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J.HE study of the b i refr ingence which a r i s e s in a

gaseous o r liquid medium under the action of an ex-

t e r n a l potential field (e lec t r ic o r magnetic) i s one of

the well-known methods of studying the s t r u c t u r e of

the m o l e c u l e s of a subs tance being invest igated. >s>74-'

However, when applied to solutions of flexible

chain m a c r o m o l e c u l e s , this method proves not to be

very product ive . In fact, every chain molecule can be

divided into s ta t i s t ica l s e g m e n t s whose spat ia l o r i e n -

tat ions a r e mutual ly independent. If a segment is

an i sot ropic in i t s optical (e lect r ic) o r magnet ic

polar izabi l i ty , then it will r o t a t e in an ex terna l field

(e lec t r ic o r magnetic) and or ient itself with its axis

of g r e a t e s t polar izabi l i ty in the d i rec t ion of the field.

However, owing to the lack of c o r r e l a t i o n of the

or ientat ions of the different s e g m e n t s , the m a c r o -

scopic ani sot ropy of the solution that a r i s e s h e r e is

s imply proport ional to the total n u m b e r of s e g m e n t s ,

independently of whether they form p a r t of longer o r

s h o r t e r c h a i n s . Hence the e l e c t r i c ( K e r r e l e c t r o -

optic effect) and magnet ic (Cotton-Mouton magneto-

optic effect) b i re f r ingence of the po lymer solution i s

propor t iona l to the weight concentrat ion of the solute,

i s p r a c t i c a l l y independent of i t s m o l e c u l a r weight,

and usual ly differs l i t t le f rom the effect observed in

a solution of the m o n o m e r of equal c o n c e n t r a t i o n . *

The s i tuat ion changes radica l ly when the optical

an i sot ropy of the solution i s produced by mechanical

f o r c e s , e.g., s h e a r forces in l a m i n a r flow (the dy-

namooptic Maxwell effect). The b i re f r ingence of the

solution that a r i s e s h e r e , jus t a s in the c a s e of the

potential f ields, u l t imately r e s u l t s f rom the o r i e n t a -

tion of s e g m e n t s . However, these or ienta t ions a r e

mutual ly c o r r e l a t e d o v e r the volume of the m a c r o -

*This is not true of chain molecules having a marked secondary
structure giving rise to rigidity of the chain and a high degree of
mutual orientation of its elements (e.g., rigid helical structures of
polypeptide chains).

molecule , s ince the mechanica l forces of flow give

r i s e to t rans la t iona l and rotat ional motion, a s well

a s to deformation of the m a c r o m o l e c u l e a s a whole.

Hence, the Maxwell effect in a p o l y m e r solution is

d e t e r m i n e d by the g e o m e t r i c , mechanica l , and optical

p r o p e r t i e s of the solute m a c r o m o l e c u l e s , and by

studying it we can get s o m e v e r y d i r e c t information

on t h e i r d imens ions and configuration.

In this rev iew we shal l not a t t e m p t any thorough

p r e s e n t a t i o n of the theory and exper imenta l s tudies

on the Maxwell phenomenon. The per t inent m a t e r i a l

c a n be found in o ther rev iews . 1 " 1 0 - ' We shal l throw

s o m e light brief ly h e r e only on s o m e c u r r e n t e x p e r i -

menta l and t h e o r e t i c a l r e s u l t s that can be used to

c h a r a c t e r i z e the d imens ions , s h a p e s , and s t r u c t u r e s

of m a c r o m o l e c u l e s in solution.

I. APPARATUS

1. Mechanical P a r t

In observ ing flow b i re f r ingence the b e s t form of

i n s t r u m e n t i s a cy l indr ica l a p p a r a t u s . In this a p p a r -

a t u s , the liquid being studied i s p laced in the gap b e -

tween two coaxial c y l i n d e r s , one of which i s s ta t ion-

a r y , while the o t h e r r o t a t e s uniformly. The liquid is

examined in the d i rec t ion of the e l e m e n t s of the

cyl inder (the ζ axis in F i g . 1). H e r e , in the s m a l l

region included in the o b s e r v e r ' s field of view (Fig .

1), the l a m i n a r flow a r i s i n g in the gap can be con-

s i d e r e d to be p r a c t i c a l l y uni form. It will have a con-

s tant velocity gradient g = du/dx = du/dR in the d i-

rec t ion of the rad ius R, equal to

where ν i s the n u m b e r of rotat ions p e r second of the

cyl inder, and R = (/2 ( R a + R i ) i s the m e a n r a d i u s ,

and ΔΒ. = R a — Rj is the width of the gap.
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640 V. N. T S V E T K O V

FIG. 1. Velocity-gradient distribution in a cylindrical appara-
tus having an inner rotor.L'J у—flow direction, 1 and 2 —principal
optical directions corresponding to the refractive indices n i and
"2-

T h e l i q u i d b e c o m e s o p t i c a l l y a n i s o t r o p i c u n d e r t h e

a c t i o n of t h e s h e a r s t r e s s e s i n t h e f low. H e r e , w h e n

t h e l i g h t b e a m i s n o r m a l t o t h e d i r e c t i o n of t h e g r a d -

i e n t g o r t h e f low v e l o c i t y u ( i . e . , p a r a l l e l t o t h e

a x i s of t h e c y l i n d e r ) , t h e p r o p e r t i e s of t h e a n i s o t r o p i c

l a y e r r e s e m b l e t h e o p t i c a l p r o p e r t i e s of a c r y s t a l

plate having a pr incipal sect ion forming an angle χ

with the flow di rect ion y . This angle is ca l led the

or ientat ion angle or the " e x t i n c t i o n " angle.

The or ientat ion angle is the f i r s t of the two funda-

m e n t a l quantit ies to b e d e t e r m i n e d exper imenta l ly by

studying the Maxwell effect.

The second fundamental quantity to be d e t e r m i n e d

is the difference between the two pr incipal r e f r a c t i v e

indices Δη = nj - n 2 of the liquid. Of t h e s e , the

f o r m e r ( n j ) c o r r e s p o n d s to a r a y whose e l e c t r i c

vector is p a r a l l e l to the pr inc ipa l sect ion (in the plane

of the drawing—axis 1) of the anisotropic l a y e r , and

the l a t t e r ( n 2 ) i s perpendicu lar to the pr incipal s e c -

tion (axis 1) of the l a y e r . Δη c h a r a c t e r i z e s the m a g -

nitude of the b i re f r ingence, and can be e i t h e r posit ive

or negat ive.

The l i t e r a t u r e gives descr ip t ions of a l a r g e n u m -

b e r of poss ib le des igns of cy l indr ica l a p p a r a t u s and

optical s y s t e m s used by v a r i o u s i n v e s t i g a t o r s . 1 " 3 9 - '

In the quantitative study of the Maxwell effect, the

fundamental exper imenta l p r e r e q u i s i t e is to mainta in

l a m i n a r flow.

The study of the conditions for l a m i n a r i t y when

cyl indr ica l appara tus is u s e d ^ 1 1 ' 1 2 - has shown that

t h e s e conditions a r e es sent ia l ly different, depending

on whether the r o t o r of the a p p a r a t u s i s the o u t e r o r

the inner cy l inder .

F o r an appara tus with an inner r o t o r , the value of

the c r i t i c a l velocity gradient g c (the m a x i m u m g r a d i -

ent a t which the flow r e m a i n s l a m i n a r ) i s

liquid. The constant A depends on AR/R, and for all

a p p a r a t u s used in p r a c t i c e , it can be taken to be 0.0571.

In an appara tus having an outer r o t o r , turbulence

of flow s e t s in a t a cons iderably h igher number of

revolut ions p e r second than in one having an inner

r o t o r . Thus, for example, when R/AR = 60, the

c r i t i c a l g rad ient is s ix t i m e s a s g r e a t for the o u t e r -

r o t o r c a s e , while for R/AR = 10, it i s fifty t i m e s as

g r e a t a s for an inner r o t o r of the s a m e d i m e n s i o n s .

Hence, in pr incip le , the u s e of a p p a r a t u s having

o u t e r r o t o r s i s great ly p r e f e r a b l e , especia l ly in

studying dilute solutions in solvents of low v iscos i ty

using gaps that a r e not too n a r r o w (e.g., a s i s n e c e s -

s a r y in m e a s u r i n g or ientat ion angles) .

However, many of the i n s t r u m e n t s in u s e having

an o u t e r r o t o r show a very es sent ia l defect, that of

rotat ing g lass windows. At high r a t e s of revolution,

centri fugal s t r e s s e s a p p e a r in the g lass and produce

an apprec iab le b i re f r ingence . Bes ides , the rotat ing

gjass prac t ica l ly always in t roduces a t ime-dependent

bi re f r ingence that r e d u c e s the a c c u r a c y of m e a s u r e -

ment of the fundamental effect.

These phenomena have given r i s e to e r r o n e o u s

conclus ions in c e r t a i n s t u d i e s . ' 4 0 - '

This defect i s e l iminated in an a p p a r a t u s having a

p e r f o r a t e d outer rotor '- 4 2 " 4 4 - ' (dynamooptimeter), in

which the g lass of the windows i s fixed r igidly to the

s t a t o r .

A d i a g r a m of this i n s t r u m e n t i s shown in F i g . 2.

Observat ions can be p e r f o r m e d e i t h e r under o u t e r -

r o t o r (with gap ARj) or i n n e r - r o t o r conditions (with

gap AR 2 ) . The inner t h e r m o s t a t i c s y s t e m A and the

outer s y s t e m В m i n i m i z e the t e m p e r a t u r e g rad ients

and t h e i r concomitant optical d i s tor t ions . ' - 4 5 '

CDC

я*_ η YR
Υ A Q (2)

where η i s the viscosity, and ρ i s the density of the

X O

FIG. 2. Diagram of a cylindrical apparatus.t42""] R —rotor;
P —bearing; O —axle; D and E —stator; ARj and AR 2 —viewing
gaps; S —viewing windows; F — perforation in the rotor for ob-
servation; C —pulley; A and B —thermostatic jacket.
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Simi la r v a r i a n t s of analogous i n s t r u m e n t s have

a l so been d e s c r i b e d in o t h e r p a p e r s . ' 4 6 ' 4 7 ^

E x p e r i m e n t has shown that i n s t r u m e n t s of this

type a r e m o s t suitable for studying the weak b i r e -

fr ingence of dilute so lut ions .

2. Optical P a r t

In the overwhelming major i ty of the exist ing

s t u d i e s , v i sual-observat ion s y s t e m s have been used

in the optical p a r t of the a p p a r a t u s .

H e r e one can use one of the known s tandard s y s -

t e m s E48'69^ for m e a s u r i n g optical phase differences

and d i r e c t i o n s of the pr incipal sect ion (orientat ion

angles) . The c o m p e n s a t o r i s se lec ted in a c c o r d a n c e

with the magnitude of the b i re f r ingence to be m e a s -

u r e d .

To study the weak effects observed in dilute poly-

m e r solut ions, the s y s t e m shown in Fig. 3 can be

r e c o m m e n d e d . '-42>4Ό

H e r e the very sensi t ive s y s t e m of B r a c e ^ 4 9 i 4 8J is

used a s the c o m p e n s a t o r . It c o n s i s t s of a thin m i c a

compensat ing plate К ( severa l hundredths of a

wavelength λ ) fastened to the graduated c i r c l e B 2 ,

and a very thin half-shadow plate N (severa l thou-

sandths of λ ) cover ing half the field of view.

An e s s e n t i a l p a r t of the a p p a r a t u s i s the thin lens

L (of s t r a i n - f r e e g lass with a smal l a p e r t u r e ) p r o -

ject ing an i m a g e of the half-shadow plate into the

gap in the cyl indr ica l a p p a r a t u s D, on which the

te lescope Τ i s focused. Such an arrangement'- 4 2-'

faci l i tates the diminution of e r r o r s due to s t r a y light

*s

r e f l e c t e d b y t h e g l a s s w a l l s of t h e g a p , -̂  t e m p e r a -

t u r e g r a d i e n t s i n t h e solution, '- 4 5 - ' a n d t h e p r e s e n c e of

d u s t .

The phase difference δ caused by the solution is

m e a s u r e d by se t t ing the c o m p e n s a t o r К (by rota t ing

the c i r c l e B 2 ) to the position of equal i l lumination of

both halves of the field of view (the half-shadow

azimuth) . H e r e

δ = (sin 2a— sin 2a0) sin 60, (3)

w h e r e a and a 0 a r e the half-shadow a z i m u t h s of the

c o m p e n s a t o r , a s m e a s u r e d f rom the plane of p o l a r i z a -

tion of the p o l a r i z e r in the p r e s e n c e and a b s e n c e ,

respect ive ly , of a velocity gradient in the liquid; δ0

is the phase difference due to the c o m p e n s a t o r .

The pr inc ipa l optical d i r e c t i o n s of the an i sot ropic

l a y e r (1 o r 2 in Fig. 1) a r e found by set t ing at the

half-shadow posi t ions by rotat ion of the e n t i r e optical

s y s t e m ( c i r c l e B ( ) . The or ientat ion angle χ is d e -

fined a s half the angle between two half-shadow pos i-

t ions , one of which c o r r e s p o n d s to clockwise rotat ion

of the r o t o r , and the o t h e r , counterc lockwise .

With a r o t o r length » 10 c m , this s y s t e m e n s u r e s

re l iab le m e a s u r e m e n t s of Δη ~ 1СГ9 and of rotat ion

angles with an a c c u r a c y of 0.5° when Δη и 10" 8 .

F o r m e a s u r e m e n t s of s m a l l values of Δη, one can

a l so u s e the c o m p e n s a t o r of Szivessy, ' and for

d e t e r m i n i n g χ, the Brava i s plate.'-52-'

A highly sens i t ive appara tus for m e a s u r i n g b i r e -

fr ingence L53-55] by a photoelectr ic method has been

r e c e n t l y proposed. A d iagram of one such i n s t r u -

ment '-55-' i s shown in Fig . 4. In the optical i n s t r u -

mentat ion (Fig . 3), instead of the half-shadow plate

FIG. 3. Diagram of the optical part of the visual apparatus. Ρ
and A —polarizer and analyzer, linked by the arm R; S —mono-
chromator slit, projected by lens О on the half-shadow plate.

FIG. 4. Diagram of an apparatus for photoelectric recijrd-
ing[5 S] of Δη and γ . l-SVDSh-250 lamp; 2 - c o n d e n s e r lens; 3 -
screen with aperture; 5 and 9 —crossed polarizer and analyzer;
6 — dynamooptimeter gap; 7 —elliptical modulator; 8 —mica com-
pensator; 10 —movable mirror; 11 —viewing tube; 12 — photomulti-
plier; 13 —resonance amplifier; 14— oscillograph; 15 —phase
shifter; 16 — audio generator; 17 — rotation arm.
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Ν, an elliptic light modulator 7 (Fig. 4) is introduced,
with a system 12—16 for photoelectric recording of
the light signal.

The basis of the modulator, which is firmly
fastened to the rotation arm 17, is a small electrody-
namic seismoreceiver having a coil supplied with
current from the audio generator 16. The mechanical
part of the seismoreceiver generates in a glass plate
(by the photoelastic effect) a harmonically-varying
optical anisotropy 6 t = 61 0 sin wt, with an axis at an
azimuth angle of 45° from the principal sections of
the polarizer 5 and the analyzer 9.

Now, let a light ray incident on the photomultiplier
12 pass through an anisotropic layer 6 of the liquid
being studied (of azimuth angle a and anisotropy δ)
and the mica compensator 8 (of azimuth angle a 0 and
anisotropy 6Q ), as well as the modulator 7. Then at
the output of the amplifier 13 (under the condition that
60 (and δ) « 1) one can measure a voltage

V = .A(sm2a-sin6 —sin2<io>sinfio)61osincoi, (4)

where A is a constant proportional to the light flux
incident on the polarizer 5, to the amplification co-
efficient of the amplifier 13, and to the current sensi-
tivity of the photomultiplier 12.

Thus the amplitude of the harmonic signal applied
to one pair of plates of the oscillograph 14 (from the
amplifier 13) depends linearly on δ. This fact makes
the photoelectric method more sensitive than the
visual method (in which the light flux acting on the
eye is proportional to б2).

The amplitude of the signal becomes zero (as de-
termined by the pattern on the oscillograph screen)
either when the birefringence of the liquid is com-
pensated by the compensator ( sin 2a • sin δ = 2α 0 · sin
δ0), or when the entire system is rotated (by arm 17)
to the extinction position ( a = 0) with the compen-
sator left out ( a 0 = 0 ). Thus, the orientation angle
χ and the anisotropy δ are determined by the same
methods as in visual optics.

The viewing tube 11 and the movable mirror 10
are for visual measurements and checks.

An analogous principle has been used in ^ , where
a rotating crystal plate was used as the elliptical
modulator.

The sensitivity of the photoelectric method of
measurement is at least an order of magnitude
greater than that of a visual method using an analo-
gous optical system.

In studying dilute solutions, we must take into ac-
count the effect of the solvent in the total birefring-
ence of the solution in finding the values of Δη and
the orientation angle χ of the birefringence of the
solute polymer. This can be done by using Eqs. (18)
and (19) of Sadron for a polydisperse system.L56~59^

II. THEORETICAL PREMISES OF THE MAXWELL
EFFECT

A. Suspensions and Solutions of Rigid Particles and
Macromolecules

The theory of the flow birefringence of solutions of
absolutely rigid non-interacting particles has been
developed by a number of investigators, who have
used various molecular models (rigid rods, dumb-
bells, rigid strings of beads, ellipsoids)Λ60"65^ These
studies are treated in one of the cited reviews.'-9-'
Peterlin and Stuart ^ have worked out the theory in
a very complete and finished form.

The fundamental condition for the existence of a
Maxwell effect in such systems is asymmetry of
shape of the particles. Solutions of rigid spherical
particles do not exhibit flow birefringence.

1. Hydrodynamic properties. Rigid particles in a
laminar flow are subjected to viscous forces setting
them into rotational motion (see Fig. 1). For parti-
cles having asymmetric shapes, this rotation is non-
uniform and has a minimum velocity at the angular
position of the particle where its long axis is parallel
to the flow (in the у direction in Fig. 1). This pro-
duces a preferential kinematic orientation of the long
axes of the particles in the flow direction.

However, the rotational Brownian movement inter-
feres with this orientation and decreases the asym-
metry of the angular distribution function of the axes
of the particles. Besides, the rotational Brownian
movement changes the direction of the maximum of
the distribution function away from the flow direction
у toward a direction rotated by 45° from the flow.

If the particles of the suspension are optically
anisotropic, their preferential orientation will give
rise to a macroscopic anisotropy of the solution.
Here, for a monodisperse system, one of the two
principal optical directions (1 in Fig. 1) will coincide
with the direction of preferential orientation of the
particles, forming the angle χ (the orientation angle)
with the flow direction.

