear stress. Third, we did not achieve the shear ratauclear Zeeman effect. Because of the use of an indirect
needed to deform the polymer sufficiently strongle., with  probe, the measurement of alignment is not absolute; hence
sufficiently high Deborah numbgthat near-complete align- the need for the scaling constant. However, the relative val-
ment of the polymer along the velocity axis could be in-ues of the quadrupole interaction strength precisely follow
duced. In the present study we extend our work to cover althe defined tensor elements, given appropriate alignment of
these aspects, and in doing so present a comprehensive NMRe magnetic field with respect to the hydrodynamic axes
study of polymer melt deformation at fixed molar mass.  being investigated. Consequently, we are able to make an

The physical significance of the alignment tensor is that itaccurate quantitative test of microscopic models, such as the
is responsible for determining both optical and mechanicaDoi-Edwards theory and its several variants.
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z _ 0 is the angle between the field gradient axis and the polar-
bydrodynamic frame (X.¥.2) izing magnetic field, andP,(cos#) is the second rank Leg-

B endre polynomial11]. Of course,d corresponds to the angle
velocity X ° that the local C-D bond in the benzene subtends with the
gradient ¥ magnetic field. This rapidly fluctuates as the probe molecule
B X tumbles and migrates in rotational and translational Brown-

ian motion. Suppose that the tangent vector to a local poly-
mer segment is oriented at angtdo the magnetic field. This
axis effectively defines the director of a local “nematic”
environment. The probe molecule, which has a fluctuating
orientation @, ,®,) with respect to this director, thus exhib-
its a scaled down quadrupole splitting associated with that
ll D TTT local site via a “pseudonematic” interaction, exactly akin to
the local anisotropic steric interactions experienced by small
probe molecules placed in a nematic liquid cry§@&[10].
The average valuB,(cosé,) therefore defines a local order
parameter that scales the quadrupole interaction strength.

1

molecular frame (1,2,3)

= Thus the quadrupole splitting may be written
ic di | in whi 3eV, Q)
FIG. 1. Schematic diagram of a horizontal Couette cell in which S P,(cosd,)S, 3)
.. - . .o 2 @ Z
the vorticity axis is aligned normal to the magnetic field. The mo- 2 h

lecular and hydrodynamic frames are shown for a region of the fluid 1L 1 . .
in which the angle between the local velocity direction and theWhereSZZ_L Jod(ux(S)U,(s) —3), and is identically the

magnetic field is given byb. The angle between the principal axis €NSemble average &f,(cosa).

of the molecula(1,2,3 frame and the velocity axiX is the extinc- When considering the deformation of a polymer under
tion angley. shear, the alignment tens8y,; is naturally defined in a hy-
drodynamic reference frame whose axes are given by the
THEORY velocity (X), velocity gradient(Y), and vorticity (Z) direc-

tions. However, the deformation of the polymer can also be

described in a principal molecular axis frani&,2,3 in
The details of our NMR method have been given elsewhich the alignment tensor is diagonal and given by

where[4,7]. It utilizes the electric quadrupole interaction ex-

Measurement of segmental alignment by NMR

perienced by a deuterium nucleus hosted by a hydrogen atom Su 00
in an anisotropic electronic environment. In our case we use Sprincipa=| 0 S22 0 |, (4)
the deuteron in perdeuteriobenzengdg). This probe mol- 0 0 Sy

ecule is introduced to the polymer melt at low concentration

(~10% w/w), and, because of local steric effects, is sensitivewhereS;;+ S,,+ S;33=0. The 3 axis of the molecule is des-
to local polymer segment orientatip8—210]. Thus the probe ignated to be coincident with the vorticity axZs One model
inherits some of the orientation present in the polymer wherthat is able to give a quantitative description $fis the
the matrix material is aligned in deformational fl¢®]. Be-  Doi-Edwards theory1,2]. In this theory, the deformation of
cause the probe molecule diffuses rapidly, it samples athe molecule is biaxial, i.e.$,,# Sz3. By contrast, in the
ensemble-averaged order according to @g. This averag- case of a uniaxial deformatioi®,,= S33= — S;4/2. The ori-
ing is performed over a characteristic diffusion length deterentation of the(1,2,3 frame with respect to the hydrody-
mined by the benzene diffusion coefficient and the time scal@eamic frame is described by a rotation about the 3 axis by
associated with the quadrupole interaction strengtffew  the so-called “extinction angle’y, as shown in Fig. 1. Thus
tens of hertz This distance, at several micrometers, is muchthe alignment tensd,; in the hydrodynamic frame is given
larger than the molecular scale, so that the ensemble averagg

