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velocity map

O C

C
H

H-O-CH2-CH3

1H   NMR spectrum of ethanol

frequency shift

Hi = −γB0 Ii z − γδB0Iiz − JIi .Ii − Ii .Q.Ii − I j .D.Ii
j

∑

ithspin Hamiltonian

chemical shift
(electron shielding)

a few ppm ~kHz

Zeeman interaction 
with polarizing field

~100s MHz

scalar spin-spin coupling
(electron mediated)

~10 Hz

Molecular structure
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Molecular organisation
and dynamics

Hi = −γB0 Ii z − γδB0Iiz − JIi .Ii − Ii .Q.Ii − I j .D.Ii
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gradient
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Molecular organisation
and dynamics

Hi = −γB0 Ii z − γδB0Iiz − JIi .Ii − Ii .Q.Ii − I j .D.Ii
j

∑

ithspin Hamiltonian

quadrupole 
interaction

(I>1/2)
(efg from 

electron orbital)
~Hz to 100 kHz

1H

Spin interactions and orientation

B0

through space
direct (dipolar)

spin-spin coupling

r

dipolar coupling and
quadrupolar  coupling

deuteron
(quadrupole moment)

electric field
gradient

B0

θ

θ

(cos2θ−1)2
3~

2H

orientation
dependence
P2(cosθ) inter-nuclear 

dipolar interaction
~Hz to 100 kHz

<P2>     => order parameters
P2(cosθ(t)) => relaxation, molecular dynamics
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HQ <<Hmagnetic

  hence                HQ=I.V   .IB0

projected into
 magnetic frame

electric field gradient

C

D

Electric quadrupoleinteractions 
and  molecular orientation

∆ω

I=1  deuteron

∆ω ~ VzzP2(cos θ)
for uniaxial efg tensor

R R' R'=λ
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λ  
�

deformation tensor

B0

z

y

x L L0

stretch  λz = λ = L/L0

λxλyλz= 1

volume conserving

Deformed elastomers
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Deuterated probe molecule in deformed elastomer
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Deuterated probe molecule in deformed elastomer
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B0 B0

R R'

θ'θ

deuteron quadrupole splitting

∆ω = ω0       P2(cosθ)
R2

R
0
2

deuteron quadrupole splitting

∆ω = ω0       P2(cosθ')
R'2

R
0
2

Phantom gaussian chain, affine deformation model

Biaxial deformation

1

1
1

λ

λ−1

confining
walls

1

Uniaxial deformation

1

1
1

λ

λ−1/2

λ−1/2



NMR Measurements of Orientation in Flowing Entangled Polymers (ITP Complex Fluids 4/18/02)

Dr. Paul Callaghan, ITP & Victoria University of Wellington 12

λ

uniaxial deformation

~~

<ω>=ω0
1
3(

3
2c

2−
1
2) λ2−λ−1[ ]

principal axis
of deformation

Θ

c=cos Θ
s=sin Θ

angular and strain effects separable

bi-axial deformation

<ω>= ω0 −1
2(c

2+s2λ)2 +
1
2c2s2(λ−1)2−1

2λ−2+(s2+c2λ)2[ ]

angular and strain effects non-separable

Rotation w.r.t magnetic field

rotation about squeeze axis1
3

phantom gaussian chain, 
affine deformation model

polymer fluid swells 
as it leaves the die

linear entangled polymer melts 
deformation under shear

stirred polymer fluid 
climbs the rod
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Sαβ=<uαuβ-δαβ/3>

Sxx=<ux
2-1/3>

Sxy=<uxuy>

alignment tensor

x  (velocity)

z  (vorticity)

y  (shear-velocity gradient)

u

Sαβ=<uαuβ-δαβ/3>

Sxx=<ux
2-1/3>

Sxy=<uxuy>

alignment tensor

x  (velocity)

z  (vorticity)

y  (shear-velocity gradient)

u

stress/birefringence

Sαβ(t) = N0
-1 � dn<uα(n,t)uβ(n,t)-δαβ/3>

σαβ(t) =  GeSαβ(t)

Doi-Edwards (1978)σαβ = GeQαβ(γτd)
.

in steady state shear
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Doi-Edwards predictions for entangled polymer

gradient y
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hydrodynamic
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projection of elements