For a suspension of particles having the geometric
and optical properties of ellipsoids of revolution, the
theory gives '-65-'

P)

(5)

(6)

Here η is the refractive index of the solution, N
is the number of particles per cm3, yl — y2 is the
difference between the two principal polarizabilities
of the particle, ν is the volume of the particle, C v

= Nv is the volume concentration of the solution,



F L O W B I R E F R I N G E N C E A N D T H E S T R U C T U R E O F Μ A C R O M О L Ε С U L E S 643

i s the specific anisotropy of the substance in the p a r -

t i c l e s ; f ( σ, p ) i s a mechanical factor (the or ientat ion

function); L/d = ρ is the r a t i o of the longitudinal ( L )

to the t r a n s v e r s e ( d ) axis of the e l l ipsoids . The

orientat ion p a r a m e t e r σ is equal to

χ

45

35

25

15

5 /σ /5 го 25 за за
Parameter σ

where D r i s the rotat ional diffusion coefficient of

the p a r t i c l e s . D r depends on the v i scos i ty 77 0 of the

solvent and the dimensions and shape of the p a r t i c l e s .

F o r e l l ipsoids of rotat ion, [66]

kT (8)

w h e r e

-In %-Λ- <9>
H e r e , v 0 i s the " h y d r o d y n a m i c " volume of the p a r t i -

c l e .

F o r highly extended el l ipsoids ( ρ » 1 ) ,

and for highly extended cy l inders ( rods) , ^

п 2 р - 0 , 8 ) . (10')

The or ientat ion p a r a m e t e r σ can a l so be e x p r e s s e d

in t e r m s of the m o l e c u l a r weight Μ of the p a r t i c l e s

and the int r ins ic v i scos i ty [η] of the solution:

σ - - 6 L
F(P) ' ( И )

(12)

where the function F ( p ) v a r i e s f rom 2.5 (for ρ = 1)

to 0.8 ( for ρ = •*>). F ( p ) has been tabulated by W.

K u h n № and by R. Simha. [ 7 2 - 6 ; ]

Thus, the magnitude of the b irefr ingence Δη is

d e t e r m i n e d by the product of two fac tors , the m e -

chanical factor ί ( σ , ρ) and the optical factor

N( Τι - y 2 ) . Since for rigid non-interact ing p a r t i c l e s ,

the optical factor does not vary with change in g, the

re la t ion of Δη to σ i s d e t e r m i n e d only by the func-

tion f ( σ ) .

The or ientat ion angle χ i s a lso d e t e r m i n e d only

by the mechanica l factor, and is independent of the

optical p r o p e r t i e s of the p a r t i c l e s .

The functions ί ( σ , ρ) and χ (σ, ρ ) have been d e -

rived Lfi5J in the form of power s e r i e s in σ and

Sherr.~a, Edsal l , and Gadd '-68-1 have c a r r i e d out the

n u m e r i c a l summat ion for var ious values of p , and

have p r e p a r e d tables of the functions f and χ.

The appropr ia te curves for two values of ρ a r e
shown in Fig . 5.

The initial s lopes of t h e s e c u r v e s give the i n t r i n -

5 ГО /5 2O 25 3O 35
Parameter σ

FIG. 5. The orientation angle χ and the orientation factor

f(<r, p) for the different axial ratios ρ indicated on the curves.

sic values of the b i re f r ingence [ n ] and the o r i e n t a -

tion angle [ φ/g ]:

2nbav

(13)

(14)

Here С = N M / N A is the concentrat ion of the solution

in g/cm 3 , N A is Avogadro's n u m b e r and ν = V N A / M

is the p a r t i a l specific volume of the so lute .

By using E q s . (7), (11), and (12), in p lace of (14),

we can w r i t e

[ f l - (15)2RTF(p) '
Eq. (14) p e r m i t s us to calculate D r from the ex-

p e r i m e n t a l values of [ φ/g], and by taking into a c -

count Eq. (8) o r (10), to c h a r a c t e r i z e the geometr ic

p r o p e r t i e s of the p a r t i c l e s .

By compar ing the exper imenta l values of [ φ/g],

[η], and v, we can find the length and th ickness of

the e l l ipsoids .

By using D r and the exper imenta l value of [ n ] ,

we can d e t e r m i n e from Eq. (13) the anisotropy yt

— y2 of the p a r t i c l e (if we know the m o l e c u l a r weight

M) o r the specific ani sot ropy gj - g 2 (if we know the

par t ia l specific volume v ) . In s o m e c a s e s in d e t e r -

mining yi - γ2>
 w e c a n r ep lace the m e a s u r e m e n t s of

[ φ/g] by m e a s u r e m e n t s of the in t r ins ic v i scos i ty [η]

of the solution. Thus, from E q s . (11), (12), and (13),

we can der ive

[η] ~~ 5nkT ^ r l ~

w h i c h p e r m i t s u s t o d e t e r m i n e

F(p) '

ι — y2 f rom the ex-

(16)
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perimental data for [ η ] and [ η ], if we have even a
rough estimate of p.

We note that the quantity g t — g2 which enters into
(5) and (13) denotes the anisotropy per unit volume of
the substance in the particles, and thus is insensitive
to solvation and swelling, just as ν is . In contrast,
the hydrodynamic volume v0 includes also the volume
(Eq. (8)) of the solvent immobilized by the particle,
and thus can vary greatly upon swelling.

2. Optical properties. The difference between the
principal polarizabilities γι - γ2 of a rigid particle
can in general be separated into two parts : the in-
trinsic anisotropy and the form anisotropy of the
particles. The former arises from the anisotropy of
the substance in the particle, which has differing r e -
fractive indices in different directions (n t , n 2 ) . Form
anisotropy occurs in particles whose shapes are not
spherical, and whose mean refractive index differs
from the index n s of the surrounding medium.

For ellipsoids having axial symmetry in their
geometric and optical properties,

4n(nJ-n|) +
(в*—в|) ( В 1 - В | )

(17)
where n t and n2 are the refractive indices of the
substance in the particle for rays polarized respec-
tively in the directions of the longitudinal and trans-
verse axes; L2 and L t are functions depe^ing only
on p.

Here the first term gives the intrinsic anisotropy
of the particle, and the second term gives the form
anisotropy.

The intrinsic anisotropy can be either positive or
negative, depending on the sign of n\ — n2, while the
form anisotropy is always positive ( L2 > Lj).

The relation of the quantity L2 - L ( to ρ is shown
in Fig. 6 (curve 1). The form anisotropy increases
with increasing asymmetry of the particles; it prac-
tically attains its limiting value when p i 10, for
which L2 — Li = 2π. When n (~ nt ~ n 2 ) = n s , the
form anisotropy is zero.

3. Concluding remarks. The brief treatment
given of the basic conclusions of the orientation
theory shows that from the experimentally-found
values of [n] and [φ/g], together with the relations
Δη = f (g) and χ = χ (g), we can calculate the basic
geometric parameters (the dimensions and asym-
metry of shape) and the optical anisotropy of rigid
particles if we can apply the model of ellipsoids of
revolution to them.

The geometric characteristics oi a particle often
reflect its internal structure, and thus can play an
essential role (and sometimes even a deciding one) in
establishing this structure.

The optical anisotropy may be of no lesser im-
portance. Primarily, we must try to distinguish ex-
perimentally the effect of the intrinsic anisotropy

1,-1,
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FIG. 6. The optical form factot L2 - L χ as a function of the

asymmetty of the particle. 1: L 2 - \-.\ - f(p); 2: L2 - L j = f(x).

f r o m t h e f o r m a n i s o t r o p y . T h e b e s t w a y t o d o t h i s i s

to study the birefringence Δη of the substance being
studied in several solvents differing in their refrac-
tive indices n s , and to extrapolate the Δη data to n s

= nk (the refractive index of the solute).
The magnitude and sign of the intrinsic anisotropy

of the particle reflect the degree of order of its con-
stituent parts (atomic groups or valence bonds). Thus
they can serve as an essential characteristic its in-
internal structure.

The experimentally-found value of the form aniso-
tropy for particles with not too great asymmetry
(p < 10) can be used (Eq. (17) and Fig. 6) to deter-
mine the axial ratio p.

If we measure the increment of the refractive
index dn/dC and the partial specific volume ν in the
solute-solvent system, and use the equation ™

~dC (18)

we can determine g4 + 2g2.
By comparing this value with that of gx — g2, we

can calculate g t and g2. When we use the formulas
given above for Δη and χ, we must remember that
they are all derived under the assumption that the
system of particles being studied is absolutely mono-
disperse.

As Sadron'-56-' has shown, polydispersity can lead
to a dependence of the quantity Δη and of the orienta-
tion angle χ of the birefringence on the velocity
gradient that does not agree at all with the curves of
Fig. 5.

According to Sadron, 56^ for a polydisperse system,

a ( ) a . (19)

(20)*

where the summation is made over all i types of
particles in the mixture; each of these types, in the
absence of the others, will give an anisotropy of the
solution of Δηϊ, characterized by an orientation
angle χι, at the given velocity gradient.

*tg = tan
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As has been shown, L70>71J data on flow b i re f r ing-

ence, with application of E q s . (19) and (20), can give

information on the polydispers i ty of a dissolved

s a m p l e .

B. Solutions of Chain M a c r o m o l e c u l e s

Chain m a c r o m o l e c u l e s , which take the form of

randomly wound coi ls in solution, a r e an example of

p a r t i c l e s that undergo not only or ientat ion, but a l so

deformat ion in a l a m i n a r flow.

Hence, the dynamic b i re f r ingence observed in

t h e s e solutions is a complex or ientat ion-deformat ion

effect, in which the re la t ive r o l e s of or ientat ion and

deformation depend on the g e o m e t r i c , hydrodynamic,

and mechanica l p r o p e r t i e s of the m o l e c u l a r chains ,

i .e . , u l t imately, on t h e i r s t r u c t u r e .

H e r e we m u s t b e a r in mind the fact that, in c o m -

p a r i s o n with the c a s e d i scussed above of ideally r igid

p a r t i c l e s , solutions of flexible chain molecules a r e

highly complex s y s t e m s , both in t h e i r hydrodynamic

and optical p r o p e r t i e s . At p r e s e n t , not near ly all of

the exper imenta l ly-es tab l i shed laws and p e c u l i a r i t i e s

of the Maxwell phenomenon in these s y s t e m s have

been complete ly and indisputably explained.

1. Optical p r o p e r t i e s of chain m o l e c u l e s . The

conformational p r o p e r t i e s of t r u e m o l e c u l a r chains

in solutions can be descr ibed well theoret ica l ly in

t e r m s of a model of freely-l inked l i n e a r segments

whose spatial or ienta t ions a r e mutually independent.

Such a freely-l inked chain takes the form of a r a n -

domly-wound Gauss ian coil , in full accord with the

shape of a rea l flexible chain molecule of sufficiently

l a r g e m o l e c u l a r weight in the absence of volume ef-

fects (in an ideal solvent).

The theory shows ^ 5 " τ ^ that the " e x t e r n a l " shape

of a r a n d o m coil differs on the a v e r a g e from s p h e r i -

c a l , and can be d e s c r i b e d by a p r o l a t e spheroid whose

m e a n length Η is twice a s g r e a t a s i ts mean width Q.

On the a v e r a g e , the m o l e c u l a r coil has the g r e a t e s t

g e o m e t r i c a l extension in the d i rec t ion of the vector h

joining the ends of the chain molecule .

As Kuhn and Grim '-78-1 have shown, the d i rec t ion of

h i s a l so the d i rec t ion of pre ferent ia l or ientat ion of

the s t a t i s t i c a l segments c o m p r i s i n g the m o l e c u l a r

chain.

If the optical polar izabi l i ty of the segment is

a n i s o t r o p i c , the pre ferent ia l or ientat ion of the seg-

m e n t s within the m o l e c u l a r coil will give r i s e to an

optical ani sot ropy of the e n t i r e chain ( intr ins ic an i so-

tropy) .

F o r a chain molecule in a solvent of re f ract ive

index n s , this ani sot ropy is '-?8-'

,C3,75]

Λ2

' ft2
( 2 1 )

H e r e yi and γ 2 a r e the pr inc ipa l po lar izab i l i t i e s of

the molecule in the d i rec t ion of h and n o r m a l to h; a {

and a2 a r e the pr incipal po lar izab i l i t i e s of the s e g -

ment; h 2 is the mean s q u a r e of the quantity h for the

undeformed molecule .

If the re f ract ive index n s of the solvent differs

from the re f ract ive index n^ of the solute polymer,

an additional anisotropy of the molecule a r i s e s , due

to the optical interact ion of the individual p a r t s of the

chain with one a n o t h e r .

H e r e we m u s t dist inguish the in teract ion of e l e -

m e n t s sufficiently s e p a r a t e d along the chain (optical

long-range action) from the interact ion of neighboring

e l e m e n t s of the chain (optical s h o r t - r a n g e act ion).

Owing to the non-spher ica l d is t r ibut ion of m a s s in

the coiled Gauss ian chain, the optical long-range a c -

tion in the chain molecule r e s u l t s in an anisotropy of

the polar iz ing field within the m o l e c u l a r coi l . This

anisotropy is posit ive in sign and d i rec t ly depends on

the shape of the m o l e c u l a r coil (macroform a n i s o -

tropy) .

The difference between the pr incipal po lar izab i l i -

t ies of the m a c r o m o l e c u l e (in the h d i rect ion and

n o r m a l to it) cor responding to the m a c r o f o r m effect

i s
[79,80,43,81]

(22)

w h e r e ρ i s the densi ty of the po lymer , and

ν = 0.36 ( h 2 ) is the volume of the m o l e c u l a r coil in

the solution (including the volume of solvent enclosed) .

L 2 — L t i s the optical form factor, which is the func-

tion of the axial r a t i o ρ given by curve 1 in F i g . 6. It

can a l so b e e x p r e s s e d '-82-̂  a s a function of the p a r a m e -

t e r χ = h / ( h 2 ) l / 2 . The re la t ion of L 2 - L, to χ i s

given by c u r v e 2 in F i g . 6. The graph shows that in

the range 0.5 s χ s 1.5 ( i . e . , when the deformation of

the molecule is s m a l l ) , L 2 - Lt * 3x, and h e n c e , *

( Ύ ι - Υ 2 ) / , . < ι . 5 ^ 3 θ / - ^ - . (23)

N e i g h b o r i n g e l e m e n t s ( m o n o m e r u n i t s ) of t h e c h a i n

a r e m u t u a l l y a r r a n g e d in a d e f i n i t e l i n e a r o r d e r .

H e n c e t h e o p t i c a l i n t e r a c t i o n c a n n o t b e s p h e r i c a l l y

s y m m e t r i c a l . T h i s a s y m m e t r i c s h o r t - r a n g e a c t i o n i n

t h e c h a i n g i v e s r i s e t o l o c a l a n i s o t r o p y of t h e p o l a r -

i z i n g f i e l d , s i m i l a r t o t h e w a y t h a t t h e a s y m m e t r y of

s h a p e of t h e e n t i r e c h a i n g i v e s r i s e t o t h e m e a n

a n i s o t r o p y of t h e f i e l d . T h e l o c a l a n i s o t r o p y of t h e

f i e l d d e p e n d s o n t h e m i c r o s t r u c t u r e of t h e m o l e c u l a r

c h a i n a n d i n c r e a s e s w i t h i n c r e a s e in i t s e q u i l i b r i u m

r i g i d i t y ( t h e d i m e n s i o n s of t h e s e g m e n t a n d i t s a s y m -

m e t r y of s h a p e ) . C o n s e q u e n t l y , t h e e f fec t a r i s e s of

a n a d d i t i o n a l a n i s o t r o p y in t h e p o l a r i z a b i l i t y of t h e

m a c r o m o l e c u l e ( m i c r o f o r m a n i s o t r o p y ) , w h i c h i s a l s o

p o s i t i v e i n s i g n .

T h e d i f f e r e n c e b e t w e e n t h e p r i n c i p a l p o l a r i z a b i l i -

*Eq. (23) coincides with the expression for the form anisotropy
derived by Copic.P3·"4 ] Eq. (22) is more general in meaning, i.e.,
it can also be applied in the case of large deformations of the
molecular coil.
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ties of the macromolecules (along the vector h and
normal to it) corresponding to the microform effect

[85,86]IS

3 / "?+2 γ ( L 2 - L , ) 8 ^

(24)

Here ( L2 - L t ) s is the function of the asymmetry of
shape of the segment p s given by curve 1 in Fig. 6,
Mo is the molecular weight of the monomer unit of
the chain, and s is the number of monomer units in
the segment.

The total difference between the principal polariza-
bilities of the chain molecule equals the sum of the
three cited effects:

Υι - Υ* = (θι + ΘΛ) -=• + θ, (L2 - L4), (25)

w h e r e θ\, Of, and 0fs a r e d e t e r m i n e d by Eqs . (21),

(22), and (24), respect ive ly .

We can eas i ly s e e by c o m p a r i n g (22) and (24) that

for a given m a c r o m o l e c u l e ( M , M o, n k ) in a c e r t a i n

solvent ( n s ) , the re la t ive ro le of the m a c r o f o r m

anisotropy 0f and the m i c r o f o r m anisotropy 0fs d e -

pends on the conformation of the m o l e c u l a r chain.

As h 2 i n c r e a s e s , expres s ion (22) d e c r e a s e s ,

while (24) i n c r e a s e s , owing to the i n c r e a s e in the ef-

fective length of the segment . This m e a n s that the

m o r e open the s t r u c t u r e of the m o l e c u l a r coil i s (the

l e s s the molecule i s coi led), i . e . , the s m a l l e r the

equi l ibr ium flexibility of the chain, the g r e a t e r the

value of 6fs and the s m a l l e r the value of 6f in the

total anisotropy of the m o l e c u l e . Hence, the e x p e r i -

mental ly d e t e r m i n e d quantity 0f s/0f can s e r v e as a

m e a s u r e of the equi l ibr ium rigidity of the chain

molecule .

2. Hydrodynamic p r o p e r t i e s of chain m o l e c u l e s .

Among the v a r i o u s model s El-10] u s e d in descr ib ing

the hydrodynamic p r o p e r t i e s of chain molecu les in

solution in t r e a t i n g the phenomenon of flow b i r e -

fr ingence, those of fundamental i m p o r t a n c e a r e due

to W. K u h n , [ 8 6 - 8 8 ] B. Z i m m , [ 8 9 ] and R. C e r f . [ 8 · 9 0 ' 9 2 3

Kuhn's model is the s i m p l e s t . In it, the actual

chain is rep laced by a deformable (elast ic) dumbbell

of length h; the hydrodynamic force which should

actually be exer ted on a q u a r t e r of the m o l e c u l a r

chain by the solvent i s applied to each of the two end-

points . The hydrodynamic i n t e r a c t i o n of the p a r t s of

the chain i s not ca lculated from theory, but i s e s t i -

mated from model e x p e r i m e n t s . 3 - ' Only motion of the

m a c r o m o l e c u l e in the plane of flow i s cons idered

(two-dimensional motion).

In addition to ideally flexible c h a i n s , Kuhn a l so

t r e a t e d the effect of kinetic r igidity of m a c r o m o l e -

cules on t h e i r hydrodynamic p r o p e r t i e s , and i n t r o -

duced for this purpose the concept of in terna l v i s c o s -

'-95-'

i ty. [87,8 Internal v i scos i ty (kinetic rigidity) c h a r a c -

t e r i z e s the length of t i m e the molecular chain takes

to change in conformation, and is d e t e r m i n e d by the

height of the potential b a r r i e r s hindering free rotat ion

of the atomic groups about the valence bonds of the

chain.