of segmental alignment is indeed performed over a large

number of polymer molecules. Sxx Sxy 0 cosy —siny O
In NMR experiments the reference axis for orientation is Sxy Syy O |=| siny cosy O

provided by the direction of the main polarizing magnetic 0 0 S 0 0 0

field. Because the nuclear magnetic dip@eeman interac- zz

tions with this field are overwhelmingly dominant, they de- S; 0 O

fine the spin quantization axig along which the electric «| 0 s, 0

guadrupole interaction is projected as a first order perturba-
tion [11]. 0 0 Sz

The effect of the electric quadrupole interaction is to split
the deuterium resonance into a doublet separated in fre-
quency by €eV,,Q/h)P,(cos6), whereV,, is the electric x| —sinxy cosx 0]. (5
field gradient strength is the nuclear quadrupole moment, 0 0 0

cosy siny O
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From Eqg. (5), it may be easily shown thaty (iii) Slow disengagement dynamics which determine the
=3 tan {25 /(Sxx—Syy) - longest relaxation timery, the time for chain reptation to

In order to relate elements of the hydrodynamic framedefine a new tube. The tube disengagement time scales ap-
tensorS,; to those measured through the NMR quadrupoleproximately as the cube of the molecular weight. In general,
interaction experiment, it is necessary to transform into thery> 7 for long polymer chains.

frame of the magnetic field, i.e., Under equilibrium conditions entangled polymer solu-
tions and melts are isotropic. Under shear the polymer mol-
Sxx Sxy O ecule deforms. The degree of deformation is determined by
R(®,®)[ Sxy Syv 0 |RYO,d), 6) the competmon that arises betweeq the'lnterna.I Brg\ivman
dynamics and the external deformation rateFor y<7g
0 0 Sz (corresponding to the experiments performed héhne rel-

evant Brownian dynamics correspond to tube disengagement
and the relevant dimensionless parameter is the Deborah
defines the orientations of andY in the plane normal t&@. number De=y7q. In this regime, while the average a!lgn-
. ) ent of tube segments may change, the tube remains un-

In the NMR experiments described here, two types Ofmretched
measurement are possible. In the first, we use a Couette cgﬁ ' S

. ST . . For De<1 the polymer conformation is weakly perturbed.
with the vorticity direction oriented alonB,, whose direc- . . . . :
: : . The resulting?H NMR spectrum will contain a single isotro-
tion we assign the coordinate Thus we are able measure _. . .
S,, directly. In the second, the vorticity axis is oriented pic line. For D.e on t_he (_)rd_er O.f or greater than unity there

Z j ’ results an anisotropic distribution of segment orientations,

transverse to the field and we measure a projection aigng : : :
) ) ) . manifested in the NMR spectrum as a dipolar or quadrupolar
in the X-¥ (velocity—velocity gradientplane. We are able to broadening of the line or a splitting into two lines. This split-

choose the orientatio® of the velocity axis with respect to . . : :
By by means of a selective excitation method in which deu-tIng provides not only a signature of anisotropy, but also a

teron NMR spectra are observed from a predetermined ardgreCt measure of elements of the segmental alignment ten-
within the Couette cel[12]. Consequently, the-projected :

" S (® d in the NMR ! ti The nonthermal reorientational motions of the chain seg-
alignmentS, (D) measured in the EXpenment IS 1~ \hents driven by the applied macroscopic velocity field are
lated to the hydrodynamic frame elements by

accounted for in the expression for the stress tef@pr

where the polar angl® defines the direction of the vorticity
axis Z relative to the magnetic fiel,, and the angleb

S,(®)=SyxcoS & —2S,y sin® cos® + S,y sirt d. c 3K.TL (L
B

@) Tup =N NG fo dS(Ua($,0U5(S,0) = §8,). (9)