Sαβ=<uαuβ-δαβ/3>

Sxx=<ux
2-1/3>

Sxy=<uxuy>

alignment tensor

selecting the required alignment:

vorticity, or gradient/velocity along B0

0.5 mm gap

polymer in the gap

polydimethylsiloxane-650 kD
(~65 entanglements)

horizontal and vertical couettecells

B0
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Selective destruction- Spatially selective 2H spectroscopy 
in the evolution domain: d-benzene in sheared PDMS

0.5 mm gap

scan of complete cell

polymer in the gap

signal from 
chosen region

t

90x90-x

45-x45-x

G

rf B0

obtaining Sxx

0.5 mm gap

scan of complete cell

polymer in the gap

signal from 
chosen region

t

90x 180y90-x

45-x45-x

0 f1
200 Hz-200 Hz

G

rf

t1

t2
B0
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gradient y

velocity xB0

θ

B0

12

θ+χ

χ

Szeeman(θ) = Sxxcos2θ - 2Sxysinθ cosθ  + Syysin2θ

Sxy= (1/2)Szeeman(0)+(1/2)Szeeman(π/2) - Szeeman(π/4)

Sxx
Sxx

obtaining Sxy

B0

Kilfoil and C, Macromolecules 33, 6828 (2000).
Cormier, Kilfoil and C, Physical Review E 6405, 1809 (2001)
Cormier, and C, J Chem Phys (in press) (2002)

DE-with and without corrections
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Rheo-NMR: alignment tensor vsshear rate
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Rheo-NMR: alignment tensor vsshear rate
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zz
Syy

τd=100 ms0

D oi-Edw ards+convected constraintrelease

1

τCCR

=
1

τ
+ Ý γ uxuy

De= 1

S

representation of
bi-axiality?

better
representation of

shear stress

Cormier, Kilfoil and C, Physical Review E 6405, 1809 (2001)
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Angular dependence of quadrupole splitting

bi-axiality

shear ra

fixed De= 1

θ�

θ
�

χ� ~27o

Cormier, Kilfoil and C, Physical Review E 6405, 1809 (2001)

Angular dependence of quadrupole splitting

DE+CCR better than 
DE but still 

underpredicts χ�fixed De= 15

θ�χ� ~20o

Cormier, Kilfoil and C, Physical Review E 6405, 1809 (2001)

θ
�
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Molecular weight dependence

lower M

Molecular weight dependence

above 800 kD observe slip

slip causes strain rate plateau
for De>>1
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Molecular weight dependence

Molecular weight dependence
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Molecular weight dependence

using measured strain rates

τd~M3.5

Cormier, and C, J Chem Phys (in press) (2002)

Second normal stress difference

IA

no IA

Cormier, Kilfoil and C, Physical Review E 6405, 1809 (2001)



NMR Measurements of Orientation in Flowing Entangled Polymers (ITP Complex Fluids 4/18/02)

Dr. Paul Callaghan, ITP & Victoria University of Wellington 23

Steric hindrance in probe molecules: inherited order
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Transforming between reference frames

CH 3

S i

CH 3

O

C H
3

S i

C H
3

O

C H 3

S i

CH 3

O

C H
3

S i
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O
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S i
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3

O
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3

S i
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3

O

D D

D

DD

D

θ

φprobe molecule

free rotation

polymer chain
undergoing

rapid segmental
motions

D

D

D
D

D

D sterically hindered
rotation near

polymer chain

θ

φ

local director frame

Z’ ’
molecular frame

Z’

Z

Z’’’
matrix

or hydrodynamic
frame

magnetic
Field
frame

B0

P(Ωmol-dir)

P(Ωdir-mat)ΩBo
Z’’

Extensional flow in a four roll mill
selective excitation of stagnation region of extensional strain

velocity vy

Extensional flow in a four roll mill

B
0

ε.
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image after double orthogonal
selective storage

proton density image

Extensional flow in a four roll mill
selective excitation of stagnation region of extensional strain

velocity vy

Extensional flow in a four roll mill

B
0

ε
.

B
0

low strain rate high strain rate

PBLG

ε
.

n

Freederickz-like transition in extensional flow

competition between magnetic and extensional alignment

four roll mill

ε
. ε

.

director transition

|ε | > χaB02/(µ0|µ3+µ2|)
.

Leslie viscosities
magnetic

susceptibility
anisotropy

Transition in extensional flow
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