Bes ides (owing to mathemat ica l difficulties), Kuhn

solved the problem of the dynamooptical p r o p e r t i e s

of kinet ical ly r ig id chain molecu les only in the l i m i t -

ing c a s e of v e r y high internal v iscosi ty, which i s

equivalent to the c a s e of absolutely r ig id p a r t i c l e s

d i s c u s s e d in Section II, A. Hence the functions

X = X ( g) a n d Δη = f ( g ) for a solution of chains of

high interna l v i scos i ty a r e e x p r e s s e d by the c u r v e s

of Fig. 5. Zimmt·8 9-' u s e s a m o r e refined hydrody-

namic model of a chain molecule, a sequence of

freely-l inked subchains . ' ^ He t r e a t s the spat ia l

( three-dimensional) motion of such a chain in a s h e a r

field by taking into account the hydrodynamic i n t e r a c -

t ions of i t s p a r t s by the Kirkwood-Riseman method. ' 9 5

However, h e r e he takes the m o l e c u l a r chain to be

ideal ly kinet ical ly flexible, and ignores the interna l

v i scos i ty . Cerf L90-S2J u s e s the s a m e model as Z i m m

(subchains) to d e s c r i b e the hydrodynamic p r o p e r t i e s

of a chain molecule, but he supplements it by taking

into account"the effect of internal v i scos i ty . Here he

modifies the definition of internal v i scos i ty i n t r o -

duced by Kuhn by bringing i t c l o s e r to the idea of the

viscos i ty T)J of a continuous liquid m e d i u m . Hence,

the dynamic p r o p e r t i e s of Cer f ' s m o l e c u l a r model

t u r n out to r e s e m b l e the dynamics of the model of a

v i scoe las t ic s p h e r e that he had used in previous

studies . ' - 9 6 " 9 8 3 According to Cerf, we can u s e the r a t i o

of the internal v iscosi ty coefficient щ of the m o l e -

cule to the v i scos i ty η 0 of the solvent a s a c r i t e r i o n

for classifying molecules according to t h e i r r ig id i-

t i e s . When τ)0 « TJJ (in a r b i t r a r y units), the molecules

a r e rigid, and the b i re f r ingence of the solution ob-

s e r v e d at s m a l l s h e a r s t r e s s e s ( ( 3 — 0 ) i s the r e -

sult of the i r or ientat ion in the flow. When η 0 » щ

(in the s a m e units) , the molecules a r e flexible, and

the b i re f r ingence i s due to t h e i r deformation in the

flow, even at infinitesimally s m a l l s h e a r s t r e s s e s

(β— 0 ) .

Thus, of the t h r e e models e n u m e r a t e d above, we

can c o n s i d e r the hydrodynamic model of Cerf to be

the m o s t complete , and probably the m o s t perfected.

However, it i s a l so the m o s t complex. Hence, the

p r o b l e m of the dynamooptical p r o p e r t i e s of solutions

of chain molecules h a s thus far been solved within the

f ramework of th is model only for the c a s e of g —» 0,

i .e . , for infinitesimally s m a l l s h e a r s t r e s s e s .

On the c o n t r a r y , by using the model of ideally

flexible subchains (neglecting the interna l v iscosi ty),

Zimm was able to solve tHe dynamooptical prob lem

complete ly and der ive the re la t ions Δη = f ( g ) and

χ = χ ( g ) for a broad range of velocity gradients g.

However, h e r e he did not take into account the form

effect in the optical p a r t of the p r o b l e m , but kept only
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the f i r s t t e r m , 0ih2/h2, in Eq. (25) for the p o l a r i z a -

bil ity difference of the m o l e c u l e .

Final ly, the use of the simplif ied hydrodynamic

model of an e las t ic dumbbell without in terna l v i s c o s -

ity m a d e it poss ib le to solve the p r o b l e m of the dy-

namooptic p r o p e r t i e s of flexible chain molecules for

a wide range of velocity g r a d i e n t s , taking into a c -

count not only the in t r ins ic ani sot ropy '-86-' of the

c h a i n s , but a l so t h e i r form anisotropy,'" 8 4 ' 8 2 ' 8 5 -' i .e . ,

us ing all the t e r m s of Eq. (25).

3. The magnitude and or ientat ion of the b i re f r ing-

ence in a solution of chain m o l e c u l e s . The theore t ica l

r e s u l t s a r e s u m m a r i z e d below for chain molecules of

vary ing kinetic r ig id i t ie s , a s der ived from the h y d r o -

dynamic and optical models mentioned above. All the

formulas r e f e r to infinitely dilute solutions ( С —* 0)

of a m o n o d i s p e r s e p o l y m e r .

a) Ideally flexible chains (without interna l v i s c o s -

ity). 1. Hydrodynamic model : e las t ic dumbbel l .

Optical p r o p e r t i e s given by Eq. (25). The magnitude

of the b i re f r ingence is given by the e x p r e s s i o n L82,84,8SJ
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FIG. 7. The function (Δη/C) (3n s/4n·) ( M / N A ) = f(/S) for solu-
tions of flexible chain molecules. Curves: l_(3/2)2<9f4>(j8) for
θί = 3; 2 - ( 0 i + 0fS) j8\/l + β2 ίοτ θί+ <9fS = +2; 3 - ( 0 i
+ 0fs)/8\/ 1 + β2 Ь г 0i + θίs = - 2 ; 4 - additive effect of curves 1
and 2; 5 — additive effect of curves 1 and 3.

w h e r e

where θ\, Of, 6fs, and β a r e defined respect ive ly by

E q s . (21), (22), (24), and (12); Φ ( β ) is a function with

l imit ing v a l u e s :

1ί ΐηΦ(β) = β a n d 1 π η Φ ( β ) = ^ .

T h e s e c o n d t e r m o n t h e r i g h t - h a n d s i d e of E q . ( 2 6 ) ,

w h i c h i s d e t e r m i n e d b y 6f, i s a l w a y s p o s i t i v e . T h e

f i r s t t e r m (proport ional to θί + 6»fs ) c a n have e i t h e r

sign ( #fs is posi t ive, and θ\ can be e i t h e r posit ive

o r n e g a t i v e ) . Hence, the re la t ion Δη = f (β) for the

total b i re f r ingence i s compl icated in form, and in

s o m e c a s e s (when θγ < 0 ) , it can involve a change in

the sign of the observed effect. F i g u r e 7 shows the

g r a p h s of the re la t ion Δη = f (β) for the c a s e s in

which θί + 0fs and 6f a r e posi t ive (curve 4), o r op-

pos i te in sign (curve 5).

The form of the c u r v e for the or ientat ion angle

χ = χ (β) depends e s sent ia l ly on the re la t ive r o l e s of

the m a c r o f o r m #f and the in t r ins ic anisotropy #i

effects in the observed b i re f r ingence . If we neglect

the second t e r m (the m a c r o f o r m effect) in (25) and

(26), the value of the or ientat ion angle will not depend

on the optical p r o p e r t i e s of the s y s t e m , will be d e t e r -

mined by the hydrodynamic p r o p e r t i e s of the m a c r o -

x = (Θ.-+Θ/,) β / T + F

m o l e c u l e s , a n d w i l l b e e x p r e s s e d b y t h e e q u a t i o n [86]

(27)

The overa l l form of the re la t ion (27) qualitat ively

a g r e e s with the c u r v e s for χ ( σ ) (Fig. 5). If we take

into account the m a c r o f o r m effect (the t e r m in (26)

containing 6f), the m e a s u r e d or ientat ion angle is

d e t e r m i n e d by the expres s ion '•"-'

H e r e x 0 i s the value of the or ientat ion angle c h a r a c -

t e r i z i n g the hydrodynamic p r o p e r t i e s of the s y s t e m .

It can be d e t e r m i n e d f rom Eq. (27). F u r t h e r m o r e ,

) „

a n d

H e r e χ[ and χς a r e the extinction angles c o r r e s p o n d -

ing to the two p a r t s into which the m o l e c u l a r s y s t e m

is a r b i t r a r i l y divided. The f i r s t p a r t gives the

bi re f r ingence proport ional to ( 0j + 0fs )/?V 1 + β2, and

the second p a r t is proport ional to (3/2 ) 2 0 £ φ ( β ) .

It follows f rom Eq. (28) that in the r a n g e of β

values where the b i re f r ingence changes s i g n ( x = —1),

the ext inction-angle c u r v e s a r e discont inuous, and

show an " a n o m a l o u s " c o u r s e . Thus , the value of the

extinction angle for such s y s t e m s re f lect s not only

the hydrodynamic p r o p e r t i e s of the s y s t e m , but a l so

to a cons iderab le extent i ts optical p r o p e r t i e s . H e r e ,

a minute hydrodynamic polydi spers i ty (an insignifi-

cant value of б ) will r e s u l t in quite apprec iab le

changes in the exper imenta l curve χ(β).

In the range of s m a l l s h e a r s t r e s s e s (/3 — 0 ) , Eq.

(26) gives for the in t r ins ic value of the b i r e f r i n g e n c e :

-tg2o, (28)

w h e r e t h e t h r e e c o m p o n e n t s of t h e b i r e f r i n g e n c e , t h e

e f f e c t of t h e i n t r i n s i c a n i s o t r o p y [ n ] {, t h e m i c r o f o r m

a n i s o t r o p y [ n ] f s , a n d t h e m a c r o f o r m a n i s o t r o p y

[ n ] f a r e , r e s p e c t i v e l y :
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ίη]ο(αι-α2),

0,058Ф( П »+2)*(» |-»!)* м[n]f = __«„ „„, , Л/.

(30)

(31)

(32)

Here, Φ « 2.1 x ΙΟ23 is the Flory coefficient, and
[η] ο is the intrinsic viscosity of the solution for
g - 0 .

For the intrinsic value of the orientation angle

«-0
Eq. (27) gives

Γ φ l _ „ ^ Ι η ΐ ο ηο
L T J RT '

(33)

w h e r e a = 0 . 5 .

If w e t a k e i n t o a c c o u n t t h e f o r m e f f e c t ( t h e s e c o n d

t e r m of E q . ( 2 5 ) ) , E q . (33) m u s t b e s u p p l e m e n t e d b y

t h e e q u a t i o n I-84»100-!

(34)
e \z L g J i + c 2 z

Here Cj and C2 are constant, unequal factors;

? 1 9Θ/ .

i s t h e i n t r i n s i c v a l u e of t h e e x t i n c t i o n a n g l e i n

t h e a b s e n c e of t h e f o r m e f fec t , a s d e t e r m i n e d , e . g . ,

from (33); [ φ/g] ζ is the same quantity in a system
showing the form effect. In the region CjZ ~ — 1, the
quantity [ <p/g]z essentially depends on the optical
properties of the system.

2. Hydrodynamic model: freely-linked sequence
of subchains. Optical properties of the molecule
given by the first term of Eq. (25) ( Z i m m M ) . Corre-
spondingly, the value of the birefringence is

T h e o r i e n t a t i o n a n g l e i s d e t e r m i n e d b y t h e e x p r e s s i o n

(36)

i n t h e c a s e of w e a k h y d r o d y n a m i c i n t e r a c t i o n (a h y -

d r o d y n a m i c a l l y f r e e - d r a i n i n g m o l e c u l a r c o i l ) o r b y

4.88
(37)

i n t h e c a s e of s t r o n g h y d r o d y n a m i c i n t e r a c t i o n ( a n o n -

f r e e - d r a i n i n g c o i l ) .

T h u s , t h e t h e o r y g i v e s E q . (30) f o r t h e i n t r i n s i c

v a l u e of t h e b i r e f r i n g e n c e [ n ] , i . e . , a r e s u l t c o m -

p l e t e l y a g r e e i n g w i t h t h a t f o r a n e l a s t i c d u m b b e l l .

The intrinsic value of the orientation angle [ φ/g]
also can be expressed by Eq. (33), where we must
assume: a = 0.2 for a free-draining coil, and a = 0.1
for a non-free-draining coil.

Thus, the use of the more refined hydrodynamic

model of subchains, which leads to a considerable
complication of the mathematical side of the problem,
essentially makes no fundamental changes in the final
result of the elastic-dumbbell theory (but changes
only the values of the numerical coefficients). At the
same time, the mathematical complications hinder
the full utilization of the optical properties of the
macromolecules, thus greatly limiting the possibili-
ties of the theory. Hence, in spite of the apparent
primitiveness of Kuhn's hydrodynamic model, its ap-
plication in many cases seems fruitful and quite
justified.

b) Molecular chains of large internal viscosity
(kinetically rigid). In the limiting case of highly rigid
chains, macromolecules do not undergo deformation
in a flow. The birefringence is due to their orienta-
tion, and hence, independently of the model applied,
the relations Δη = f (β ) and χ = χ (β ) qualitatively
agree with the curves of Fig. 5.

The intrinsic value [ η ] is determined as before
by Eqs. (29)—(32), both for rigid dumbbells and for
rigid subchains.

The intrinsic orientation angle also is determined
by Eqs. (33) and (34), but the proportionality coeffi-
cient differs for the two models.

In the rigid-dumbbell case,'-8'^ a = 3/2. For rigid
subchains: with complete hydrodynamic free draining,
a = 0.9, and with complete lack of free draining,
a = 0.7.

c) Flexible chains having a small but appreciable
internal viscosity. We assume that щ « η 0 , and
hence, the observed birefringence is of deformational
type. However, the internal viscosity is not infinites-
imally small (as in case (a)), and can exert an effect
on the dynamooptical properties of the solution.

This intermediate case between absolutely rigid
and ideally flexible molecules has been examined
using a hydrodynamic model of subchains Оо-эй a n ( j
an optical model taking the macroform effect (Eq.
(25)) into account.^00-' The problem has been solved
only in the region /3 — 0, i.e., only the intrinsic
values [n] and [ φ/g] were obtained.

The expression derived for [ η ] has a form simi-
lar to (29), and contains terms [n] j and [n]f. ^
Here the part [n] j corresponding to the intrinsic
anisotropy completely coincides with Eq. (30). Thus,
the existence of an appreciable internal viscosity in
the chain has no effect on the magnitude of the bire-
fringence. On the contrary, the expression for [ φ/g]
depends considerably on the internal viscosity. In the
absence of a macroform effect ( 0f ~ 0), the theory
gives

(38)
kT

*ctg = cot

w h e r e a = 0.2 a n d b = 0 . 0 0 6 2 w i t h w e a k h y d r o d y n a m i c

i n t e r a c t i o n , a n d a = 0 . 1 , b = 0 . 0 0 4 5 w i t h s t r o n g h y -

d r o d y n a m i c i n t e r a c t i o n ; F i s a c o n s t a n t c o e f f i c i e n t
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c h a r a c t e r i z i n g the interna l v i scos i ty η^ of the mole -

cule that does not depend on M.

Z i m m ' s r e s u l t (for β —• 0) i s a specia l c a s e of

Eq. (38) with F — 0.

d) The extinction angle and kinetic r ig idi ty of the

chain. F o r all the d i s c u s s e d model s of ideally f lexi-

ble (Eq. (33)) and absolutely r igid ( E q s . (33) and (15))

m a c r o m o l e c u l e s , the re la t ion of [ φ/g] to Μ[η]η0 i s

r e p r e s e n t e d by a s t r a i g h t l ine pas s ing through the

origin (curve 1 in Fig. 8). F o r rigid m o l e c u l e s , such

a re la t ion m e a n s that the observed b i re f r ingence is

of or ientat ional n a t u r e . When t h e r e is a deformation

effect showing the influence of internal v i scos i ty (Eq.

(38)), the c o r r e s p o n d i n g re la t ion has the form of

c u r v e 2 in Fig . 8, cutt ing the ver t ica l axis at an in-

t e r c e p t proport ional to Fh 2 /kT. The s lopes of the

s t r a i g h t l ines 1 and 2 a r e d e t e r m i n e d by the values

of the coefficient a in E q s . (33) and (38), respect ive ly .

F o r every r e a l po lymer , the re la t ive r o l e s of

or ientat ion and deformation in the Maxwell effect a r e

d e t e r m i n e d by the ra t io of coefficients of the interna l

v i scos i ty T7j (or F) to the v i scos i ty η 0 of the sur round-

ing medium. As η 0 (and hence, a l so Μ[η]ηα) in-

c r e a s e s , the or ientat ion p r o c e s s (curve 1) i s rep laced

by the deformat ion p r o c e s s (curve 2). Hence, the

re la t ion of [ φ/g] to Μ [τ?]ηη for the po lymer chain

is r e p r e s e n t e d by curve 3, for which the s t r a i g h t

l ines 1 and 2 a r e a s y m p t o t e s .

FIG. 8. The relation of [ф/g] to Μ[η]η0 for chain molecules.!"]
1 —orientational birefringence; 2 — deformational birefrigence;
3 — the relation for a real molecule.

T h u s , t h e f o r m of t h e e x p e r i m e n t a l c u r v e f o r

[ ψ/g] = f ( Μ [TJ J T70), a c c o r d i n g to Cerf, can give in-

format ion on the kinetic r ig idi ty of a m o l e c u l a r chain

and s e r v e as a fundamental c r i t e r i o n for solving the

p r o b l e m of the re la t ive r o l e s of the effects of defor-

mat ion and or ientat ion in the b i re f r ingence observed

in the region of smal l s h e a r s t r e s s e s , β —* 0. How-

ever , we must r e m e m b e r h e r e that to obtain adequate

hydrodynamic c h a r a c t e r i s t i c s f rom m e a s u r e m e n t s of

the extinction angle, we m u s t u s e a solvent in which

the value of C2Z in Eq. (34) differs appreciably from

minus unity.

e) The magnitude of the b i re f r ingence and the

anisot ropy of the m a c r o m o l e c u l e . In dis t inct ion from

t h e e x t i n c t i o n a n g l e , t h e e x p r e s s i o n f o r t h e i n t r i n s i c

b i r e f r i n g e n c e f n ] i s p r a c t i c a l l y i n d e p e n d e n t of t h e

h y d r o d y n a m i c p r o p e r t i e s of t h e m o l e c u l a r m o d e l a p -

p l i e d . In t h i s s e n s e E q s . ( 2 9 ) — ( 3 2 ) a r e u n i v e r s a l , a n d

c a n b e u s e d t o d e t e r m i n e t h e o p t i c a l c h a r a c t e r i s t i c s

of m a c r o m o l e c u l e s i n d e p e n d e n t l y of t h e i r m e c h a n i c a l

p r o p e r t i e s . H e r e w e c a n o b t a i n f r o m E q s . (30) a n d

(31) i n f o r m a t i o n on t h e p a r a m e t e r s c h a r a c t e r i z i n g

t h e m i c r o s t r u c t u r e of t h e c h a i n ( t h e s e g m e n t a n i s o -

t r o p y a n d t h e e q u i l i b r i u m r i g i d i t y ) , a n d f r o m E q . (32)

w e c a n f ind t h e a s y m m e t r y of t h e e q u i l i b r i u m f o r m

of t h e m o l e c u l a r c o i l . T o d o t h i s , w e m u s t t r a n s f o r m

E q . (32) i n t o t h e f o r m M

/ «J + 2 Λ 2 Μ (n»-n!)2 ,

-У (39)

where f0, b0, and Lj - L2 are the functions taking
part in Eqs. (9), (13), and (17), respectively. Equation
(39) p e r m i t s us to d e t e r m i n e ρ from the exper imenta l

values of [n]f and M.