Equation(7) illustrates how the elemen&y, Syv, andSxy

may each be measured, the first two by seting0 and#/2  In consequence, the expression for the stress tensor is closely

respectively, and the last by settidg= 7/4 and noting related to the alignment tensor. Indeed, in the Doi-Edwards
formulation, o, 4(t) is directly proportional té5,4(s,t), av-
Sxy=0.9S,40)+ S, 7/2)]— S, wl4). (8)  eraged over the polymer segmefts). (1)]. For steady shear

o o flow it is therefore sufficient to find an expression for the
We further note that when the deformation is uniaxial &)  (shear-rate-dependergegmental alignment tensor in order
may be used to show th&, (P) reduces to the Legendre {5 eyaluate the response functions such as shear stress, nor-
polynomial P,(cos—x)). Deviations of the angular varia- mg| stresses, and viscosity.
tion from this form provide one measure of biaxiality. The ensemble-averaged segmental alignment depends en-

The model of Doi and Edwards describes the many engjrely on the history of the deformation and of the relaxation,
tanglements of a flexible polymer chain with its neighborspptained as an integral over past time:

[1], incorporating de Gennes’ idea of reptatidi8]. In this
model, polymer chains undergo a spectrum of relaxational t
translational motions largely directed along a tube defined by Sup(t)= f dt’
constraining entanglements with the neighboring chains. The o
dynamics can be roughly grouped as follows.

y(i) Rapid motions v?/itr?lt?me Eonstang corresponding to Whereg//(t) is the usual Doi-Edwards relaxation function for
equilibration dynamics reflecting the crossover from a chairfuP€ disengagement,
in free space to one that experiences the tube of constraints
from neighboring chains. Dynamics faster thanare sh.ort (1) = E %exp(—pztlrd). (12)
length scale, fast motions parametrized dyan effective p odd P° 7
radius of the tube.

(ii) Intermediate motions, characterized by the Rouse tim& .z describes the distribution of segment orientations as a
mr, for translational diffusion along the curvilinear tube function of the deformation gradient history tensor
path. Rouse mode fluctuations take place as the deform&i(t,t’),Qg’g) being evaluated using the independent align-
chain retracts along the tube, restoring the tube’s contoument (IA) approximation for the tube orientation distribu-
length. tion. This approximation is employed in the model to sim-

1%
— —t! (1A) ’
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a) tions forS,; under steady shear. Note ti&; is traceless so
g 08 ‘ ‘ ‘ - ; ; ‘ that Sxx, Syv, andSzz sum to zero for all values of De.
o Consequences of the Doi-Edwards model are iliat
0.6} . Syy#Szz, in other wordsoyv# oz7; the deformation in
Syx steady shear is biaxial; artd) with increasing shear rate, the
04l ] shear stresSyy increases; beyondry~1, Syy begins to

decrease slowly toward zero. The biaxial nature of the nor-
mal stresses is well known. However, prediction 2 is not

-2 Sxv generally observed experimentally. In melts and concen-
trated solutions the shear stress tends to reach a plateau
0 above De-1 and does not approach zero. Thus the bare
Doi-Edwards model underpredicts the shear stress for De
02} Sz i >1. This has a significant consequence for the extinction
S, angle x. Figure Zb) shows the calculated shear rate depen-
0.4 - s . s : : : dence of the extinction angle in the Doi-Edwards model.
0 5 10 15 20 25 30 35 40

As % increasesy decreases from its initial value of 45° to an

YT, - e .
asymptotic value near zero, indicating that the polymer is
b) oriented alongX for De>1. Note that the extinction angle,
deg) 50 which is measured directly in birefringence studies, can also
(deg) be expressed in terms of the stress via the stress-optical law

as x= stan ([ 2oxy/(oxx—vy)])-

40

The independent alignment approximation

300 The IA approximation involves a decoupling of the aver-
age over the isotropic distribution of unit vectardthe av-
erage being indicated by --)y), in the following[9]:

20

(E-u)o(E-u)g 1 1
Qup(E)= < — 304
10} b |E-ul 0 (|E-ul)g 377
(E-u)(E-u)g 1
0 : : : : : - : ) S\TTEWE 3 Oap
0 5 10 15 2'0 25 30 35 40 | 'U| 0
YT
‘ =Q.3(E). (13

