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Circular birefringence and dichroism due to shear stress:
optical measurement of non-Newtonian viscosity
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The semi-classical molecular theory is given of circular birefringence, dichroism and. laser ellipticity due to shear stress, the
angle of rotation being g;ven’in terms of the shear strain rate and non-Newtonian shear viscosity through a perturbation of the
imaginary part of the dynamic frequency dependent molecular polarisability. The_non-Newton_iah shear viscosity can be measured
spectroscopically in terms of the angle of rotation at a givenfrequency (for exampie a visible laser line ) for a given strain rate and

sample dimension. ’

1. Introduction

It is important to have available methods for the
experimental measurement of non-Newtonian vis-
cosities in ¢condensed matter, and this paper provides
a theory of circular birefringence and dichroism due
to shear stress, showing a theoretical relation be-
tween angle of rotation, for example, and non-New-
tonian viscosity for a given measuring frequency,
strain rate, and sample dimension.

A fluid is non-Newtonian if there is no longer a

simple linear relation between stress and strain ten- .

sors [ 1] and it is being realised that non-Newtonian
behaviour is prevalent, for example in sedimenta-
tion, levelling, lubrication, gel stability, viscoelastic-
ity, thixotropy, and dilatency. Non-equilibrium com-
puter simulation [2-5] has also revealed that simple
atomic ensembles exhibit a variety of non-Newion-
ian- behaviour, characterised by novel asymmetric
cross correlation functions at the fundamental mo-
lecular or atomic level. In general terms, applied shear
stress results in several distinct regimes of non-New-
tonian response. The material can show steady state
shear thinning and thickening as the applied shear

stress increases, and ultimately develop viscoelastic-

! I;resent address (1990/1991): Institute of Physical Chemis-
try, University of Zurich, Winterthurerstrasse 190, CH 8057
Zurich, Switzerland.

ity. A.similar range of behaviour is observed in amor-
phous solids and glasses, composites polymers, and
bio-materials. .

In this paper, a semi-classical molecular theory of
shear induced circular birefringence and dichroismis -
developed in terms. of the shear strain rate and non-
Newtonian viscosity, using a Voigt Born perturba-
tion by the applied shear stress of the imaginary part
of the dynamic molecular polarisability a 4. The lat-
ter is an asymmetric second rank polartensor (math-
ematically equivalent to a first rank axial vector)
which is negative to motion reversal 7 and positive
to parity inversion P. It is activated in the laboratory

‘frame by the T negative shear stress, analogously with

the activation of a5 by the T negative magnetic flux
density (B) of the Faraday effect (circular birefrin-
gence and dichroism due to B [6]). An equation i§
derived for the optical measurement of non-Newton-
ian shear viscosity, which can be applied to materials
using the rotation of the plane of polarisation of a vis-
ible probe laser for _é given strain rate and sample
dimension.

2. Symmetry

The shear stress tensor is related to the shear strain
rate tensor y, 4 through the non-Newtonian

0301-0104/9 1/$03.50© 1991 - Elsévier Science Publishenjs B.V. (Nonh-Holland')




194 M.W. Evans/Optical measurement of non-Newtonian viscosity

i

Sas=NFap)ap s (1)

where 17(7,4) is the scalar viscosity. The shear strain -

rate tensor is the second rank antisymmetric

. v, vy
Yap= Er_ﬁ— T A 2)

where v is velocity in the laboratory frame (X, Y, Z).
Thisis a T negative, P positive second rank polar ten-
sor, equivalent to the first rank axial vector 7, through
the Levi—Civita symbol €.,

)}azeaﬂy}}ﬂf - . (3)
The shear stress tensor can also be written as an axial
vector *

Sa=€up,Spy, (4)

so that the non-Newtonian relation between stress and
strain becomes

Sazn()}a))}a' S ‘ : (5)

In this form, both the stress and the strain are 7 neg-

ative, P positive axial vectors with the same Pand T

symmetries as magnetic flux density B. This is an im-

portant symmetry analogy leading to the expectation

_ of circular birefringence and dichroism due to shear
stress through the Voigt Born perturbation

aZﬂ(Sz)=aZ_ﬂ+a:§ﬁzSz+"- ) ' (6)

- of the relevant [6] imaginary part of the dynamic
molecular or atomic polarisability by the P, pressure
component of the applied shear stress. Note that the
pressure component P is the well known

PZ=—SZ)' (7)

[2-5] Weissenberg pressure due to shear stress, which
" can be strong enough to fracture roller bearings, for
example. '