4. Concentrat ion-dependence• None of the d i s -

cussed t h e o r i e s pay any attention to i n t e r m o l e c u l a r

i n t e r a c t i o n s , and hence a r e applicable only to e x p e r i -

mental data extrapolated to infinite dilution. P e t e r -

и д [101,102] n a s p r O p O s e c j a s e m i e m p i r i c a l re la t ion

p e r m i t t i n g one to take into account the i n t e r m o l e c u l a r

i n t e r a c t i o n s in solution, and thus to l imit the e x p e r i -

mental p r o c e d u r e to the study of r a t h e r concentra ted

solut ions, in which the technique of observ ing and

m e a s u r i n g the Maxwell effect i s cons iderab ly s i m p l e r .

This re la t ion is based on the as sumpt ion that the in-

t e r m o l e c u l a r in teract ion in a c o n c e n t r a t e d solution

i n c r e a s e s the effective hydrodynamic forces act ing

on the molecule in the flow to the s a m e extent that it

i n c r e a s e s the reduced v i scos i ty of the solution

М * = - ~ 7 ^ · (40)

According to P e t e r l i n , Eq. (27) and the p a r t of (26)

c o r r e s p o n d i n g to the in t r ins ic ani sot ropy θ{ can be

applied a l so to concentrated solutions if we r e p l a c e

f7?] by [?]]* there in , and correspondingly , r e p l a c e

the p a r a m e t e r β by

(41)
RTC

H e r e , instead of E q s . (27) and (26), we have

4π Κ + 2 ) 2

f rom which it a l so follows that

Δη . o 4π ('
g ( η - s i n 2 χ =

(42)

(43)

(44)

The l a t t e r equations a r e of g r e a t p r a c t i c a l signifi-

c a n c e , s ince they p e r m i t us to d e t e r m i n e the s e g m e n t

anisot ropy al - a2 f rom the values of Δη, χ, and

TJ — T70 found exper imenta l ly in a solution of any con-

cent ra t ion whatever, even if we do not know the con-

c e n t r a t i o n .
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Equation (44) has also been derived by Lodge,'-103'104-'
who considered a concentrated polymer solution as
being a disordered network of tangled molecular
chains that can be deformed in the shear field of the
flow. Equations (42)—(44) refer to the case in which
the solution shows no form effect.

The concentration-dependence of the form bire-
fringence will be discussed in Sec. III.

ΙΠ. EXPERIMENTAL DATA

In discussing the experimental data on flow bire-
fringence, we cannot in all cases easily solve the
problem of whether we should treat the solution being
studied as a system of rigid particles, or must bear
in mind their deformation in the flow.

Often the division of particles into two classes,
rigid and deformable particles, is provisional, since
one given macromolecule under different conditions
(e.g., in different shear-stress ranges) can behave
either as a highly rigid or a rather flexible body.

The following assumption can obviously serve as a
general criterion for classification of a given system.
If orientation of the molecules plays the basic role in
an observed flow birefringence, then the molecules
can be treated as being kinetically rigid, even if they
indubitably exhibit deformability (flexibility) in other
phenomena.

The equations of the theory of flow birefringence of
rigid particles (Sec. II, A) are commonly applied to
solutions of biopolymer molecules, although not nearly
all of the latter can be considered to be completely
rigid.

On the other hand, the fact that a molecule is
kinetically rigid and the birefringence is due to
orientation still does not imply that the most correct
model for its geometric and optical properties is a
rigid prolate ellipsoid or a straight rod, rather than
a randomly coiled chain. This fact is not always taken
into account sufficiently.

The section on biopolymers will take up several
typical examples in which the hydrodynamic and op-
tical properties of macromolecules can be repre-
sented by models of continuous ellipsoids or rods,
and some cases are also given in which a randomly
coiled chain is a more adequate model.

A. Biological polymers

The most characteristic representatives of high-
molecular-weight substances whose solutions contain
rigid particles of rodlike shape are the viruses, pro-
teins, and polypeptides.

An essential point is that the dimensions and
shapes of many of these particles can be directly de-
termined with the electron microscope and compared
with the values of the rotational diffusion coefficient
obtained from measurements of the orientation angle
of the birefringence.

1. Tobacco mosaic virus (TMV). Among the
various viruses, the dynamooptical properties of
TMV solutions have been studied in greatest detail,
and the dimensions and shape of these particles have
also been characterized rather fully by other meth-
ods^ 1 0 5 3

Sedimentation, tios-in] diffusion, С ш - Ш ] and partial
specific volume measurements of TMV in solution
indicate that the molecular weight of the particles
M ~ 4 0 x 106. If we represent the TMV particle by a
solid ellipsoid of revolution, '-5·1 we can conclude
from these same data that it has the shape of a
straight rod of length 3 x 10~s cm and diameter
0.15 x 10"5 cm. The values found agree with the width
found from the X-ray diffraction data , 1 2 " 1 1 4 - ' and
confirm well the direct determination of the mean
length of the TMV rod from electron micrographs.
[115-118] Determinations of the mean molecular weight
and length of the TMV particles by the light-scatter-
ing method give the same results.^111'115-1

Thus the hydrodynamic, optical, X-ray, and elec-
tron-microscope studies give a rather complete and
consistent picture of the morphological properties of
TMV particles. This permits us to use them as a
convenient object for testing the orientation theory of
flow birefringence.

In order to compare the relative roles of orienta-
tion and deformation in the birefringence phenomenon,
Cerf ^ measured the orientation angles of TMV
solutions, while varying the viscosity η 0 of the me-
dium (by adding glycerol). The relation [ φ/g]
= f (η 0 ) obtained is represented by a straight line
passing through the origin, in complete agreement
with Eq. (15) (or line 1 in Fig. 8), thus illustrating
the rigidity of the TMV particles.

The overall course of the curve relating the
orientation angle and the magnitude of the birefring-
ence to the velocity gradient g has been studied in a
number of references uM,S8,«,iio,in.i20] f o r T M V

solutions over a broad range of shear s tresses . The
range of stresses was extended particularly greatly
(from 1 to 400 dyne/cm2) in the study of Leray, ^
who constructed a special apparatus for this purpose.

The experimentally-obtained relation of the mag-
nitude Δη = f ( g) and the orientation χ = χ ( g) of the
birefringence agrees qualitatively in all cases with
the orientation theory, resembling in form the curves
of Fig. 5. However, if we use the experimental values
of the orientation angle χ for various values of g to
calculate the rotational diffusion coefficients D r by
the formulas of the rigid-ellipsoid theory (Eqs. (6)
and (7) and the tables of '-68-'), we get values of D r

that increase with increasing g. The corresponding
values of the particle length L (calculated by Eqs.
(8), (9), and (10)) vary from L = 5 χ 10"5 cm for in-
finitesimal g to L = 3 χ 10~5 cm for large g. Thus,
the dynamooptical data give satisfactory quantitative
agreement with the results of other methods only at
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l a r g e s h e a r s t r e s s e s , while at s m a l l g va lues, the

exper imenta l value of L t u r n s out to be 1.5—2 t i m e s

a s l a r g e a s the t r u e length of the TMV p a r t i c l e s .

This i s i l l u s t r a t e d by Fig . 9,'-111-' which shows the

calculated p a r t i c l e lengths L as a function of the

velocity gradient g. Such a r e s u l t is c h a r a c t e r i s t i c

of a po lyd i sperse s y s t e m . However, taking into a c -

count the actual length d i s t r ibut ion of the p a r t i c l e s

(determined from e lec t ron m i c r o g r a p h s ) by using

Sadron ' s formulas (19) and (20) for a polydi sperse

solution LH9,39,iioj ^ о е 8 П 0 £ т а к е apprec iab le changes

in the exper imenta l values of the p a r t i c l e length, nor

does the u s e of careful ly p r e p a r e d m o n o d i s p e r s e

s a m p l e s . [ η ϋ

30ОО„
/ш? гш заао «XX? 5СХЮ

g, s e c " 1 .

F I G . 9. T h e r e l a t i o n of L t o g for T M V . t 1 " ]

W e s h o u l d n o t e a l s o a c e r t a i n l a c k o f a g r e e m e n t

between the value of Δη and the or ientat ion angle χ

of the b i re f r ingence . At l a r g e g va lues , the c u r v e

Δη = f ( g ) p r a c t i c a l l y a t ta ins s a t u r a t i o n , while χ has

h e r e a value differing from z e r o .

Poss ib ly we should seek the r e a s o n for the ob-

s e r v e d dif ferences between the e l e c t r o n - m i c r o s c o p e

and dynamooptical data in the dif ferences in the

morphological p r o p e r t i e s of the p a r t i c l e s in a dr ied

p r e p a r a t i o n and in solution,'-1 2 1 '1 2 2-' or_in the a p p r o x i -

mat ions made in calculat ing the length. Ci23,i24] p o r

p a r t i c l e s of such g r e a t d imens ions as the TMV p a r -

t i c l e s , the effect of deviat ions from the conditions of

the quas i s ta t ic theory in the optical p r o b l e m is a l so

not ru led out. ^ In any c a s e , we should b e a r in mind

the fact that a s m a l l propor t ion of a s s o c i a t e d p a r t i -

c le s in the solution can lead to a very apprec iab le

lowering of the curve for the function χ ( g ) in the

region of s m a l l g, w h e r e a s the breakdown of the ag-

g r e g a t e s and the des t ruc t ion of the p a r t i c l e s t h e m -

se lves in the flow m u s t d e c r e a s e the s lope of the

χ ( g) curve at v e r y high s h e a r s t r e s s e s .

Under t h e s e condit ions, we can c o n s i d e r the L

values obtained at m o d e r a t e l y l a r g e g to be the m o s t

r e p r e s e n t a t i v e values of the t r u e m e a n d imens ions of

TMV p a r t i c l e s .

By using the exper imenta l curve for the b i r e -

fr ingence Δη = f ( g ) and the rotat ional diffusion c o -

efficient D r in Eq. (13), we can ca lcula te the differ-

ence between the two pr inc ipa l specific po lar izab i l i -

t ies g1 — gj of the p a r t i c l e . The exper imenta l values

of gj — g 2 for different s a m p l e s l ie in the range f rom

0.9 x Ι Ο " 3 1 1 1 1 0 3 to 4.6 x 1 0 ' 3 С з 9 ] .

It i s hard to s ta te re l iab ly at p r e s e n t to what ex-

tent t h e s e gj — g2 values e x p r e s s the in t r ins ic

anisot ropy of the m a t e r i a l in the p a r t i c l e s , o r a r e a

form effect, s ince the only study of the re la t ion of the

bi re f r ingence of TMV to the re f ract ive index n s of

the solvent was made in an old investigation by

Lauffer.'-125-' He used an exper imenta l technique m o r e

suitable for qualitative than quantitative m e a s u r e -

m e n t s . The re f rac t ive index was v a r i e d by changing

the composit ion of the w a t e r - g l y c e r o l - a n i l i n e m i x -

t u r e used as the solvent. According to Lauffer, the

curve Δη = f ( n s ) i s of parabol ic shape, and in the

region of n s n e a r the re f ract ive index of the v i rus

(nk « 1.57) it gives Δη *» 0, which should c o r r e -

spond to p a r t i c l e s of z e r o i n t r i n s i c an i sot ropy (see

(17)). However, s ince the r ight-hand b r a n c h of the

parabola (in the reg ion n s > n k ) was not obtained

exper imenta l ly , the poss ibi l i ty is not e l iminated that

the observed solvent effect is due m o r e to a change

in the morphological p r o p e r t i e s of the v i r u s p a r t i c l e s

than to the i n c r e a s e in the re f rac t ive index of the

medium upon addition of ani l ine.

On the other hand, for an i sot ropic rodlike p a r t i c l e

( p = 20) having a re f rac t ive index nk = 1.57 in a

g l y c e r o l - w a t e r m i x t u r e ( n s = 1.4), the t h e o r e t i c a l

gj - g2 value c o r r e s p o n d i n g to the form effect is

( gi - g2) ~ 5 x 1 0 ~ 3 a c c o r d i n g to Eq. (17). This is

even somewhat g r e a t e r than the above-mentioned ex-

p e r i m e n t a l values for the total ani sot ropy of the p a r -

t i c l e .

Thus the experimental ly-found value of the b i r e -

fr ingence of the TMV solution can be complete ly a s -

cr ibed to the form effect, in a g r e e m e n t with Lauffer ' s

r e s u l t .

A final quantitat ive solution of the p r o b l e m of the

anisot ropy of TMV p a r t i c l e s will r e q u i r e fur ther

specia l e x p e r i m e n t s .

2. P r o t e i n s . Numerous s tudies of the dynamoopti-

cal p r o p e r t i e s of solutions of a n u m b e r of prote in

p o l y m e r s can be found in the a r t i c l e s of Edsa l l and

his a s s o c i a t e s , 1 ' 1 2 6 ' 1 2 7 - ' and a l so in the monographs ^4>Ο

The r e s u l t s have been i n t e r p r e t e d in t e r m s of the

r ig id-el l ipsoid model . They show good a g r e e m e n t of

the g e o m e t r i c p a r a m e t e r s of the p a r t i c l e s obtained

by the b i re f r ingence method with the data found by

o t h e r methods, '- 1 2 8 " 1 3 0 -' thus favoring the or ientat ional

c h a r a c t e r of the observed b i re f r ingence. F o r i l l u s t r a -

tion, we can c i te the r e s u l t of Boedtker and Doty, 1 3 1 - '

who studied the d imens ions and shape of p a r t i c l e s of

soluble col lagen by var ious methods in solution, in-

cluding flow b i r e f r i n g e n c e .

At collagen concentra t ions below 0.1 g/100 c m 3 in

buffer so lut ions, the in t r ins ic value and the o r i e n t a -

tion of the b i re f r ingence a r e p r a c t i c a l l y independent
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Table I. The molecular weight M, length L, and diameter d of
particles of soluble collagen, as obtained by various methods

(from Boedtker and D o t y i i 3 i l )

Method

Osmotic pressure (Mn) . . . .
Light-scattering (Mw) . . . .
Viscosity and Mw . . . .
Sedimentation and viscosity . . . .
Birefringence and viscosity

Μ

3 , 1 0 - 1 0 5
3 . 4 5 - 1 0 5

3 . 0 0 - 1 0 5

3 . 5 0 - 1 0 5

L

3 . 1 - 1 0 - 5
2 . 9 7 - 1 0 - 5

—

2 . 9 0 - 1 0 - 5

d

1 3 . 0 - 1 0 - 8
1 3 . 6 - 1 0 - 8
1 2 , 8 - 1 0 - 8

1 3 , 5 - 1 0 - 8

o f t h e c o n c e n t r a t i o n . T h e p a r t i c l e l e n g t h L c a l c u -

l a t e d f r o m t h e o r i e n t a t i o n a n g l e i n t h e r a n g e o f

g r a d i e n t s f r o m 0 t o 5 5 0 0 s e c " 1 v a r i e d f r o m 3 x 1 0 " 5

cm to 2ι5 χ 10~s cm, respectively, indicating that the
polydispersity of the sample was negligible.

Tlie trend of the birefringence Δη with varying g
corresponded to the theory of orientation of rigid
particles, and the sign of the effect was positive. The
found value of the specific anisotropy of the particles
was g t — g2 = 2.4 x 10~3. Using the experimental
values of the refractive increment dn/dC = 0.187 of
collagen solutions and the partial specific volume
ν = 0.7, the authors found from Eq. (18) the ratio of
the principal refractive indices of the particle n t /n 2

= 0.998. Thus they concluded that collagen particles
are optically isotropic, and the observed birefring-
ence is a form effect.

The birefringence data are to be compared with
the results obtained by other methods. The final r e -
sults are given in Table I. They show completely
satisfactory agreement among the data obtained by
the various methods. The direct determination of the
length distribution of collagen particles that Hall '-132-'
has made by the electron-microscope method also
corroborates these data. Thus, on the one hand, the
study of the dynamooptical properties of collagen
solutions confirms the correctness of the ideas that
its molecules show considerable rigidity, are of rod-
like form, and of triple-helical structure. 133-' On the
other hand, it illustrates the applicability of the equa-
tions of the orientation theory to such systems.

3. Polypeptides. The development of methods of
synthesizing polypeptide chains Ci34,i35j n a g m a ( j e ц
possible to study dynamooptical properties using
structures that can serve as models for the rigid
helical conformations of native proteins, while at the
same time having an assigned chain structure (iden-
tity of the repeating units, molecular weight, poly-
dispersity of samples, etc.)

Among the known synthetic polypeptides, the most
complete information on hydrodynamic and morpho-
logical properties has been obtained for poly-γ-
benzyl-L-glutamate I-134J (PBG). The conformation of
this molecule in solutions has been studied by the
methods of light scattering^1 3 6 '1 3 7-1 viscosimetry.^ 1 3 6 ' 1 3 0

spectroscopy,'-139^ polarimetry.^13'1'134-' diffusion and
sedimentation,'-140-' and also by the method of orienta-
tion in an electric field.C l 4 1~1 4 6 > 2 6 0 ] All these studies
give analogous results, according to which PBG
molecules in a number of organic solvents (e.g., m-
cresol) are reinforced by intramolecular hydrogen
bonds, and thus can exist as rigid α-helices ^ hav-
ing the "hydrodynamic" shape of a cylinder of diameter
~ 15 A and length 1.5 A per monomer unit in the
chain. The length of the cylindrical particle is thus
L = 1.5 M/Mo A, where Μ is the molecular weight
of the chain, and Mo = 219 is the monomer unit.
These conclusions are corroborated by data obtained
by studying the angular distribution of X-ray scatter-
ing C l 4 8 ] of PBG in the solid state.

Yang '-149-' has studied the flow birefringence of
solutions of a PBG sample ( M w = 2.08 x 105,
L = 1430 A) in cresol, and of another sample of
higher molecular weight ( M w = 3.34 x 105, L = 2300 A)
in dichloroethane (ethylene dichloride) and obtained
similar results. The relation Δη = f (g) in m-
cresol is shown in Fig. 10. The curves have the
usual form for an orientation effect in a system of
rigid particles. The initial slopes of the Δη/g curves
corresponding to different concentrations are given
in Table II. By using the data on the viscosity η of

FIG. 10. The birefringence of poly-y-benzyl-L-glutamate in
m-cresolt"'] (S = 1.39 χ ΙΟ"8 Δη).
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the s a m e solutions,'-1 3 8-' we can ca lcula te the in t r ins ic

value of the b i re f r ingence Δη/g (η — η0) c o r r e s p o n d -

ing to different c o n c e n t r a t i o n s . The obtained values

(the l a s t column in the table) a g r e e within the l i m i t s

of e r r o r for all c o n c e n t r a t i o n s . The s a m e regu lar i ty

i s i l l u s t r a t e d by the g raphs in F i g . 11, L146J w n j c j j

shows the re la t ion of Δη to ζ (η - η 0 ) for the PBG

s a m p l e in t h r e e so lvents . Thus P e t e r l i n ' s theory of

the concentrat ion-dependence of the b i re f r ingence

(Eq. (43)) p r o v e s to be appl icable to solutions of

r igid rodl ike p a r t i c l e s . The concentrat ion-dependence

of the or ientat ion angle a l so a g r e e s with Eq. (42).