FIG. 2. (a) Elements of the alignment tens8},, in terms of . . . L
the reduced shear raterq, as calculated from the Doi-Edwards gﬁg(ﬁlfg]h Stgren:irrfrrg:/tg;?gﬁf i(i' 'lrr:eﬂrfo(ljél Zpr%rgg;mba“;co;z_
theory. (b) Extinction angley, in terms of the reduced shear rate i P ° by
Y74, as calculated from the Doi-Edwards theory. ing th|§ step{l_S,lE‘ﬂ. W(_e have recal_culated t_he Doi-Edwards

predictions without using IA, that is, by using the left hand

plify the way the averaging over the solid angle is carriedSid€ in Ed.(13). The independent alignment approximation

out. and will be discussed further below. is removed by performing the sum over the solid angle sepa-
The stress tensor is written rately for (E-u),(E-u)sz/|E-ul and 1/E-u|, to arrive at
Q.s(E). Figures 8a) and 3b) show these latter calculations
0 4p5(1) =GeSyp(1), (12)  as solid curves. The difference without IA is mainly in the

enhancement ddxx andS;,, and a more pronounced maxi-
where G,=3kgTch?*a? is the relaxation modulus, which mum in the shear stress around-Be Because the magni-
depends on material propertids,being the statistical seg- tudes of the normal stresses are changed with 1A removed,
ment length and the number of segments per volume. Ther-the limiting behavior of the ratio of second to first normal
modynamic dependence is explicit @, and is implicit in  stress difference as the strain goes to Z&w. (2)] becomes
the thermal modes of relaxation that contribute/{@). The  —2 versus—32 for the Doi-Edwards model with the indepen-
above expression far,; [EQ. (12)] and an appropriate prob- dent alignment approximatiof2]. In what follows we shall
ability function ¢(t) together form the constitutive equation refer to the model with the IA approximation as the bare
for concentrated solutions and melts. Doi-Edwards model and that without the IA approximation

as Doi-Edwardg—IA).

Predictions of the Doi-Edwards model

The solution forS, ;4 in Eq. (10) has been evaluated using Modified De: Convected constraint release

the standard reptation expression f6ft) as given in Eqg. While the Doi-Edwards theory works well in a number of
(11). Figure 2Za) shows the independent alignment predic-respects, there remain some problems. These include the un-
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a) the time scale of the flow. The constraints thus become re-
0.8 , , , , . , , leased, providing an additional relaxation mechanism avail-
Sﬂﬁ —— Doi Edwards (-IA) able to the chain.
0l = = bare Doi-Edwards e g CCR is incorporated into the Doi-Edwards model by as-
’ T S, suming that the thermal and convective relaxation processes
ofias act in parallel, following Ref[22], Eq.(12). In Egs.(10) and
04 gt ] (3) above and for shear rafein the plane(X, V), the relax-
/I ation timesr are replaced withrocg where[22]
T — So 101
0 Toor 7 +¥(UxUy). (14
-0.21 ~~~“-~.. Szz 1 . . . . .
------------------------ y{uxuy) is the rate of relative, convected motion of neigh-
Sw ‘ . . ) ) ) boring chains. (uyxuy) is simply Sxy, which we already
04 s 1 15 20 25 30 3 4 calculate in the Doi-Edwards model. In slow flows whére
b 1T <1/74 the convective term can be neglected angg= 7.
) The stress tensor is then the same as that obtained using the
y(deg) 07 unmodified Doi-Edwards theory. Whefeis comparable to

—— Doi-Edwards (-1A)
— = - bare Doi-Edwards

1/74 the convective term is significant and the Doi-Edwards
curves are modified. At high shear ratgsdominates, i.e.,
Teer™ 1/ySyy, and the relaxation rate becomes independent
of even the longest relaxation time. In what follows we
shall refer to the model with CCR maodification as Doi-
Edwards(+CCR).

The incorporation of CCR is subtle, and we here elaborate
on its implementation. In our numerical evaluation, the re-
duced shear ratéy is stepped through a series of values
and the elements &, are calculated for each value. Time
dependence appears in batt—t') andQ,4E, in the inte-
gral Eq. (10). dy(t—t')/at" is calculated using the first
0 . . : . : . : : five terms in the expansion, with the first tefgorrespond-
ing to slowest dynamigsdominant; and the integral is per-
formed over a ranger=(t—t’) from 74/5 to 10ry. The

FIG. 3. (a) Elements of the alignment tensBf;,07,4, in terms  alignment tensoQ,; also depends on history, throudh
of the reduced shear ratery, calculated from the Doi-Edwards and for each value oj 4 the strain history is evaluated over
theory without the independent alignment approximation-). As  these same times, with the velocity gradiéntonstant for
a comparison the bare the Doi-Edwards the6ry-) is shown as  each step. In CCR the relaxation times are shortened depend-

well. (b) Extinction angley, in terms of the reduced shear rate;,  ing on % and on the currer, orientation state, according
as calculated from the Doi-Edwards theory without the independenfy Eq. (14). 7 is changed torecg in both ¢ and Q.z, and
alignment approximatiof—). for each value ofyrq a new spectrum of relaxation times