3. Semi-classical expressions for circular
birefringence and dichroism due to shear stress

‘The standard semi-classical theory of circular bi-
refringence and dichrgism [6] due to B (the Faraday
effect) can now be adapted straightforwardly using
eq. (6). Recall that the semi-classical theory of the

Faraday effect leads to the circular birefringence
AG= ycuoIN(@sy () + Xirz()) Bz + ) (3)

and laser ellipticity

. '1_#%wC#OIN(a'}Y(g)+ai(fyz(g)Bz+:") (9)

and similar expressions will be derived using the shear
stress vector component Sy in place of B, the ap-
plied Z axis static magnetic flux density of the well
known Faraday effect. In egs. .(8) and (9) w.is the
angular frequency in rad s—' of the plane polarised
probe laser, c the velocity of light in m 's—'; ji, the
permeability in vacuo in S.1. units; / the sample length
in metres; N the number of molecules per m? and the
other quantities are the B, activated (i.e. non-van-
ishing) imaginary part of the dynamic polarisability, .
defined by Buckingham and Stephens [6] and by
Barron {7].

Note that the imaginary part of the molecular po-
larisability a4 is negative to motion reversal (T),
and positive to parity inversion (P), and is a rank
two polar tensor mathematically equivalent to a rank
one axial vector ;. Because of its negative symme-
try with respect to 7, it vanishes [6,7] at field free

-, equilibrium in the absence of a T negative external

influence. In the Faraday effect, this is static mag-
netic flux density, in the effect introduced in this pa-
per, it is the vector Sz of eq. (2). Because of the ac-
tivation of a4 by Bz in the Faraday effect, the latter
is observable in general [ 7] in diamagnetic and para-
magnetic ensembles. Similarly, the activation of the
tensor aas by S, of eq. (4) implies that circular bi-
refringence due to shear stress S, will be observable
in diamagnetic and paramagnetic media.

Resonance occurs if the probe laser is tuned to a
natural transition frequency w;;, i.e. the molecular
property tensors are greatly increased in magnitude.

Using the Voigt Born perturbation (6), the follow-
ing expression is obtained for the angle of rotation of
a plane polarised probe laser traversing a sample un-
der the shear stress S

<A0>= —l‘_zw/,loclNSZfaﬁy
X[ (Vo kT)as,(N+ags(N]. (10)
Here Va is a vector defined by the-'Hamiltonian

AH= =Sy Vot - - (11)
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with the units m?, arising from the standard defini-
tion [1,2] of the interaction energy associated with
the antisymmetric part of the shear stress

AH= —SpgVap+-,

AH= =Sy Vy+.. (12)

The energy (12) is formally analogous to the mag-
netic dipole flux density product in the theory of the
Faraday effect. Similarly there is circular dichroism
due to shear stress, which is expressed in the follow-

- ing equation in terms of the difference in the power
absorption coefficient as measured with right and left
circularly polarised laser or broad band probe radia-
tion traversing the shear stressed sample

S IR_IL) ' g
o) =\F535 ) =tanhlwuecNCa: -
<So)z_ (1R+1L = tanhl@uoclNCain(S2)) ]

(13)

- Finally, the ellipticity developed in a probe laser due
- to shear stress is '

(N> =—150UocINSz€0p,

X [(Va/kT)as,(8) + 0o (8)]. (14)
4. Order of magnitude estimate of the angle of
rotation :

Considering the component
(D8 = — 50 cINS 2605, (Va/ kT ) 0}, (15)

of eq. (10), an order of magnitude for the angle of
rotation can be made assuming a laser frequency of

Table 1

about 10'® rad s~ in the red part of the visible. Us-
ing the number of molecules per metre cubed for N
and an order of magnitude of 10-2% J-! C? m? for
a4, (f) in a transparent part of the absorption spec-
trum of the molecule (8,9], we obtain .
AG= —10%3(92)92(Vz/kT) rad m' , (16)

where V, is in units of m>. The angle of rotation is

therefore proportional to the product of the shear
‘strain rate and the shear viscosity n(yz). For a known

strain rate and sample volume, it is possible to obtain
the shear viscosity from the simple optical measure- .
ment represented by the rotation of the plane .of po-
larisation of the probe laser. This method appears to
have great potential application in the systematic
laboratory characterisation of, for example,
viscoelasticity. )

It is clear therefore that the angle of rotation for a
given strain rate increases with viscosity. By tuning
the plane polarised probe to a transition frequency,
the order of magnitude of 10 3% J=! C? m” used for
aq5(f) increases by resonance, and the probe radia-
tion is absorbed by the sample. The order of magni-
tude of a g can be estimated from experimental data
(8] or from ab initio computation [9]. Laboratory
shear strain rates are usually of the order 1.0 s=*, but

~ can be increased by up to six orders of magnitude.