The function χ( g) reduced to z e r o concentra t ion

g e n e r a l l y a g r e e s with the or ientat ion theory. However,

the length L of the cy l indr ica l p a r t i c l e s for the s a m -

ple of Table II, as ca lculated from the angles χ as g

was v a r i e d from z e r o to 5000 s e c " 1 , var ied from 2300

to 1380 A, thus indicating a cons iderab le polydis-

p e r s i t y of the s a m p l e .
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FIG. 12. The relation of the magnitude of the electrical bire-
fringence (in relative units) of solutions of PBG in chloroform to
the frequency ν = ω/2π of the applied f ie ldi 1 4 5 ] 1: С = 1.5%; 2:
С = 1.0%; 3: С = 0.5%; 4: С = 0.3%; 5: С + 0.2%; 6: С = 0.15%.

Table II. Birefr ingence and v i scos i ty of so lu-

t ions of PBG in m - c r e s o l at 2 5° С ^^

C, g/ 100 cm'

0.02
0.04
0.10
0.167

(An/g)g_0-1012

500
1080
2600
5560

(η-ηο)- ю2

0.9
1.84
4.97
9.0

Г 4li ]
X lOio

556
587
525
615

/ею

FIG. 11. The relation of Δη to the shear s tress g(?j — 770) for a
sample of PBG (M = 10*)[Me] in dichloroethane (o), dimethyl-
formamide ( · ) , and chloroform (O).

In s t u d y i n g t h e m o r p h o l o g i c a l p r o p e r t i e s of P B G

m o l e c u l e s , i t i s u s e f u l t o c o m b i n e t h e m e t h o d s of

flow b i r e f r i n g e n c e a n d e l e c t r i c b i re f r ingence.Ci46,26i j

In d i s t i n c t i o n f r o m f l e x i b l e c h a i n m o l e c u l e s h a v i n g

n o s e c o n d a r y s t r u c t u r e , t h e r i g i d P B G h e l i c e s i n

s o l u t i o n e x h i b i t a s t r o n g p o s i t i v e b i r e f r i n g e n c e in a n

e l e c t r i c field,'-1 4 5-' t h u s i n d i c a t i n g t h e h i g h d e g r e e of

o r d e r of t h e i r i n t e r n a l s t r u c t u r e .

In a n a l t e r n a t i n g e l e c t r i c f i e l d o n e o b s e r v e s a

s h a r p f r e q u e n c y - d e p e n d e n c e of t h e K e r r c o n s t a n t ,

i n d i c a t i n g t h e d i p o l e n a t u r e of t h e p r o c e s s of o r i e n t a -

t i o n a n d r e l a x a t i o n . T h i s i s i l l u s t r a t e d b y F i g . 12,

which shows the re la t ion Δηω = f( v) for solutions of

the s a m p l e of Fig . 11 in c h l o r o f o r m . 1 4 6 - '

By using t h e s e curves and the theory , we can

calcula te the re laxat ion t ime of dipole or ientat ion те

and the rotat ional diffusion coefficient D r = 1/2 те,

and thereby a l s o the length L of the rodl ike molecule

(by Eq. (10)). The c o r r e s p o n d i n g data a r e given in

Table III.

If we a s s u m e the bas ic m o l e c u l a r s t r u c t u r e to be
о

the α-hel ix (1 .5 A p e r m o n o m e r u n i t ) , we can d e -

t e r m i n e from the length L the m o l e c u l a r weight M,

whose value is a l so given in Table III. It a g r e e s well

with the value obtained by v i s c o s i m e t r y ( M^ ^ 0 . 9 5

x 10 5 ) , thus c o r r o b o r a t i n g the hypothesis of the a-

hel ical s t r u c t u r e .

The second and th i rd columns of the table give the

data on the optical ani sot ropy of the s a m e s a m p l e ob-

tained from the f low-birefr ingence m e a s u r e m e n t s .

The difference between the pr incipal po lar izab i l i t i e s

of the molecule (in vacuo) y t - γ 2 i s ca lculated by

Eq. (16), in which the Lorentz factor ((n2 + 2)/3) 2 has

been introduced, and it has been a s s u m e d that

b o / F ( p ) = 1. The fourth column of the table gives the

exper imenta l va lues of the specific '-150-' K e r r con-

stant K s of PBG in a d i r e c t - c u r r e n t field.

By c o m p a r i n g t h e s e quantit ies with the value of

Ti - Уг> w e c a n ca lculate " 5 1 ^ the axial component μ

of the dipole m o m e n t of the m o l e c u l e . The values of

μ a r e a l so given in Table III. The l a s t column gives

the value of μ ( M o /M) = μ0, the dipole moment p e r

m o n o m e r unit of the m o l e c u l e . The value of μ 0

a g r e e s with the value obtained by m e a s u r i n g the

d i e l e c t r i c constant of PBG solutions.'-1 4 4-' This m e a n s

that the d i r e c t i o n s of the valence bonds N-H and

C=O (linked by the i n t r a m o l e c u l a r hydrogen bonds)

a r e n e a r the axis of the hel ix.

The polar izabi l i ty difference y< — Уч given in
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Table ΙΠ. Dynamooptic, electrooptic, and morphological properties
of PBG molecules in solution [ 1 4 6 ]

Solvent

Dichloro-
ethane

Chloro-
form

« ( η - η ο ) ' 1 0

295

342

ЙЯ&,

3600
4200

7
9

•108

,6
,6

τ-105.
sec

1.0

1,3

В г 1 0 - з ,

s e c ' 1

5 0

3 8

L,
A

700

880

Μ

1

1

.10-5

. 0 2

. 3 0

μ.1018

1390

1650

Μ

3

2

•1018

, 0

, 8

Table III includes both the intrinsic anisotropy of the
molecule and the form effect.

By using Yang's data (Table II) obtained in m-
cresol (in which n^ ~ n s ), we can estimate the in-
trinsic anisotropy (from Eq. (16)). For the sample of
M w = 2.08 x 105, we find yx - y2 = 7000 x 1O~25 cm 3

(in vacuo). This value is two orders of magnitude
greater than the anisotropy of flexible chain mole-
cules of synthetic polymers having no secondary
structure (see Sec. Ill, B). However, the anisotropy
per monomer unit with respect to the principal axes
of the helix

«II - α ι = (Υ.-\2) ^ = 7·10-25 cm?

is quite small.
For a monomer unit of PBG of absolutely rigid

structure [(-NH-CHR-CO-) n , where R is
- ( CH2)2—COO—CH2—C6H5], the anisotropy an - a χ
should be negative. The fact that it actually has a
small positive value indicates that the ester side-
chain is considerably more flexible than the helical
main chain, which is reinforced by hydrogen bonds.

Thus, the combination of the two cited methods
permits us to obtain rather full information on the
geometrical, optical, and electric parameters of PBG
molecules. This information agrees well with the
α-helical structure.

The data obtained in chloroform agree somewhat
more poorly with the properties of the α-helix model
than the results obtained in dichloroethane. This fact
can result either from phenomena of molecular asso-
ciation in chloroform, or from some change in the
conformation of the molecules upon substitution of
the one solvent for the other.

The study of the frequency-dependence of the
electrooptic effect shows that the relaxation time τ
and the corresponding effective lengths L can be
considered to be frequency-independent only in a first
approximation, and only in the range of sufficiently
high frequencies v. On the contrary, as ν decreases,
τ and L increase appreciably.

This is illustrated by Fig. 13. This phenomenon
resembles the effect of variation of D r and L ob-
served in the study of the orientation angles χ (see
Fig. 9), and is obviously due to the polydispersity of
the sample.

4. Nucleic acids. Recently, much attention has

104

3

г

j

ЮОО

5OO

гою sow3

FIG. 13. The relation of the relaxation time г of the Kerr effect

and the corresponding effective molecular length L, to the electric-

field frequency ν for solutions of various concentrations of PBG in

dichloroethane.t 1 4 6] 1: τ = τ{ν); ο - 0 . 3 % ; «-0.25%; +-0.20%; Л -

0.13%, х -0.10%; 2: L = L(v). ;

b e e n a t t r a c t e d t o t h e s t u d y of t h e s t r u c t u r e s of t h e

n u c l e i c a c i d m o l e c u l e s , ^ d e o x y r i b o n u c l e i c a c i d

(DNA) a n d r i b o n u c l e i c a c i d ( R N A ) , i n c o n n e c t i o n w i t h

t h e i m p o r t a n t b i o l o g i c a l f u n c t i o n s of t h e s e p o l y m e r s .

a) D N A . A n u m b e r of s t u d i e s C1 5 2~1 7fl h a v e d e a l t

w i t h t h e d y n a m o o p t i c a l p r o p e r t i e s of D N A s o l u t i o n s .

In a l l c a s e s , a l a r g e e f f e c t of n e g a t i v e s i g n h a s b e e n

found, w i t h a v a l u e i n c r e a s i n g w i t h t h e v e l o c i t y

g r a d i e n t , i n a c c o r d a n c e w i t h t h e t h e o r y of o r i e n t a t i o n

of r i g i d p a r t i c l e s ( s e e F i g . 5 ) .

T h e h i g h r i g i d i t y of t h e d i s s o l v e d m a c r o m o l e c u l e s

i s a l s o m a n i f e s t e d i n t h e i n s i g n i f i c a n t i n f l u e n c e of t h e

ionic state of the solution on the hydrodynamic prop-
erties of the molecules. Figure 14 '-165-' shows the rela-
tion of the orientation angle χ to the velocity gradient
g for aqueous solutions of DNA having various con-
centrations of added salt (NaCl).

In distinction from the behavior of solutions of
flexible polyelectrolytes, the points remained
clustered about a single curve as the ionic strength
was varied by a factor of 104, indicating the invaria-
bility of the dimensions of the DNA molecule under
these conditions, and thus illustrating their consid-
erable rigidity.

Studies of the rigidity of DNA molecules by Cerf's
method have been made by Cerf'-154-' and by Leray.
[165,166,173] T h e f i n a l r e s u i t s are given by the graph of
Fig. 15,'-173-' where the intrinsic value of the orienta-
tion angle [ φ/g] is shown as a function of the viscos-
ity η 0 of the solvent or as a function of the parameter
Μ [η ] η 0 for three DNA samples (Nos. 2 , 3 , and 4 of
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FIG. 14. The relation of the orientation angle у to the velocity

gradient g for aqueous solutions of DNA for various ionic strengths

of the solutions. 1I!5J The points correspond to intervals of varia-

tion of the DNA concentration from 8 χ 10"' to 20 χ 10"3 g/100cm3,

and salt concentrations from 1 χ 10'3 to 10000 χ 10"3 g/100 cm3.

FIG. 15. The relation of [φ/%] to the viscosity of the solvent
for three DNA samples.[ 1 7 ! ]

Table IV). In all cases in the region of small η0, the
points lie on straight lines passing through the origin.
As η 0 was increased, the curve [ ψ/g] = ί ( η 0 ) for

two of the samples showed a sharp break, while this
range of n0 values was apparently not attained with
the third sample.

Such a trend in the function, according to Cerf,
corresponds to the case of semirigid macromolecules
(see Fig. 8), for which the observable birefringence
is an orientation effect in the region of small η0, but
a deformation effect in the region of large η 0 . In
" n o r m a l " coordinates (with Μ [ η ] η 0 as abscissa),
the initial slopes of the curves for all three samples
agree, in accordance with the theory.

At the same time, according to the data obtained,
the kinetic rigidity (internal viscosity) of the third
sample (No. 4) must be considerably higher than for
the first two, since it did not exhibit a break in the
straight line graph. Here the greater kinetic rigidity
of the sample is accompanied by a lesser equilibrium
rigidity (though having a greater molecular weight,
sample No. 4 gives practically the same viscosity as
sample No. 3). In itself, this fact compels us to treat
with caution any attempts to interpret the presented
data quantitatively, in any case, in the sense of
establishing a relation between the rigidity and
molecular structure of different DNA samples. How-
ever, the obtained results indisputably show that in
the region of small velocity gradients when the vis-
cosity of the solvent is not too great, the dynamoopti-
cal effect in DNA solutions can be described within
the framework of the theory of orientation of rigid
particles.

Table IV gives the dynamooptical parameters for
some DNA samples. Here Do = Drr70< and a is the
numerical coefficient in Eqs. (33) and (38). The a
coefficients agree in order of magnitude with the
value predicted by theory (a does not depend greatly
on the model characteristics of the particle), but they
differ rather greatly for different DNA samples. Do

systematically (and very sharply) declines with in-
creasing molecular weight, in qualitative agreement
with the theory. It would seem premature at present

Table IV. Characteristic constants of the birefringence of some
samples of native DNA (thymus) from the data of different authors

Author

1. Wisslert1"]
2. Schwander

and Cerft154]
3. Lerayl^l
4. Lerayt'"]
с Ν ПоМчгемп

6.1 and

7. f R e i c h m a n n
8.J ['"••"]
9. Andreeva and

Tsvetkov*
10. Frismant 1 7 4]

•Unpublished

Μ-10-β

6

6
11

6 , 8 5
5 . 9

5 . 8 5
3 . 5

( 2 . 5 )

6 . 5

5

[η] · 10-3.

c m V g

1.5
5 . 7

6 . 5

4 . 8
5 . 1
5 . 3 4

3 . 0 7

5 . 0

4 . 0

Dr,
-1 -1

cm s e c

2 . 0 3

0 , 4 8

0 . 1 2
0 . 0 6

0 . 0 4 6
0 , 1 8

0 , 2 1
2 . 8 3

0 . 1 0

«

0 . 4 8
0 , 4 9
0 . 4 7

1.43

0 . 3 8
0 . 3 5

0 . 1

0 . 6 2

- 0 , 8 8

- 0 . 2 9

- 1 . 0

- 1 , 5
- 1 . 0
- 4 . 1

- 0 . 4 0

ί ϊ ΐ . 103
14]

- 4 . 3

- 1 . 5 6

- 6 . 7
- 2 . 4
- 1 . 2 5
- 0 . 8

- 1 . 4

^ , 0 - 3

400

144

620
220
116
75

130
460

A, A

2100

760

3200
1170
600
400

680
2400
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to speak of quantitative agreement, in view of the in-
sufficient number of systematic experimental studies.
If we represent the DNA molecule by the model of a
rigid continuous ellipsoid (as was usually done in the
earlier studies), and use the experimental D r values
and Eqs. (8)—(10), we obtain lengths exceeding tens
of thousands of Angstrom units in a number of cases.
Here the model ellipsoid is transformed into a thin
straight rod with the enormous asymmetry of ρ « 500.
The stable existence of molecules of such a configu-
ration in solution is improbable, since it is hard to
imagine even for the Watson-Crick double helix that
such a shape would not be destroyed by the thermal
motion of the parts of the molecule and by defects in
the secondary structure. Besides, such a conforma-
tion does not agree with the optical properties of the
macromolecules.

The great spread in the values of g t - g2 and
[η]/[η] obtained by different authors cannot be as-
cribed to experimental e r r o r s . It is apparently due
to actual differences in the morphological properties
of the studied samples, since we know that a change
in the morphology (e.g., denaturation) shows a more
marked influence on the optical anisotropy than on
the hydrodynamic properties of DNA molecules. 174-"

The values of [η]/[η] (which are negative in sign)
are two orders of magnitude greater than the [ η ] /[ η ]
values usually obtained from flexible chain polymers,
thus indicating the high degree of order of the struc-
tural elements of the DNA chain.

These properties fully agree with the generally
accepted molecular model of Watson and Crick,'-178-'
in which the rigid double-helix structure is rein-
forced by hydrogen bonds linking the purine and
pyrimidine bases of the DNA chains. Here the planes
of the optically-anisotropic bases are normal to the
axis of the double helix, giving r ise to the large nega-
tive anisotropy of the entire molecule.

On the other hand, a theoretical estimate '-175-' of the
anisotropy of the monomer unit (or nucleotide pair) of
DNA with respect to the helical axes gives a value
all ~ a i ~ -190 χ 1Ο"25 cm 3 . Assuming this value of
ац — а^, if we represent the DNA molecule by the
model of a rigid rod, we get a value for its aniso-

tropy 7 t - y2 exceeding the experimental value by a
factor of tens (or even hundreds).

Nevertheless, we can interpret the experimental
values of [ n ] /[ η ] reasonably by representing the
DNA molecule by the model of a random coil of great
rigidity.'-175^ If we take into account the fact that for
a rigid chain such as DNA, the macroform effect
[n]f constitutes an insignificant fraction of the ob-
served birefringence [n] (see Table V), we can r e -
duce Eqs. (29), (30), and (31) to the form

4 π

[ηΐ - A5kT ns
( 4 5 )

T a b l e V g i v e s t h e r e s u l t s o b t a i n e d b y u s i n g t h e

e x p e r i m e n t a l d a t a o f T a b l e I V a n d E q . ( 4 5 ) f o r s a m p l e

N o . 9 , w h i l e t h e l a s t c o l u m n o f T a b l e I V g i v e s t h e

r e s u l t s f o r a l l t h e o t h e r s . T h e y s h o w t h a t , i n o r d e r t o

e x p l a i n t h e e x p e r i m e n t a l v a l u e s o f t h e o p t i c a l a n i s o -

t r o p y , w e c a n r e p r e s e n t t h e D N A m o l e c u l e b y t h e

m o d e l o f a c h a i n o f f r e e l y - l i n k e d l i n e a r s e g m e n t s .

T h e m o l e c u l a r w e i g h t M s o f e a c h o f t h e s e s e g m e n t s

a m o u n t s t o h u n d r e d s o f t h o u s a n d s , w h i l e i t s l e n g t h A

a m o u n t s t o h u n d r e d s o r t h o u s a n d s o f A n g s t r o m u n i t s .

T h e q u a n t i t y s c h a r a c t e r i z e s t h e a v e r a g e n u m b e r

o f n u c l e o t i d e p a i r s j o i n e d i n a n o r d e r e d d o u b l e - h e l i x

s t r u c t u r e , w h i l e A i s t h e a v e r a g e l e n g t h o f s u c h a n

o r d e r e d h e l i c a l r e g i o n . T h u s , t h e s e q u a n t i t i e s g i v e

i n f o r m a t i o n o n t h e d i m e n s i o n s o f t h e r e g i o n s i n t h e

D N A c h a i n t h r o u g h w h i c h t h e " l o n g - r a n g e o r d e r " i n

t h e o r i e n t a t i o n o f t h e p l a n e s o f t h e b a s e s e x t e n d s ;

t h i s o r d e r i s r e s p o n s i b l e f o r t h e n e g a t i v e a n i s o t r o p y

o f t h e c h a i n , a n d i s m a i n t a i n e d b y t h e i n t r a m o l e c u l a r

h y d r o g e n b o n d s . T h e o r d e r e d s t r u c t u r a l e l e m e n t s

a r e l i n k e d b y r e g i o n s w h e r e t h e s e c o n d a r y s t r u c t u r e

o f t h e m o l e c u l e ( t h e h y d r o g e n b o n d s o f t h e b a s e s ) i s

w e a k e n e d f o r s o m e r e a s o n , t h u s c a u s i n g a c e r t a i n

f l e x i b i l i t y o f t h e c h a i n ( F i g . 1 6 ) . [ 2 5 8 ] A t t h e s a m e

t i m e , t h e d y n a m o o p t i c a l p r o p e r t i e s o f D N A o b v i o u s l y

d o n o t c o r r e s p o n d t o t h e m o d e l o f a s t r a i g h t r o d ,

s i n c e i n t h i s c a s e t h e n u m b e r s o f m o n o m e r s p e r

s e g m e n t w o u l d s i m p l y b e e q u a l t o t h e d e g r e e o f p o l y -

m e r i z a t i o n . T h e a n i s o t r o p y o f t h e m o l e c u l e , e . g . , f o r

t h e s a m p l e g i v e n i n T a b l e V , w o u l d c o r r e s p o n d i n g l y

b e M / M s = 5 0 t i m e s a s g r e a t a s t h e v a l u e f o u n d e x -

T a b l e V . B i r e f r i n g e n c e a n d t h e m e a n d i m e n s i o n s o f t h e

o r d e r e d r e g i o n s o f d o u b l e - h e l i c a l c h a i n o f D N A

E x p e r i m e n t a l d a t a

e.5-Ю6

№o

5-103

[n]

-0.71-10-3

M»

660

dn/dC

0,172

ul76

0.56

Calculated

+1-10-6

° i r ° x

-190-10-25

•

200

и
s

130-103

A

680 A +0.64-10-3
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FIG. 16. Optical model of the

DNA molecule.

p e r i m e n t a l l y . The hydrodynamic p r o p e r t i e s of DNA

solut ions a l so a g r e e b e t t e r with the m o l e c u l a r model

of a random coil than with that of a r igid rod. [179]

The values cited for s and A w e r e obtained under

the assumpt ion that the planes of the b a s e s within the

o r d e r e d e l e m e n t s a r e s t r i c t l y n o r m a l to the axis of

the hel ix. Local defects in the double-helix reg ions

only s l ightly affecting the overa l l g e o m e t r y of the

chain can d e c r e a s e appreciably the optical anisotropy

of t h e s e reg ions , and hence a l so the exper imenta l

values of s and A. This would s e e m to explain the

g r e a t d ivergence in the values obtained from different

s a m p l e s (Table IV).