Tcer 1S calculated usingsyy from the previous step, with
derestimation of the shear stress and the orientation angle Syy=0 chosen for the first step. The multiexponential func-
in the nonlinear regime (Bel), and the failure to correctly tion ¢(t—t") thus describes both thermal and convective
predict the ratio of second to first normal stress difference irrelaxation. We note thaty remains implicit in the model and
shear[14—-18. Several sophisticated modifications to the may be estimated from fitting the alignment tensor data.
model have been suggested so as to achieve a more completeThe alignment tensor elements calculated using the CCR
theory. These include allowance for contour length fluctua-modification are plotted in Fig.(d) as solid lines. Again, the
tions[19,20, convected constraint releag®l,22), and non-  bare Doi-Edwards curves are shown as dashed lines for com-
affine tube deformatiofl8]. We choose to incorporate the parison. The most striking consequence of the Doi-Edwards
convected constraint release modification first suggested by CCR) model is that above/~ 1/74 the shear stress does
Marrucci[21], because the effects it accounts for are impor-not go to zero and instead heads toward a nonzero plateau.
tant in the range <y<1/7g covered by our melt experi- The calculated extinction angleis plotted in Fig. 4b). In
ments. the CCR extension to the model the deformed polymer ap-

The basic idea underlying convected constraint releasproaches an alignment o6f10° to the velocity direction at
(CCR) is that constraints to thermal motion, which arise high shear. This is dramatically different from the asymptotic
from topological interactions with similar chains, are re-zero-degree alignment for the bare Doi-Edwards model, and
moved through nonthermal relative motion of the chainsis much more in agreement wighobserved in birefringence
The entanglements are themselves being convected away p16] and in the NMR experiments reported here.
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op — Doi-Edwards (-IA+CCR)
— — bare Doi-Edwards
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0 5 10 15 2.0 25 30 35 40
VT4
x(deg) St

Doi-Edwards (-IA+CCR)

— — - bare Doi-Edwards

FIG. 4. (a) Elements of the alignment tensBy;,0,4, in terms
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FIG. 5. Comparative flow curves for 670 kD PDMS melt at
21 °C, with(open and closed squajesd without(open and closed
circles 10% perdeuteriobenzene added.

deuterated benzendépollo Scientific Limited, Derbyshire,
U.K.) was dissolved in the sample. In order to test that the
rheological properties were not significantly modified by this
procedure, we made measurements of flow curves before and
after addition of the deuterated benzene. The curves were
obtained using a Rheometrics RS500 cone and plate cell and
operating under controlled stress conditions at relatively low
Deborah number in order to avoid loss of sample due to
normal stress effects. The data, shown in Fig. 5, suggest that
the rheological properties of the pure melt and the melt with
10% benzene are practically indistinguishable.

The rheo-NMR measurements were carried out on a
Bruker AMX300 spectrometer at a deuteron frequency of
46.072 MHz, using specially constructed shear cells. Figures
6(a) and Gb) show the rheo-NMR devices used in the ex-

of the reduced shear ratgry, calculated from the Doi-Edwards periment. Figure @) comprises a horizontal Couette cell

theory without the independent alignment approximation but incor-
porating convected constraint release—). As a comparison the
bare Doi-Edwards theory----) is shown as well.(b) Extinction
angley, in terms of the reduced shear rate,, as calculated from
the Doi-Edwards theory without the independent alignment ap-
proximation but incorporating convected constraint relgase-).

The physical explanation for shear stress recovery unde
CCR beyond De 1 has been pointed out by Marrucci and
lanniruberto[17]. Without CCR, for De-1 the tubes be-
come aligned along the shear direction faster than they cai
reform, an individual chain feels less traction from neighbor-
ing chains, and the shear stress decreases toward zero. Tl
reptation relaxation mechanism is “frozen out” at high shear
rates, while the convective relaxation, being proportional to
v, does not saturate. Tubes are convected away, full align
ment is suppressed, and the shear stress remains high.