The energy ratio
SzVz n(7z)72Vz ' ay
= — 7
KT, kT - Un

is of the order unity for a viscosity of about 10® N's
m~2 for a strain rate of 1.0 s~ Fand a value for ¥ of
1.0 m?, since NkT at 300 K is 2.4 1L0¢ J for 6x 10?6
molecules per m>, so that

Estimated angles of rotation for materials under shear stress [10], from eq. (16).

Maierial Shear viscosity Strain rate - Angle, 1A8) .
) (Nsm™?%) (s") (radm~*)

Corn Syrup . 11.0 Q.18-71.1 0.0001-0.38

0.644% carboxy - 206 . 2.15-34.1 0.02-0.34
methylceliulose/water ‘ )

7.48% water/corn 18.0 1.08-17.0 0.01-0.15
syrup .

0.036% separam and ) 3.0 0.86-88.0 0.0015-0.15

4.32% water in sweetol
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kT/V=2.4x10%J m~?*.

The factor determining the angle of rotation under
these conditions is therefore the product of the shear
viscosity and the shear strain rate. Some examples
[10] are tabulated, together with the theoretically es-
timated angle of rotation in radians per metre of
sample.

It is seen from table 1 that at 300 K, the angle of
rotation from one component of eq. (15) appears to
be easily measurable at experimentally ‘measurable
strain rates and known examples of non-Newtonian
shear viscosity. Contemporary spectropolarimeters
are capable of milliradian accuracy or better, produc-
ing what appears to be a vast range of potential appli-
cation for optical rheometry with modified rheogo-
niometer plates with windows for the probe laser.
circular dichroism due to shear is clearly frequency
dependent, and is a potential source of information
on the molécular nature of non-Newtonian rheology.

5. Discussion

We have demonstrated that there is a relation be-
tween shear stress and circular birefringence. Its ob-
servation needs a modified rotating plate rheogo-
niometer [2,4,7], in which shear stress is applied to
the fluid by an arrangement of two co-axial cylinders,
the inner one rotating with respect to the fixed outer
cylindfical wall about the observation axis Z in which

" plane polarised radiation is directed through win-
dows situated at either end of the co-axial cylinders.
Another possibility is to adapt a standard rotating
plate rheogoniometer by replacing its metal plates
with rigid polymeric material transparent to the

measuring radiation. Similarly, other shear stress
rheogoniometer designs [2] can be adapted by re-
placing the metal parts by transparent rigid polymer
such as perspex to allow through a beam of plane po-
larised electromagnetic probe radiation.

Acknowledgement

This research was supported by Cornell Theory
Center, which receives major funding from NSF,
IBM, New York State, and the Corporaie Research
Institute.

References

[1]B.D. Coleman, Mechanics of Non-Newtonian Fluids
(Pergamon Press, New York, 1978).

(2]J. Harris, Rheology of Non-Newtonian Flow (Longman,
London, 1977).

[3) M.W. Evans and D.M. Heyes, Mol. Phys. 65 (1988) 1441,
69 (1990); 241; Phys. Rev. B, in press (1990).

{4] M.W. Evans and D.M. Heyes, Mol. Sim. 4 (1990) 399.

[5)M.W. Evans and D.M. Heyes, Computer Phys. Commun.
(thematic review), in press (1990); J. Chem. Soc. Faraday
Trans. in press (1990). '

[6] A.D. Buckingham and P.J. Stephens, Aan. Rev. Phys. Chem.,
17 (1966) 399. .

[7] L.D. Barron, Molecular Light Scattering and Optical Activity
(Cambridge Univ. Press, Cambridge, 1982).

[81S. Kielich, Dielectric and Related Molecular Processes, Vol.
1, ed. M. Davies (Chem. Soc. London, 1972).

[9] E.'Clementi, ed., “MOTECC 89 (Escom, Leiden, 1989).

[10)C. Tiu and L. Moreno, Proc. Ninth Intern. Congress on

Rheology, eds. B. Mena, A. Garcia-Rejon and C. Rangel-
Nafaile (University of Mexico Press, Mexico, 1985) p. 429.