This fact shows that the b i refr ingence can be used

as a sens i t ive method of c o m p a r a t i v e analys i s of DNA

s a m p l e s of differing o r i g i n s , and in p a r t i c u l a r , of

studying the d e g r e e of o r d e r of t h e i r hel ical s t r u c -

t u r e s . This method has actual ly been applied in sev-

e r a l i n s t a n c e s , e.g., in studying p r o c e s s e s of denatu-

r a t i o n o f D N A . Q 6 8 " 1 7 2 ' n 4 ]

What has been sa id i s a l so i l l u s t r a t e d by the fact

that the effects of heat and changes in the ionic

s t r e n g t h of the solution have a weaker influence on

the hydrodynamic c h a r a c t e r i s t i c s ' - 1 5 5 ' 1 7 9 ^ (Fig . 14) of

DNA solut ions than on the optical anisotropy.'-174-^

b) RNA. The information on the morphological

p r o p e r t i e s of RNA is m o r e scanty than for DNA. In

spite of the g r e a t s i m i l a r i t y in the chemical s t r u c -

t u r e s of these two polynucleotides, the hydrodynamic

p r o p e r t i e s of t h e i r solutions differ g r e a t l y . In the

c a s e of RNA, they a g r e e with the p r o p e r t i e s of o r d i -

n a r y flexible polye lect ro ly tes , and depend great ly on

the ionic s t rength, the pH, and the t e m p e r a t u r e of

the solution.C 1 8 0 " 1 8 3 ^

At the s a m e t i m e , the p r e s e n c e of a hypochromic

effect [sic!] (an i n c r e a s e in the ul t raviolet absorption)

upon heating o r upon d e c r e a s i n g the ionic s t rength of

the solution indicates the ex i s tence of imper fect

hel ical r e g i o n s in the chain. When the hel ical s t r u c -

t u r e i s d e s t r o y e d (by the act ion of heat o r by d e c r e a s e

in ionic s t rength) , the d imens ions of the RNA m o l e -

cules in solution expand, in dist inct ion from DNA.

Hence we can conclude '-177-' that the hel ical regions

FIG. 17. Model of the RNA
molecule (according to Doty).

FIG. 18. The orientation angle and the magnitude of the bire-
fringence for RNA solutions. RNA concentration С = 2.8 χ ΙΟ"3

g/cm\

a r e l i n k e d b y s i n g l e m o l e c u l a r c h a i n s of R N A h a v i n g

t h e c o n f o r m a t i o n of r a n d o m l y c o i l e d f l e x i b l e c h a i n

m o l e c u l e s ( F i g . 17).

T h e d a t a on t h e d y n a m o o p t i c a l p r o p e r t i e s of R N A

a r e a s y e t v e r y s p a r s e . 1 8 4 > 1 8 5 j

F i g u r e 18 s h o w s t h e r e s u l t s '-184-' o b t a i n e d i n a n e u -

t r a l a q u e o u s s o l u t i o n of a n R N A s a m p l e f r o m

E s c h e r i c h i a c o l i . T h e b i r e f r i n g e n c e i s p o s i t i v e a n d

c o n s i d e r a b l y s m a l l e r i n m a g n i t u d e t h a n t h a t i n D N A

solut ions . The Δη = f ( g ) graph is curved toward the

horizontal axis , a s is typical of flexible chains of

polye lectro lytes in solutions of low ionic s t r e n g t h . ^

An i n c r e a s e in the ionic s t rength of the solution r e -

su l t s in coil ing of the flexible RNA chain, and sharp ly

r e d u c e s the magnitude of the b i re f r ingence .

Analogous r e s u l t s were obtained in '-185-' from RNA

s a m p l e s of a different origin, and a study was made

of the concentra t ion-dependence of the effect for

v a r i o u s ionic s t r e n g t h s ( r a t h e r s m a l l , not exceeding

0.01) of the solution. The n a t u r e of the concentat ion-

dependence a l so r e s e m b l e s that of flexible polye lec-

t r o l y t e s in the ionized s t a t e . At a m o d e r a t e ionic
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s t r e n g t h (buffered 0.01 Μ NaCl), the value of the

anisotropy of the molecule yx - y2 = +1100 x 1O25 c m 3

for a sample f rom TMV. If we a s s u m e the model of

Fig . 17, we can take this l a r g e value (for a flexible

chain polymer) as cons i s t ing of t h r e e c o m p o n e n t s : the

negative anisotropy of the single coiled chains of the

molecule (like polystyrene o r poly-j3-vinylnaphtha-

lene), the s l ight (probably positive) an i sot ropy i n t r o -

duced by the hel ical reg ions (whose axes a r e or iented

p r a c t i c a l l y at random), and the posit ive form ani so-

t ropy. At s m a l l sa l t concentra t ions (as in the d i s -

c u s s e d c a s e s ) , the form effect is of decis ive i m p o r t -

ance L186.257] for a flexible polyelectrolyte chain, and

r e s u l t s in a posit ive total b i re f r ingence (cf. the data

of Table XVII).

Thus the c u r r e n t l y known dynamooptical p r o p e r -

t i e s of RNA solutions do not c o n t r a d i c t the model of

Fig . 17. However, they cannot prove it beyond q u e s -

tion, s ince they a r e fundamentally d e t e r m i n e d by the

e l e c t r o s t a t i c in teract ions of the charged chain, which

blur out the effect of the secondary s t r u c t u r e . To

study the l a t t e r , we m u s t s c r e e n the interact ion of

the c h a r g e s by i n c r e a s i n g the ionic s t r e n g t h of the

solution. H e r e , however, owing to the coil ing of the

m o l e c u l e s , the b i re f r ingence decl ines sharply, and

the e x p e r i m e n t r e q u i r e s i n c r e a s e in the c o n c e n t r a -

tion of the solut ions, i m p r o v e m e n t of t h e i r puri f ica-

tion, and an i n c r e a s e in the sensi t iv i ty of the a p p a r a -

t u s .

B. P o l y m e r s with flexible chain molecules

Even the f i r s t s y s t e m a t i c s tudies of the r e l a t i o n s

Δη = f ( g ) and χ = χ (g) in the solut ions of a n u m b e r

of synthetic p o l y m e r s £ш,79] s h O w e d that the de forma-

tion of the m a c r o m o l e c u l e s in the flow plays the bas ic

ro le in the dynamic b i re f r ingence of these s y s t e m s

(at l e a s t at apprec iab le s h e a r s t r e s s e s ) . Hence, in

the quantitative i n t e r p r e t a t i o n of the exper imenta l

data for p o l y m e r s having flexible chain molecules ,

we m u s t r e l y on a theory taking this deformation into

account (Sec. II, B).

In compar ing theory with e x p e r i m e n t , we m u s t

take into account the influence of concentrat ion effects,

which commonly play a very es sent ia l r o l e in the

s y s t e m s being d i s c u s s e d .

1. Concentrat ion-dependence (in the absence of a

form effect). Among the proposed methodsΟβτ,ιββ,96]

for extrapolat ing the e x p e r i m e n t a l data to z e r o con-

c e n t r a t i o n , the one d e s e r v i n g g r e a t e s t at tention i s

that of P e t e r l i n , b a s e d on E q s . (40)—(44). In this

method, the exper imenta l data on Δη and χ obtained

from solutions of a given polymer at var ious concen-

t r a t i o n s С a r e to be plotted in the form of the r e l a -

t ions Δ η / Δ τ = f ( Δ τ / C ) and χ = χ ( Δ τ / Ο , w h e r e Δ τ

= (V — τ)ο) g i s the effective s h e a r s t r e s s , and η i s

the v i scos i ty of the solution of concentrat ion С at a

velocity gradient of g. H e r e , according to (43) and

(42), the data cor responding to different c o n c e n t r a -

tions must l ie on a single c u r v e .

a) The re la t ion of Δη to C. In the region of smal l

s h e a r s t r e s s e s ( g — 0 ) , Eq. (43) impl ies the con-

stancy of Δ η / Δ τ for all c o n c e n t r a t i o n s . This r e s u l t

i s conf i rmed by voluminous exper imenta l m a t e r i a l ,

and is i l l u s t r a t e d by F i g s . 19 and 20, w h e r e the r e l a -

tion (Δη/Δτ)g—-о = f ( С ) i s shown for a s e r i e s of

solutions under the condition n^ ~ n s . The points for
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FIG. 19. Anisotropy of solutions at various concentrations, a)
1 — polyethyleneterephthalate in a 1:1 dichloroethane-phenol mix-
ture, Μ = 3 x 104; 2-PMMA (atactic) in toluene, Μ = (0.004 - 4)
x 10 s; 3 —PMA (polymethylacrylate) in benzene; 4 — · — polyvinyl-
pyrrolidone in benzyl alcohol; 5 — О — poly-p-tert-butylpheny 1-
methacry late in bromobenzene, Μ = (0.2 - 20) x 106; 6 - о - poly-
styrene (atactic) in bromoform,M = (0.2 — 17) x 10 s; 7 —poly-p-
methylstyrene in bromoform, Μ = ( 0 . 3 - 0 . 7 ) x 103; 8-poly-2,5-
dimethylstyrene in bromoform; 9 — · —isotactic polystyrene in
bromoform; 10 — О — poly-p-chlorostyrene in bromoform, Μ
= (0.55-9) x 10s; 11 —poly-2,5-dichlorostyrene in bromoform.
b) 1 -polydimethylsiloxane in benzene, Μ = ( 1 . 8 - 0 . 7 ) x 10"; 2 -
polymethylmethacrylate in toluene; 3 — polybutylmethacrylate
in benzene; 4 — · —polyphenylmethacrylate in bromobenzene;
5 — polypropylene in carbon tetrachloride; 6— · —poly vinyl-
acetate in benzene; 7 — polyvinylacetate in toluene; 8 — poly-
methylphenylsiloxane in benzene; 9 — poly-tert-butylmetha-
crylate (atactic) in benzene; 10 — poly-tert-butylmethacrylate
(isotactic) in benzene; 11 —isotactic PMMA in benzene; 12 —
syndiotactic PMMA in benzene.
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FIG. 20. Anisotropy of solutions at various concentrations, a)
1 - ethylcellulose in carbon tetrachloride, Μ = (0.3 - 1 ) χ 10"; 2 -

• — polyisobutylene in benzene; 3 — О — natural rubber, Μ

= (2.6 - 26) χ 10s in benzene; 4 — polynaphthylmethacrylate in

tetrabromoethane; 5 — polyphenylmethacrylamide in o-toluidine;

6 —polychlorophenylmethacrylamide in o-toluidine; 7 — polycarbe-

thoxyphenylmethacrylamide in o-toluidine; 8 —poly-3,4-dichloro-

styrene in tetrabromoethane; b) 1 —nitrocellulose (γ = 2.8), lower

scale (in cyclohexanone), Μ = 1 χ ΙΟ6; 2 — poly-/3-vinylnaphthalene

in tetrabromoethane; 3 —cellulose tribenzoate in bromobenzene.

a g i v e n p o l y m e r - s o l v e n t s y s t e m l i e on a s i n g l e

s t r a i g h t l i n e p a r a l l e l t o t h e c o n c e n t r a t i o n a x i s , i n d e -

p e n d e n t n o t o n l y of t h e c o n c e n t r a t i o n of t h e s o l u t i o n ,

b u t a l s o of t h e m o l e c u l a r w e i g h t of t h e d i s s o l v e d s a m -

p l e a n d i t s d e g r e e of p o l y d i s p e r s i t y .

T h i s m e a n s t h a t t h e b i r e f r i n g e n c e in a l l t h e s t u d i e d

s y s t e m s n o t o n l y s h o w s a c o n c e n t r a t i o n - d e p e n d e n c e

f o l l o w i n g E q . ( 4 3 ) , b u t a l s o v a r i e s w i t h t h e m o l e c u l a r

weight Μ of the p o l y m e r in a c c o r d a n c e with Kuhn's

t h e o r y .

Thus, f rom m e a s u r e m e n t s of the value of the b i r e -

fr ingence of the solution and i t s v i scos i ty made under

the condition g —* 0, using Eq. (43), we can re l iab ly

d e t e r m i n e the s e g m e n t ani sot ropy at — a2 of a poly-

m e r molecule without r e c o u r s e to s tudies of the con-

centra t ion-dependences of Δη and η. The e x p e r i -

mental data on the concentrat ion-dependence of the

bire f r ingence a r e cons iderably l e s s complete in the

region of l a r g e s h e a r s t r e s s e s , where a deviation

from proport ional i ty between Δη and Δ τ is c l e a r l y

manifes ted. Hence, in o r d e r to get the value of

(AII/C)Q—.о in the region of l a r g e g, we m u s t r e s o r t

to the o r d i n a r y graphical extrapolat ion of the e x p e r i -

menta l data to z e r o concentra t ion.

b) The or ientat ion angle. The c o n c e n t r a t i o n - d e -

pendence of the or ientat ion angle has been studied in

a n u m b e r of r e f e r e n c e s Й 4 9> 1 8 7~ 1 9Й whose r e s u l t s c a n

be s u m m a r i z e d a s follows.

At low enough concentra t ions of solutions in low-

viscos i ty so lvents , the exper imenta l points plotted in

c o o r d i n a t e s of χ = χ(Δτ/Ο) p r a c t i c a l l y al l c l u s t e r

about a s ingle curve (Fig . 21). With i n c r e a s e of con-

c e n t r a t i o n we o b s e r v e a deviation from this ru le that

i n c r e a s e s with i n c r e a s i n g velocity gradient and s o l -

vent v i scos i ty (Fig. 22). Exper iment shows that for

every actual po lymer-so lvent s y s t e m , we can choose

an exper imenta l ly-a t ta inable region of concentra t ions

5OOO ЮООО

etv - vo)/c for 2

Г5Ш 2OOOO

zooo
- туоУС for 1

FIG. 21. The variation of the orientation angle φ = 0(Дг/С)

for polymethylmethacrylate fractions (M = 2.3 χ 106) in two sol-

vents . ! " 2 ] 1-solvent : acetone, 770 = 0.3 χ 10'2; x - C = 0.98

χ 10"2, + - С = 0.81 χ ΙΟ"2, Ο - С = 0.67 χ ΙΟ"2, Δ - С = 0.55

χ ΙΟ"2, D - С= 0.28 χ 10"2 g/cm3; 2 - s o l v e n t : bromoform-tetra-

bromoethane mixture, η0 = 3 χ ΙΟ"2; · - С = 0.23 χ 10"2, X - C

= 0.18 χ ΙΟ"2, D - С = 0.12 χ 10'2 g/cm3.

FIG. 22. The variation of the orientation angle φ = φ ( Δ Γ / C )

for polymethylmethacrylate fractions (M = 2.3 χ 10s) in tetra-

bromoethane (?70 = 15.3 χ 10"2) at the temperature 7°C.[" 2 ]

1 — О — C = 0 . 0 3 · 10- ' ; 2 — D — C = 0.08- 10-';\S—X—С
= 0 . 1 2 - 1 0 - ! ; 4 f - _ c = 0 . 1 8 1 0 - ' ; 6 — · — C = 0 . 3 6 3 - 1 0 - ·

g/cm 3 .
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and velocity gradients for which the concentration-
dependence of the orientation angle will approximate
Eq. (42). Hence the drawing of χ = χ ( Δ τ / θ ) curves
is a useful method for simplifying the extrapolation
of the experimental values to zero concentration.

2. The relation of X and An to the shear s t ress .
It was found in even the first studies В9] and later
confirmed [29,31,42,44,ш-ш] that the experimental r e -
lation Xc—>o = x( g) f ° r a n infinitely dilute solution
qualitatively resembles the theoretical relations (27),
(36) or (37), but does not agree with them quantita-
tively. If we fit the initial slopes of the theoretical
and experimental curves for χ = χ{β), the latter
curves will be flatter with further increase in β than
the former. Figure 23 is presented as an illustration.
Apparently, one of the basic reasons for this discrep-
ancy is polydispersity (see Figs. 9 and 13), which is
practically unavoidable in any actual polymer fraction.
In addition, we must also bear in mind the possible
effect of kinetic rigidity of the molecular chain [as is
not taken into account in Eqs. (27), (36), or (37)]. In
Kuhn's dumbbell model the internal viscosity not only
increases the initial slope of the χ (β) curve, but
also causes the curve to be flatter at large β, thus
bringing the theoretical χ(β) curve closer to the
experimental. '-87-'

By representing the molecule by the model of a
viscoelastic sphere, Cerf'-37-' showed that one can get
a theoretical χ(β) curve similar to the experimental
curve by assuming certain properties of the model.

Thus the fact that the theoretical relation χ (β)
given by Eqs. (36) or (37) only qualitatively agrees
with the experimental relation does not seem para-
doxical, since Zimm's theory does not take into ac-
count such an important kinetic factor as the internal
viscosity of the molecule.

An analogous situation occurs in the relation of the
value of the birefringence to the shear s t ress . This
is illustrated by Fig. 24, which shows, in addition to
the theoretical curve (from Eq. (26) with 6f = 0), the
experimental values of (Дп/С)с— ο for a high-

4S

X

35

25

75

\

\

• — —

5 0 1 O O /so гоо

10

Ί
\

j. .
/ /ss

У

FIG. 23. The relation у = χ(β). 1 - Experimental curve for a
fraction of poly-p-tert-butylphenylmethacrylate (PptBPMA, Μ
= 7.4 x 10s) in broraobenzene t 2 0 0 ' 2 < "1; 2 - from Eq. (27), with initial
slopes fitted by choice of the coefficient in Eq. (27).

i Χ>β (for 2)
A)(f°'3)

FIG. 24. The relation of the birefringence ( Δ η / Q c - o to the
shear s t ress . 1 — From Eq. (26); 2 — experimental data for a
PptBPMA fraction (M = 24 x 1(F) in bromobenzenet1" ' 2 0 0] a s a
function of β = Mtr/bjog/RT; 3 - t h e same, as a function of β
= M[jj]o7jog/RT where [η]0 = lim [η].

g->0

m o l e c u l a r - w e i g h t f r a c t i o n of p o l y - p - t e r t i a r y - b u t y l -

phenylmethacrylate ( PptBPMA) as a function of β or
/30. While the forms of the theoretical and experi-
mental curves are qualitatively similar, however, at
large β values the experimental curves rise consid-
erably less steeply than the theoretical (with equal
initial slopes).