EXPERIMENT

The polymer sample studied in this work is high molecu-
lar weight M,,=670kD) polydimethylsiloxang¢ (PDMS),

gradient Eoils

motor B,
drive
sample
Al
i=
-
......... - .
""""" rf coils m
-
outer glass Q!jJ
cylinder =~/

rf coils

rubber o-ring

teflon insert

a) b)

motor
drive

inner cylinder

o-ring

FIG. 6. Schematic diagram d8) the horizontal Couette cell,

and(b) the vertical Couette cell used in this work. A vertical shaft

M,,/M,=1.84, obtained from American Polymer Standardsrunning down the bore of the magnet connects to the gear mecha-

Corporation (Cincinnati, Ohig. Approximately 10% w/w
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made of a machinable glagslacon with an inner cylinder copy sequence given in Reff4], [12] and yield direct,
of outer diameter 5 mm and a glass outer cylinder of innescaled measurement of the segmental alignment tensor ele-
diameter 6 mm. The polgimethylsiloxang is enclosed in  mentSyy. In addition, data were obtained for the region of
the 0.5 mm gap between these cylinders. Figul® 6om-  the Couette cell in which the velocity gradient directign
prises a vertical Couette cell made entirely of PE€ly-  was parallel to the magnetic field, givir§yy and, at a se-
ether ether ketonewith similar dimensions to the horizontal lective 45° angle, givingSxy. Similar measurements were
cell mentioned above. Surrounding the horizontal cell is a ridone for the vorticity directior, in which the cell is re-
solenoid coil and surrounding the vertical cell is a rf saddlealigned with the vorticity axis coincident with thg, field,
coil, both tuned for deuteriun?d). The rheo-NMR appara- giving S5 .
tus is secured to a probe and a set of gradient coils is en- Figure 1@a) shows the dependence of these splittings as a
closed around the cell itself, which is then inserted into afunction of shear rate along with the corresponding bare Doi-
7.05 T superconducting magnet such that the vorticity axis i€dwards alignment tensor curves plotted on the same graph.
transverse to the polarizing field in the horizontal cell andThe effective quadrupole interaction strength is scaled to
oriented alongB, in the vertical cell. The inner cylinder of match the absolute alignment and the tube disengagement
each cell is rotated by a drive shaft running down the bore ofime is adjusted to match the reduced shear rates Pe;.
the magnet with a stepper motor mounted above. The driv&he fit to the curves is quite good &8y, Syy, andS;, and
shaft is in turn connected to a gear mechanism above thgelds a value of 210 ms fory. However, a discrepancy in
cell, which rotates the inner cylinder at a specified frequencythe fit is seen for th&y data, which reach a plateau and do
NMR microimaging methods were used both to view thenot go to zero. The observed plateau behavior is in accor-
velocity distribution across the gap and to selectively excitejance with the many observations of shear stegssversus
specific regions of the sample space for spectroscopic analghear rat¢23—26. Figure 1@b) shows the same experimen-
sis. In particular, this selection allows us to choose a regiofia| set of splittingsAv as a function of shear rate, but now
of sample in the horizontal Couette cell that corresponds to ith convected constraint release incorporated and the inde-
specific alignment of the local velocif)) axis with respect pendent alignment approximation removed from the model.
to the magnetic field, as shown in Fig. 1. The selective exyyith this Doi-Edwardg —IA + CCR) theory, the fit toSyy is
citation pulse sequence has been specially devised in order fauch improved; instead of passing through a maximum and
minimize exposure of selected nuclear spins to relaxationthen decreasing rapidly toward zero, one now finds a much
The technique employs a selective precursor pulse sandwidlower decrease with increasing shear rate. The fit to the
that destroys magnetization outside the desired region, biglurve is quite good foSyy, Syy, andS,,, except for the
stores the wanted magnetization along thexis for later jnitial part of Syy. A consistent plateau region is not seen for
recall. Details of both the velocimetry and selective excitathe S, fit, but rather a gradual decrease in the curve at
tion methods can be found elsewhd®4,7). In order to  higher shear rates. CCR offers a significant improvement
confirm that the correct region of sample is chosen, an impyer the bare Doi-Edward®E) model. Note that the fitted
aging pulse module can be applied following spatial selecyajye for 4 is now different from that given by the bare DE
tion. Figure 7 shows three examples in which the selecteghodel, and is equal to 100 ms.
region has the velocity axis coincident with, at 45° to, and The relationship expressed in E(7) can be directly
normal to the polarizind3, field, corresponding to angles tested by measuring the projected tensor elerSeyitb) for
®=0°, 45°, and 90° in Eq(7). Following confirmation via different angles of selective excitation in th plane. Such
such images, NMR spectroscopy was performed using thgngular dependence experiments have been carried out at
identical selection precursor. The shear rates were detefyq fixed shear rates: at Bel where nonlinear viscoelastic
mined from the known rotation speed of the inner cylinderpehavior is first expected to become important, and at
and validated by velocity microimaging as shown in Fig. 8. pe=15, well into the plateau region of fully nonlinear vis-
The spectroscopic sequence consists of a Hahgpelastic behavior. Figure (4 shows the angular depen-
(90,-t;/2-180,-t;/2-acquirg echo and is used in our spec- dence of the splitting at Del along with the corresponding
troscopy measurements in order to ensure that all unwantedoj-Edwards curve calculated using E@). The agreement
Zeeman interactions arising from susceptibility inhomogeneis quite good. From the results in Fig(k?, the extinction
ity are refocused and the undisturbed weak quadrupolar premgle y is predicted to be 27° at this particular Deborah
cession is not. Thus any change in the spectrum is due efumber. Also plotted in Fig. X&) is the theoretical curve
tirely to quadrupolar interaction, allowing us to resolve andp, cos¢b-y) that might be expected if the polymer deforma-
measure quadrupole splittings of a few hertz. The quadrupolgon were axially symmetric. While the anglecan be freely
spectrum is obtained by Fourier transformation of the ech@djusted in this fit to give a reasonable representation of the

amplitude with respect to the evolution dimensign positions of maxima and minima, the value of the splitting at
the minimum is substantially underestimated. In this respect
RESULTS AND DISCUSSION the biaxial character of the deformation as predicted by the

DE model gives a far better representation. Thus, the angular
Figure 9 shows a series & spectra acquired for a range dependence data of Fig. (5l provide independent confor-
of shear rates in the region of the Couette cell in which themation of the biaxial nature of the deformation, and clear
velocity axis X is aligned with the magnetic fiel8,. The  support for the Doi-Edwards model.
spectra were obtained using the two-dimensional spectros- Figure 11b) shows the angular dependence data at a
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FIG. 8. NMR velocity image obtained in the horizontal Couette
cell along with a profile taken across the gap. The wall velocity in
this example is calculated to be around 1.2 mm/s, so that no slip is
apparent in this measurement.

higher shear raté7q= 15, with the correspondingunmodi-

fied) DE curve, and the CCR-modified DE curve plotted on
the same graph. At these much higher Deborah numbers, the
measurements @&, ,(P) reveal more subtle discrepancies in
the models. For example, the data do not agree very well
with the bare Doi-Edwards model for this high shear rate.
This is hardly surprising, given that the discrepancy between
the observed shear stress and that predicted by the unmodi-
fied Doi-Edwards model is much larger in the plateau region
De> 1. Because of the sensitivity afto Syy it is inevitable

that the value ofy predicted by the Doi-Edwards model will

be in poor agreement with the apparent extinction angle
found in the angular dependence study. Indegeth the un-
modified DE model is predicted to be around 6° whereas the
maximum in Fig. 11b) indicates y~20°. This is much
closer to the alignment angle of 14° predicted by the CCR-
modified model, and the curve based on this latter model
certainly gives a better depiction of the data.

Also shown in Fig. 1lb) is a fit to the data by
P, cos(-y). While the value ofy can be adjusted to provide
a reasonable fit, the discrepancy that remains in the value of
the splitting at the minimum provides further confirmation of
the biaxial character of the deformation.

Finally, in Fig. 12, we show the measured ratio of the
second to the first normal stress difference, as given in Eq.
(2). In most direct measurements of the normal stresses in

FIG. 7. NMR images obtained following the selective storageSt€@dy shear flows of entangled polymers, the ratip.of/,
pulse sequence used to localize a part of the fluid in the horizontdf found to lie betweer-0.1 and—0.3, this ratio being rela-
Couette cell. This same sequence is used for localized NMR spedively independent of shear rate. Our results suggest a ratio
troscopy. Examples shown are for regions corresponding to anglef around—0.14 which is constant at low Deborah numbers,
=0, 45°, and 90°. but is substantially reduced above @ We note that some
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-100 Hz 0 100 Hz FIG. 10. (a) Deuterium quadrupole splittingv as a function of
f1 —> shear rate obtained from the spectra shown in Fig. 9. Localized