The experimental data approach the theoretical if
we take into account the dependence of [η] on the
shear s tress (curve 2). Peterlin has recently dis-
cussed this fact . C l 9 4 l l 9 5 ]

The discrepancy between theory and experiment
in the region of large β might be due either to the
inadequacy of the hydrodynamic parameters of Kuhn's
model or to the neglect of the influence of the internal
viscosity. A comparison of the experimental data
with Eq. (35), which is based on a more refined model,
gives better results, but it does not completely elim-
inate these discrepancies.

We should point out that, although each of the ex-
perimental relations Δη = f (β ) and χ = χ (β ) by it-
self diverges from the theoretical relations (26) and
(27), the direct relation between Δη and χ expressed
by Eq. (44) is confirmed well by the experimental
data over a broad range of concentrations and shear
stresses . t 5 8 > 1 9 6 " 1 9 8 ] This fact indicates that the dis-
crepancies between theory and experiment found in
the orientation and the magnitude of the birefringence
are caused by similar mechanisms. Perhaps the es-
sential role in these mechanisms is played by the
kinetic rigidity of the molecular chains, which hinders
their uncoiling in the flow.

3. The relative roles of orientation and deforma-
tion at small shear s tresses . While we can reliably
state on the basis of the existing data that the Maxwell
effect in solutions of chain molecules at large shear
stresses is fundamentally due to the deformation of
the macromolecules, the problem of the relative roles
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of deformation and or ientat ion at low flow r a t e s r e -

qui res specia l t r e a t m e n t .

A n u m b e r of s tudies t 9 6 - 1 7 3 ^ have dealt with the r e -

lation of the in t r ins ic value of the or ientat ion angle

[ψ/g] to the solvent v i scos i ty η 0 . The objects of

study were solutions of polys tyrene f r a c t i o n s . The

interval of m e a s u r e m e n t of η 0 covered the range

from 0.6 to 4 cent ipo i se .

The found r e l a t i o n [ φ/g] = f ( η 0 ) in all c a s e s has

the form of an inclined s t r a i g h t l ine i n t e r s e c t i n g the

[ ψ/g] axis at a finite i n t e r c e p t . That i s , it c o r r e -

sponds to Eq. (38) o r curve 2 in Fig . 8. This r e s u l t

shows that for the studied polys tyrene s a m p l e s in the

s tated range of var ia t ion of η 0 , deformat ion of the

molecules plays the fundamental ro le in the b i r e -

fr ingence.

A n u m b e r of o ther s tudies have taken up the r e l a -

tion of [ φ/g] to Μ at constant η 0 in solvents of low

viscos i ty (r?0 < 2 x 10~ 2 ). F r a c t i o n s of polys tyrene,

[44,189,191] po iy i sobuty lene^ 1 9 0 3 P p t B P M A , C 9 i l rubber ,

'-199-' and n i t r o c e l l u l o s e ^200-' have been studied. It was

found that a t constant: TJ0, the value of [ ψ/g] i n c r e a s e s

proport ional ly to M [ r j ] 0 . This is i l lus t ra ted by Fig .

25, which gives the re la t ion of [ <p/g]/M to [ η ] ο η ο

for the f i r s t t h r e e of the cited p o l y m e r s . In t h e s e

c a s e s the b i re f r ingence is an or ientat ion effect, and

the re la t ion between [φ/g] and Μ c o r r e s p o n d s to

l ine 1 in Fig. 8. A complete [φ/g] = f ( r j 0 ) curve (of

the type of c u r v e 3 in Fig . 8) including both a s y m p t o -

t ic b r a n c h e s has been obtained f rom solutions of

polymethylmethacry la te ( Μ = 2.3 x 10 6 ) in a range

of solvent v i scos i t ies η0 from 0.3 x 10~2 to 15 x 10~2

p o i s e . The r e s u l t s a r e shown in Fig. 26.[192] They

i l l u s t r a t e the t r a n s i t i o n f rom or ientat ional to defor-

mational b i re f r ingence a s η 0 i n c r e a s e s . The values

of the coefficient a in Eq. (33) ca lculated from the

02-

S Ю- For (+)

г

FIG. 25. [ζά/gl/M as a function of \η\οτ\ς, for solutions of frac-
tions of certain polymers. « — Polystyrene in benzenef1*9] (M from
0.9 χ 10' to 5.2 χ 10'), η0 = 0.65 χ ΙΟ"2; Ο - polyisobutylene in
hexane["°](M from 1.24 χ 106 to 9.8 χ 106), 170 = 0.32 χ 10"2; +
— poly-p-tert-butylphenylmethacrylate (PptBPMA) in bromo-
benzenet"] (M from 1.1 χ 10е to 24 χ 106 to 24 χ 10'), η0

= 1.3 χ 10'2 (on the small scale).

Ю

/

vJ

JO

05

О

•

• β /
/

/

0 2 5 a i

4 . 0 & O & O

FIG. 26. The relation [<£/g] = ί(ΊΛ[η]0η0/ΚΤ) for PMMA fractions
(M = 2.3 χ 106). Range of 770 from 0.3 χ 10"2 to 15 χ 10"2 poise.t"2]

exper imenta l data on the s lopes of the initial s t r a i g h t

l ines in F i g s . 25 and 26 a r e given in Table VI. In

o r d e r of magnitude they lie within the l i m i t s p r e -

dicted by theory for the var ious model s , and a r e a l so

c lose to the a values given in Table IV. The lack of

s y s t e m a t i c exper imenta l m a t e r i a l a t p r e s e n t does

not p e r m i t u s to say how much the dif ferences in the

found values of a e x p r e s s s t r u c t u r a l c h a r a c t e r i s t i c s

of the studied polymer-so lvent s y s t e m s , r a t h e r than

involving exper imenta l e r r o r s .

However, the data p r e s e n t e d undoubtedly show that

the dynamic b i re f r ingence of a solution of a chain

polymer in solvents of low v iscos i ty η 0 in the range

of smal l s h e a r s t r e s s e s Δ τ is an or ientat ion effect

that goes o v e r into a deformation effect a s η 0 o r Δ τ

i n c r e a s e s . This fact is of cons iderab le i m p o r t a n c e ,

s ince it p e r m i t s us to apply the theory of or ientat ion

of rigid p a r t i c l e s to solutions of chain m a c r o m o l e -

cules under conditions of s m a l l η 0 and g. It a l so

p e r m i t s us to u s e the exper imenta l va lues of [ φ/g]

to d e t e r m i n e rotat ional diffusion coefficients of

molecules and thus to obtain information on t h e i r

d imens ions in solution. Bes ides , in a n u m b e r of

c a s e s t h e s e data can be used to d e t e r m i n e the m o l e c -

u l a r weight. As for the quantitat ive a g r e e m e n t of the

theory of internal v iscosi ty of chain molecules with

the exper imenta l data, in p a r t i c u l a r the re la t ion of

the second t e r m in Eq. (38) to the m o l e c u l a r p a r a m e -

t e r s Μ and [η], this p r o b l e m st i l l r e q u i r e s fur ther

study.

4. The int r ins ic value of the b i re f r ingence and the

optical ani sot ropy of m a c r o m o l e c u l e s . Table VII

gives the values of the s e g m e n t anisotropy Q ( - a2

for a n u m b e r of p o l y m e r s , a s ca lculated from the

exper imenta l values of ( Δ η / Δ τ ^ — ο o r [ n ] / [ r j j o

( b i d d th d i i(obtained under the condition = n
s , see F i g s . 19

a n d 2 0 ) u s i n g E q . ( 4 3 ) o r ( 3 0 ) . T h e v a l u e o f a t - a 2

i s a n i m p o r t a n t c h a r a c t e r i s t i c o f t h e m i c r o s t r u c t u r e

o f t h e c h a i n , a n d d o e s n o t d e p e n d o n i t s l e n g t h ( p r o -

v i d e d t h e l a t t e r i s g r e a t e n o u g h ) . T h e p r o b l e m o f t h e

e f f e c t o f t h e n a t u r e o f t h e s o l v e n t o n t h e m e a s u r e d

value of [η]/[η], and hence a l so on α , - α2>
 n a s

been d i s c u s s e d in ^20l\ The t e m p e r a t u r e - d e p e n d e n c e
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Table VI. The value of the coefficient a in Eq. (33) for certain

polymers in solution

Polymer

Polystyrene!/12 -]

Polystyrenef1"]
Polystyrenef1*1]
PptBPMAf"]
PolyisobutyleneL1'0]
Nitrocellulose[a0°]

Rubber[1§']
Polymethylmethacrylate

Solvent

Toluene
Methylethylketone
Benzene
Bromoform
Bromobenzene
n-hexane
Ethyl acetate
Butyl acetate
Cyclohexanone
Benzene
Acetone
Methylethylketone
Butyl acetate
Bromoform

0.60 \
0.40 J
0.65
2.0
1.13
0.32
0.45 1
0.22
2.15 J
0.65
0.30 ^
0.40 J
0.72 [
2.0 J

Λί-ΙΟ-β

0 . 4 5 — 1 , 9
0 . 9 - 5 . 2

0 . 5 7 — 4 . 3
1 . 1 — 2 4
1 . 2 - 9 . 8

0 . 1 5 - 1 . 0

2 . 3

α

0 . 8 5

1 . 0

0 . 3 3

0 , 3 2

0 . 3

0 . 3 4

2 . 0

1 . 0

0 . 8 5

0 . 3 0

0 . 6 0

0 . 6 0

0 . 6 0

0 . 7 0

Table VII. The segment (CUJ — a2) and m o n o m e r - u n i t (ац —

anisot ropies of the m a c r o m o l e c u l e s of c e r t a i n p o l y m e r s

P o l y m e r

1 . P o l y e t h y l e n e

( P E T )

2 . P o l y p r o p y -

l e n e ( P P )

( a t a c t i c a n d

i s o t a c t i c )

3 . P o l y i s o b u -

t y l e n e ( P I B )

4 . P o l y b u t a -

d i e n e ( P B )

5 . N a t u r a l

r u b b e r

( N R )

6 . G u t t a p e r -

c h a ( G U T )

7 . P o l y e t h y l e n -

e t e r e p h t h a -

l a t e ( T E N )

8 . P o l y - l , 4 - d i -

i s o p r o p e n y l -

b e n z e n e

9 . P o l y - 4 , 4 - d i -

i s o p r o p e n y l -

d i p h e n y l -

e t h a n e

1 0 . P o l y d i -

m e t h y l s i l -

o x a n e

( P D M S )

1 1 . P o l y m e t h y l -

p h e n y l s i i -

o x a n e

( P M P S )

1 2 . P o l y a c r y l o n -

i t r i l e ( P A N )

1 3 . P o l y v i n y l -

p y r r o l i d o n e

( P V P )

F o r m u l a

- C H 2 - C H 2 -

- C H - C H a -

СНз

СНз
- C - C H 2 -

1СНз
- C H 2 - C H = C H - C H 2 -

н ;сн3
1 ' 1

\ / ~ \ /
СН2 СН г

СНз
сн2 с

у <f сн2
Η

-СН2-О-С-СвН4-С-О-СНг-

о

СНз-С-\ /

СН2-С
СН^Нз
СНз СН2 СНз

С /С-СНз

\/
|
\ /

сн 2

СНз
- s k - o -

1
СНз
СНз

- S 1 - 0
СвНц

- С Н - С Н г -
C = N

- С Н - С Н а -
1

N
HjCi'

н 2 с ' _

с=о

:н2

Solvent

Xylene

Carbon tetra-
chloride

Benzene

Benzene,
toluene

Benzene

1:1 dichloro-
ethane-phenol

Bromoform

Bromoform

Benzene

Benzene

Dimethyl-
formamide
Benzyl
alcohol

X1025cms

+50

+30

+50

+30

+50

+85

+70

+78

+142

+4.7

-66

-23

-75

XI 0*5 cm5

+7

+3.5

+8.2

+4.3

+0,96

-13.5

-1.8

-10



Table VII (continued)

Polymer

14. Polystyrene
(atactic)
(PS)

15. Polystyrene
(isotactic)
(PSI)

16. Poly-p-
methyl-
styrene
(atactic)
(PpMS)

17. Poly-p-
methyl-
styrene
(isotactic)
(PpMSI)

18. Poly-p-
chloro-
styrene
(Ppcs)

19. Poly-2,5-di-
methylsty-
rene (P-2,5-
DMS)

20. Poly-2,5-di-
chlorosty-
rene (P-2,5-
DCS)

21. Poly-3,4-di-
chlorosty-
rene (P-3,4-
DCS)

22. Poly-/3-
vinylnaph-
thalene
(P/3VN)

23, Polyvinyl-
acetate
(PVA)

24. Poly-
methyl-
acrylate
(PMA)

Formula

-CH-CH2-

CeHj

-CH-CH2—

ϊβΗδ

- C H - C H 2 -

1

;
1

4 /
СНз

- C H - C H 2 -

/ \

1

\ /
C H 3

- C H - C H 2 -

1

ί
\ /
Cl

- C H - C H 2 -

1
\ / С Н з

- C H - C H 2 -

1
• \

с

\/ci
-CH-CH2-
/ \

CI\/
Cl

-CH-CH2-

/

\

\

/ \

\ /
-CH-CH2-
О-С-СНз

&

- C H - C H 2 -

O = C - O - C H S

Solvent

Bromoform

Bromoform

Bromoform

Bromoform

Bromoform

Bromoform

Bromoform

Tetrabromo-
ethane

Tetrabromo-
ethane

Benzene
Toluene

Benzene
Toluene

χ 1025 cm3

- 1 4 5

- 2 2 4

- 1 4 7

- 1 4 0

- 2 3 0

- 1 8 0

- 2 6 5

- 3 0 0

- 4 3 0

+ 5 . 4

+ 1 3 . 5

+ 1 7

+ 2 6

α | | - α ι )
XI025 cm3

- 1 8

- 2 3

- 2 0

- 1 9

- 3 5

- 2 5

- 3 0

- 2 5

- 3 0

+ 0 . 8

+ 2 . 0

+ 2 . 5
+ 3 . 6

Polymer

25. Poly-n-
butylacry-
late (PnBA)

26. Polyme-
thylmetha-
crylate
(PMMA)

27. Polyme-
thylmetha-
crylate
(isotactic)
(PMMAI)

28. Poly-n- "
butylmetha-
crylate
(atactic)
(PnBMA)

29. Poly-n-
butylmetha-
crylate
(isotactic)
(PnBMAI)

30. Poly-tert-
butylmetha-
crylate
(PtBMA)

31. Poly-tert-
butylmetha-
crylate
(isotactic)
(PtBMAI)

32. Polyphenyl-
methacry-
late (PPMA)

33. Poly-p-tert-
butylphenyl-
methacrylate
(PptBPMA)

34. Poly/S-
napthylmetha-
crylate
(P/3NMA)

35. Polyphenyl-
methacryla-
mide
(PPMAM)

36. Polychloro-
phenylmetha-
crylamide
(PCPMAM)

Formula

- С Н - С Н ч -
I

СНз

- C - C H j -

о=с-о-сн3

СНз

- C - C H a -

M i s

-с-сн.>-
I

О=С-0(СН2)зСНз

СНз
I

-С-СН.,-

О=С-О(СНг)зСН3

СНз

- C - C H j - СНз
I /

О=С-О—С—СНз

СНз

СНз

- С - С Н г - СНз
I /

О=С-О-С-СНз
\

СНз

СНз

-с-сн 2-
О=С-О-<^ /

СНз

-с-сн 2 - С Н ;

/ \ _ г - с н

\

о=с-о-

СНз

-с-сн 2 -
О=С-О-у_

СНз
I

-С-СН 2 -

о=с

СНз

—С—СНо-

о=с

СНз

S o l v e n t
( а ! - а 2 )
XI 025 cm3

B e n z e n e
T o l u e n e

B e n z e n e

( a l r a j _ )
1025 cm3

B e n z e n e

B e n z e n e

B e n z e n e

B e n z e n e

B r o m o b e n z e n e

B r o m o b e n z e n e

T e t r a b r o m o -
e t h a n e

o - T o l u i d i n e

o - T o l u i d i n e

- 1 1

- 6 . 5

+ 2 5

+ 2 . 1

-4-19,8

- 1 0 . 5

- 9 0

- 6 0

- 1 0 3

- 1 6 0

- 1 , 5 !
- 0 . 8 7

+ 0 . 3

+ 3 . 5 i

- 1 4 - 2 . 1

- 2 | - Й . З

+ 0 . 3

+ 3 . 0 I

- 1 . 5 !

- 7 . 5

- 8 . 5

- 1 3

- 2 0

/Cl

4

О

ω

м
ч
да

о
м

η
м

н
я
и

СЛ

Η
W
а
о

м

о

о
да
о

и
о
с

Η
со

аз
со
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Table VII (continued)

P o l y m e r

3 7 . P o l y c a r b e -

t h o x y p h e n y l *

m e t h a c r y l a -

m i d e

( P C E P M A M )

3 8 . E t h y l c e l l u -

l o s e ( E C )

3 9 . N i t r o c e l l u -

l o s e ( N C )

4 0 . C e l l u l o s e

t r i b e n z o a t e

( C T B )

F o r m u l a

C H 3

- C - C H 2 -

O = C 0
1 , . II

H - N - < ^ - C - O - C 2 H 5

O C 2 H 5 O C 2 H 6

/ \

C H 2 O C 2 H 6

0 N 0 2 O N O 2

\ /

C H 2 O N O 2

O C O C e H s O C O C » H S

-o-( Ъ-
CH2OCOCeH6

Solvent

o-Toluidine

Carbon tetra-
chloride

Cyclohexa-
none

Bromobenzene

XI025 cm'

-230

+430

-300

-914

XI025 cm'

-23

+21

-18

-90

was studied in solutions of polyisobutylene (Μ = 5
x 106) in benzene (an ideal solvent at 24°C) and poly-
3, 4-dichlorostyrene (Μ = 2 χ 105) in tetrabromo-
ethane (an ideal solvent at 41°C). In both cases the
increment dn/dC in the system did not exceed 0.003.
Thus an influence of the form effect was ruled out.

The results obtained are given in Table VIII.
A more than twofold increase in [ η ] with in-

creasing temperature was accompanied in both cases
by a proportional increase in [ n ] . Here [η]/[η] and
the segment anisotropy α 4 — a2 remained constant
within the experimental limits of e r ror .

This result shows that to a first degree of ap-
proximation the value of ax - a2 does not depend on
the thermodynamic interaction of the molecular chain
with the solvent. It implies that the process of
swelling of the molecular coil in a good solvent must
be represented, to a first degree of approximation,
by a model in which the nature of the segment distri-
bution changes from Gaussian to non-Gaussian,
rather than by a change in the length of the segments.