) ) ) _ spectroscopy experiments were done in selected regions of the hori-
FIG. 9. “H spectra obtained for a series of shear rates by Fourieponial Couette cell in which the velocity directidrolid circles

transforming the signal evolution in the domain. The spectra are 54 gradient directiortsolid squaresare parallel to the magnetic
plotted as signal amplitude versus frequency in hertz. The splittingja|q and at a 45° angle, givinByy, Syy, andSyy (open circle
arises from the electric quadrupole interaction withBefield and  regpectively. Similar measurements were done in the vertical Cou-
is a measure of orientation in the polymer under deformation. ette cell in which the vorticity axis is parallel to ti field (open
squares giving S;z. The best compromise Doi-Edwards fit corre-
other authors have also reported this shear thinning phenorsponds to ary of 210 ms.(b) The same segmental alignment tensor
enon in both mechanical and birefringence measurementiata as shown iffa), but with the best fit for the Doi-Edwards fit
[27-30. The reasons for the discrepancies between the variwith CCR incorporated and IA removed. This improved fit gives
ous measurements are unclear, and may be due to the differs= 100 ms.
ing roles of polydispersity or elastic instabilities under steady

flow. However, we do attach some weight to the value of thecessful at capturing the behavior of the diagonal elements of
ratio ¢,/ in the low Deborah number plateau. Our obser-the alignment tensor obtained by our NMR method, over the
vation of /41~ —1/7 is in excellent agreement with the entire nonlinear range in this melt. At Bel (y<10) the
predictions of the Doi-Edwards model without IA, with or predictions of the CCR-modified model fall slightly below
without convected constraint release. the data for all three dByy, Syy, andS,. Itis important to
note that CCR modification also greatly improves the agree-
ment of the model with the shear stress data, whereas the
bare DE model fails to correctly predict the shear stress pla-
The Doi-Edwards model, modified to incorporate the con-teau. The key feature in these experiments is the determina-
vected constraint release mechanism and with the indepetion of the complete segmental alignment tensor for this
dent alignment approximation removed, is remarkably sucmelt, over a wide shear range extending to~O&®. This

CONCLUSION
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@ (degrees) as given in Eq.(2) but calculated from the alignment tensor ele-

b) mentsSyx, Syy, andS;,. Note the reduction about Be3.

80 - T .

Doi-Edwards (-IA+CCR) probably still holds, and the success of the CCR extension to
60 bare Doi-Edwards 7 /% the DE model in modeling the NMR data is most likely

because the effects of chain stretching are not apparent here.
Contour length fluctuations would become important under
yet faster flows, or in melts of higher molar mass at these

P, cos(D - )

E values ofy, and in this case the model would require further

Z o} , modification to account for these effects.

% Access to the complete alignment tensor has also pro-
-20f T vided a measure of the normal stress differences, and the
40 results presented here display a limiting zero-shear value of

—0.14 for the ratio of second to first normal stress difference.
-60 . . . . . . . . This is in excellent agreement with the exact result for the
0 20 40 60 80 100 120 140 160 180  DE model with IA removed2].
We have shown here that nuclear magnetic resonance
)] (degrees) methods based on a combination of deuteron quadrupole in-
teraction spectroscopy and selective excitation and microim-
FIG. 11. (a) Quadrupole splittings\v obtained from localized aging using specially tailored magnetic field gradient pulses
spectroscopy experiments using selected regions of the horizontglye the potential to significantly enhance experimental in-
Couette cell, versus orientation angle and at a fixed Deborah - gigpt regarding molecular deformation under inhomogeneous
number ofyry=1. The velocity axis is aligned witB, at 0° and 4 The present application concerning molecular deforma-
the gradient axis is aligned witB, at 90°. The dashed line corre- tion in entangled polymer melts will be extended to encom-

sponds to the predlcthns of the D0|-Edwards_mo_del with the angubass molar mass effects. However, the method is not con-
lar dependence as given by E(). The solid line shows the

P, costb— y) angular dependence wighadjusted to 27°. Note that fined to polymer melts, nor to the study of deformation in

this latter angular dependence fails to represent the biaxial nature (Sjofuette flow.l'l;lhe NMR technlquehr?ayhbe appllid o '\/%rllous
the deformation(b) As for (a) but with angular dependence mea- eformational flow geometries, while the use of an indirect

surement at a fixed Deborah numberaf,= 15. At this high shear probe molecule makes it possible to study alignment effects

rate, the Doi-Edwards model predictidn — —) does not match N @ wide range of complex fluids.
the data well, and does not predict the correct extinction aggle
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