Here the size of the segment and its optical aniso-
tropy remain practically constant, being determined
by short-range action, i.e., the skeletal rigidity of
the molecular chain. However, we must note that
cases are known of specific interaction of a solvent
with a molecular chain. Here, while the conforma-
tional properties (equilibrium flexibility) are not
altered appreciably, the interactions result in quite
considerable changes in the anisotropy of the mono-
mer unit, and hence, in the segment anisotropy.

5. The macroform effect, a) Relation to the re-
fractive index n s of the solvent. A parabolic relation
of the birefringence to the refractive index of the
solvent has been established experimentally for a
number of polymers.Свмо.ш.гэ.ги-гоми.ггоЗ A s u _
lustrative examples, Fig. 27 gives the curves for
[n] = f ( n s ) for polymethylmethacrylate (whose in-
trinsic anisotropy is positive) and PptBPMA (whose
intrinsic anisotropy is negative). In agreement with
Eqs. (29), (31), and (32), the minimum of the para-
bola on both curves corresponds to the condition n^

Table Vin. Characteristic hydrodynamic and optical
constants of polymers at various temperatures '-201-'

°, С T10-102 [η]· 10-2 [ л ] · 108
[ η ]

•1010 ι 2 )
χ 1 0 2 5

P o l y - 3 , 4 - d i c h l o r o s t y r e n e i n t e t r a b r o m o e t h a n e

4 1

4 5

5 0

2 4

3 0

4 0

5 0

6

5

5

. 3 5

. 7 9

. 2 0

0

0

0

. 1 5

. 2 5

. 3 6

- 3 . 9

- 6 . 6

- 9 . 6

- 2 4 .

- 2 5 .

- 2 6 .

9

2

5

1

1

1

. 6 2 6 5

, 6 2 4 1

. 6 2 2 1

P o l y i s o b u t y l e n e i n b e n z e n e

0 . 6 2 5

0 . 5 6 2

0 . 4 9 2

0 . 4 3 7

2 . 4

3 . 5

4 . 9

5 . 6

1 0 . 3

1 4 . 0

2 0 . 6

2 4 . 1

4 . 3

4 . 0

4 . 2

4 . 3

1 . 4 9 9

1 . 4 9 4

1 , 4 8 8

1 . 4 8 0

- 3 0 4

- 3 1 2

- 3 2 1

5 1

5 2

5 4

5 6
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•S

F I G . 2 7 . T h e r e l a t i o n [ n ] = f ( n s ) : 1 _ for P p t B P M A [ 2 0 ! ] ( M

= 0.57 χ 106, n k = 1.55); 2-for PMMA[2"] (M = 4.2 χ 106, n k = 1.50).

= n s . The s c a t t e r of the exper imenta l points s o m e -

t i m e s observed involves not only e x p e r i m e n t a l e r -

r o r s , but may a l so be due to the differing n a t u r e of

the in teract ion of the po lymer with different solvents

(cf. Sec. Ill, B, 9, g). F o r this r e a s o n , one should not

use m i x t u r e s of two solvents of differing n s . ^ The

quantity [n]f (see Eq. (32)) is d e t e r m i n e d from the

exper imenta l values of [ n ] and [ n ] ^ by using the

e x p r e s s i o n L -

where the quantit ies with the s u b s c r i p t к re fer to a

solvent in which the form effect is absent .

Table IX gives the r e s u l t s for polymethylmetha-

c r y l a t e (PMMA) f ract ions . The axial r a t i o s ρ of the

m o l e c u l a r coils and the F l o r y coefficients Φ were

calculated from the exper imenta l data by E q s . (39)

and (32), re spect ive ly . The found a s y m m e t r y of shape

of the m a c r o m o l e c u l e s a g r e e s well with the calculated

value ( ρ « 2) pred ic ted by the s ta t i s t ica l theory of

chain m o l e c u l e s , ^ while the values of the coefficient

Φ c o r r e s p o n d to the values o r d i n a r i l y found by the

l i g h t - s c a t t e r i n g method.

b) Relation to the m o l e c u l a r weight. A c h a r a c t e r -

i s t ic pecul iar i ty of the m a c r o f o r m effect is i t s d e -

pendence on the m o l e c u l a r weight, which differs f rom

the c o r r e s p o n d i n g dependence of the in t r ins ic a n i s o -

t ropy effect. If we plot the total quantity [ η ] / [ η ] d e -

t e r m i n e d exper imenta l ly for a s e r i e s of f ract ions of

the s a m e p o l y m e r in a given solvent a s a function of

Μ/[η ], then according to E q s . (29)—(32) and (39), the

points must l ie on a s t r a i g h t l ine . F r o m the s lope of

this l ine we can d e t e r m i n e Φ or ρ = H/Q, while from

the in tercept on the ver t ica l axis we can d e t e r m i n e

the segment anisotropy (including the m i c r o f o r m

anisotropy a s well). This is i l l u s t r a t e d by Fig . 28,

which shows the given re la t ion for c e r t a i n p o l y m e r s .

The e s s e n t i a l point is that the fact that the l ine

[ η ] / [ η ] = f ( M / [ r j ] ) is inclined d i r e c t l y indicates

that the m a c r o f o r m effect plays an apprec iab le ro le

in the observed b i re f r ingence, s ince not only the in-

t r i n s i c anisotropy but a lso the m i c r o f o r m effect give

a re la t ion of [ η ] / [ η J to Μ (or to Μ/[η]) having the

form of a s t ra ight l ine p a r a l l e l to the horizontal axis)

[see Eq. (31)]. This fact can be used in p r a c t i c e to

dist inguish the m a c r o f o r m effect in the total b i r e -

fr ingence. The horizontal dotted l ines in Fig. 28

r e p r e s e n t the c o r r e s p o n d i n g re la t ion a s obtained for

the s a m e p o l y m e r s in solvents in which the form ef-

fect is absent . The inclined l ines and the c o r r e s p o n d -

ing horizontal l ines i n t e r s e c t the ver t ica l axis a t

p r a c t i c a l l y the s a m e point. This m e a n s that the form

effect observed in solutions of flexible chain p o l y m e r s

of m o l e c u l a r weight above 10 can be cons idered

p r a c t i c a l l y to be the m a c r o f o r m effect [n]f, without

cons idera t ion of the cons iderably s m a l l e r m i c r o f o r m

effect [ n ] f s .

Table X gives the values of the a s y m m e t r y fac tors

ρ and the F l o r y coefficients Φ calculated for c e r t a i n

p o l y m e r s from the s lopes of the s t r a i g h t l ines of

Fig . 28.

The s c a t t e r in the found values of Φ is quite con-

s i d e r a b l e . However, a much m o r e important point is

that the absolute value of these quantit ies is n e a r

2 x 1O23, the most probable value of Φ. This fact

shows that the hydrodynamic and optical p r o p e r t i e s

of the m o l e c u l a r model on which Eqs . (32) and (39)

Table IX. The a s y m m e t r y of form ρ of the m o l e c u l a r coil and the

F l o r y coefficient Φ as ca lculated from the exper imenta l values of

the form bi re f r ingence [n]f for polymethylmethacry la te f ract ions

(M = 4.2 x 10 6 ) in var ious s o l v e n t s . [ 2 О Й (The function f ( p )

= bofo( L 2 - L,) is that enter ing into Eq. (39)).

Solvent

Acetone
Ethyl acetate
Chloroform
Toluene
Chlorobenzene
Bromobenzene
Вг о mo form

Tig

1.359
1.372
1.450
1.498
1.523
1.560
1.598

0.35
0.51
0,59
0.59
0.80
1.17
2.08

[η], cm'/g

370
445
845
387
595
565
592

[η]-10»

1 3 . 0
1 1 . 5

3 . 3 4

0 . 4 8
0 . 8 7

2 - 5 5
5 . 0 0

[ny . 1 0 '

1 2 . 5
1 1 . 0

2 . 3
0

0 . 1 1

1.81
4 . 2 2

/(Ρ)

2 7
27
3 1
—

13
2 1
18

ρ

2 . 4
2 . 4

2 . 5
—

1.9

%.·?,
2 . 0

φ . 10-2.1

2 . 6
2 . 6
3 . 0
—

1.3
2 . 0

1.8
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FIG. 28. The relation of ([n]/[)j]) · [45kTns/4;r(n2

s + 2)2] to
M/[r,]. 1 - · - PIB in hexaneM; 2 - Х - PDMS in tolueneM;
3 - О - PBMA in ethyl acetatet207]; polystyreneD""]; 4 - V _ in
dioxan, n k - n s = 0.18; 5 - ^ - in butanone, nk - n s = 0.22; 6 -
D — in bromoform, η к — η s % 0.

a r e b a s e d a d e q u a t e l y r e f l e c t t h e b e h a v i o r of c h a i n

p o l y m e r m o l e c u l e s i n s o l u t i o n .

c ) C o n c e n t r a t i o n - d e p e n d e n c e . T h e c o n c e n t r a t i o n -

d e p e n d e n c e of t h e f o r m b i r e f r i n g e n c e i s e s p e c i a l l y

s p e c i f i c .

If, a s s u g g e s t e d b y P e t e r l i n , w e t a k e i n t o a c c o u n t

t h e i n c r e a s e i n t h e h y d r o d y n a m i c i n t e r a c t i o n of t h e

macromolecules with increasing concentration by re-
placing β by β* (Eq. (41)), then in the region β —· 0
we obtain instead of Eq. (26):

Δη "\ f An η _ 4π f Q» , Q , , 9

Λ J 0 ~ ZnskT ^ + ° +

tion (see Sec. Ill, B, 1). At concentrations С < 10%,
we can practically neglect the concentration-depend-
ence of 6*s as well, and assume 6fs » 6fg. On the
contrary, as С increases, 0f rapidly decreases from
the value 6)f = 6f (for С — 0) to zero (at large
enough C). This effect is quite general E2"3,209-2i4,i90]
for all polymer-solvent systems. For polymers hav-
ing a negative intrinsic anisotropy, it can bring about
a sign change of the birefringence as С increases.
[210,212] rp^ b d d i θ

o b s e r v e d d e c r e a s e i n 6 f c a n b e e x p l a i n e d

'- 2 1 0 -' b y t h e f i l l i n g o f t h e v o l u m e o f t h e s o l u t i o n w i t h

m o l e c u l a r c o i l s , t h e i r m u t u a l p e n e t r a t i o n , a n d t h e

c o n c o m i t a n t d e c r e a s e i n t h e o p t i c a l i n h o m o g e n e i t y o f

the system as С increases. The observed effect is
determined by the quantity [η] С, which character-
izes the fraction of the volume occupied by the coils
in the solution, and can be expressed by the equation

where k t and k2 are constant coefficients.
The correctness of Eq. (48) has been shown ex-

perimentally for a number of polymers. This is il-
lustrated by Fig. 29, which shows the relation of
%/6f to [η] С for a series of poly-p-carbethoxy-
phenylmethacrylamide (PCEPMAM) fractions in
ethyl acetate '-209-' and of polyisobutylene in hexane. °-'
The points, which correspond to samples of molecular
weights covering the range from 0.2 x 106 to 10 χ 106,
cluster about a single curve. For many of the studied
systems, the observed values of kj lie between the
limits from 0.3 to 0.4.

The photoelastic method as applied to a polymer
swollen in solvents of differing refractive indices has
proved useful in determining the form anisotropy in
the high-concentration range.'-215-' Here the form
anisotropy is clearly manifested even in systems in
which the polymer concentration is as great as 50%

(47) or greater. One can show'-215-' that under these condi-

where the asterisk indicates that the quantity thus
denoted has been obtained for a solution of finite con-
centration. 0* = θ±, independently of the concentra-

t i o n s i t i s p r a c t i c a l l y r e d u c e d t o t h e m i c r o f o r m ef-

f e c t .

F i g u r e 30 s h o w s t h e t o t a l e f f e c t i v e a n i s o t r o p y of

Table X. The asymmetry of form of the molecular coil ρ = H/Q
and the Flory coefficient Φ, calculated from the experimental

value of the macroform effect

Polymer

Polydimethylsiloxanet30"]
Polyisobutylene[w°[
Polystyrenet"1·"1]

Polymethylmethacrylate
[202 ,«1,206]

Poly-n-butylmethacrylate[107]Poly-p-tert-butylphenyl-
methacrylatep0"]

Polyphenylmethacrylamide[*>»]Poly-p-carbethoxyphenyl·
methacrylamidef20']

AT-10-·

0.15—3.0
0.6—9.8

0.45-1.92

0.96—2.2

0.2—9.3
0.16—1.6

0.22-1.14

Solvent

Toluene
Hexane
Toluene, butanone
Butanone
See Table IX
Ethyl acetate
Carbon

tetrachloride
Ethyl acetate

Ethyl acetate

Ρ

1.6
2 . 0
2 . 1
1.9

2.2
2.0

2 . 3
2 . 1

2 . 2

ф. 10-И

0 . 9
1.6
1.8
1.5

О 1
Ζ. 1
1.6

2 . 5
1.8

2 . 0
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Q75

го го so 40 so во

FIG. 30. The concentration-dependence of the form anisotropy
of polystyrene in dioxan,

An\ 5 f 3 γ
> A { j 1 0 3 5

• -flow birefringence,Ι212] Μ = 0.7 χ 10', О-photoelast ic effect
in the swollen polymer.t 2"]

the polys tyrene m a c r o m o l e c u l e ( Μ = 0.7 χ 10 )

Table XI. The int r ins ic v iscosi ty [τ?], form b i r e f r i n -

gence [n]f, a s y m m e t r y p, and form anisot ropy 0f of

the m a c r o m o l e c u l e s of polybutylmethacrylate in i s o -

propyl alcohol at v a r i o u s t e m p e r a t u r e s t ^

Fraction

1. Μ = 6.4-106

2. Μ = 2.2-ΙΟβ

3. Μ = 2.0-105

t, ° C

45
30
25
21.5

45
30
25
21.5

52
25
21

[η]· Ю'1,
cm'/g

2.72
1.68
1.17
0.74

1.51
0.98
0.76
0.54

0.29
0.174
0.151

55
50
45
44

27
24
22
20

1.82
1.69
1.77

ρ

2 . 0 6
2 . 0 0
1.95
1.90

2 . 3 0

2 . 2 0
2 . 1 5
2 . 1 0

2 . 1 0
2 . 0 0

2 . 0 6

9^1025 cm3

152
2 2 3
2 8 8

405

134
184

217
2 7 8

47
7 3

88

FIG. 29. The concentration-dependence of the relative form
anisotropy в*/Of for fractions of PIB in hexanet 1 9 0] and PCEPMAM
in ethyl acetate, t 2 0 9]

PIB: + -M = 9.8 · ΙΟ6 [η] = 680 cm'/g; • - Μ = 6.9 · 10', [η] = 590
cm'/g; A - Μ = 5.3 · 10е, [ту] = 490 cmVg; A _ Μ = 4.3 · Ю6, [,]
= 380 cmVg; • - Μ = 1.2 · ΙΟ6, [η] = 180 cm'/g. PCEPMAM Q
- Μ = 1.136 · 10, [η] = 1.09 · 102 cmVg; x - Μ = 1.045 · 10°,
[η] = 1.02 · ΙΟ2 cmVg; о - Μ = 0.760 · ΙΟ6, [η] = 0.79 · 102cm3/g;
Δ - Μ = 0.539 · 10', [η] = 0.60 · 102 cmVg; V _ Μ = 0.226 · Ю6,
[η] = 0.30 · 102 cmVg.

i n d i o x a n a t d i f f e r e n t c o n c e n t r a t i o n s o f t h e s o l v e n t ,

f r o m d a t a o n f l o w b i r e f r i n g e n c e a n d t h e p h o t o e l a s t i c -

ity of the gel . Even at concentra t ions С > 10%, the

observed form effect is p r a c t i c a l l y due to the m i c r o -

form of the chain a lone.

d) Relation to the n a t u r e of the solvent. While the

choice of a thermodynamica l ly b e t t e r solvent br ings

about a para l le l i n c r e a s e in the in t r ins ic b i re f r ing-

ence [ n ] i and the v i scos i ty [17] of the solution ( see

Table VIII), we find a complete ly different r e s u l t with

r e g a r d to the form effect.

This is i l lus t ra ted by Table XI, which gives the

r e s u l t s of m e a s u r e m e n t s of the in t r ins ic v iscosi ty

and the b irefr ingence of polybutylmethacrylate f r a c -

t ions in i sopropyl alcohol ^ 6 2 ^ (an ideal solvent at

t = 21.5°C). The volume effects, while m a r k e d l y a l -

t e r i n g the d imens ions of the m o l e c u l a r coi l s in the

solution (i .e., [ η ] ) , have l i t t le effect on the value of

the form bire f r ingence [n]f.

This r e s u l t c o r r e s p o n d s to Eq. (39), according to

which [n]f can only change upon going to b e t t e r so l-

vents to the extent that the form a s y m m e t r y function

b 0 f 0 ( L 2 — Lj) c h a n g e s . The values of ρ ca lculated

from (39) using the exper imenta l [n]f values show

that the volume effects, while g r e a t l y i n c r e a s i n g the

dimens ions of the m a c r o m o l e c u l e s , change t h e i r

a s y m m e t r y of shape only very sl ightly. A theore t ica l

calculat ion has confirmed this conclusion.'-2 1 6-'

Thus, the swell ing of the m o l e c u l a r coil in solution

owing to long-range forces o c c u r s p r a c t i c a l l y i s o -

tropical ly , both in the s e n s e of the invar iance of the

segment ani sot ropy of the m a c r o m o l e c u l e and with

r e g a r d to i ts geometr ic shape . Here the swell ing of

the m a c r o m o l e c u l e i s accompanied by a d e c r e a s e in

i t s m a c r o f o r m anisot ropy 6f ( see Eq. (47) and Table

XI), as is pred ic ted by Eq. (22).

6. The m i c r o f o r m effect and r ig idi ty of the chain.

F i g u r e 30 graphical ly i l l u s t r a t e s that in dilute solu-

t ions ( С —* 0 ) , even for a po lymer of re la t ive ly low

m o l e c u l a r weight ( Μ = 7 χ 10 4 ) , the r a t i o 0f s/6f

does not exceed 20%. F o r s a m p l e s of h igher molecu-

l a r weight it i s even s m a l l e r , and for a flexible chain,

when Μ is of the o r d e r of s e v e r a l hundred thousand,
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the role of the microform in the total effect can be
practically neglected.

The situation changes radically for a rigid chain.
A comparison of Eq. (22) with (24), or (31) with (32),
shows that an increase in the dimensions of the
macromolecule (i.e., an increase in v, s, and [η]ο)
with Μ remaining constant entails an increase in the
relative values of 0fs and [n]f s as compared with
θ{ and [n]f. Hence, for a chain having a large equili-
brium rigidity, the form birefringence is practically
determined by the microform effect, while we can
neglect the macroform effect.

An example of such polymers are the cellulose
derivatives.

In Fig. 31, curves 1—6 give the value of
(Дп/Дт)сг—>o for nitrocellulose fractions in butyl
acetate ( n^ - n s = 0.10) as a function of [77 ] С The
dotted lines represent the same relation for the same
samples in a solvent in which the form effect is ab-
sent (cyclohexanone).'-200'208-' In distinction from the
graphs shown in Fig. 29 and 30, the form anisotropy
for nitrocellulose is practically independent of the
concentration, and hence must be ascribed to the
microform effect.

We can convince ourselves of this from the results
of applying Eqs. (30), (31), (32), and (39) to the ob-
tained experimental data. If we assume that the ex-

f~»

-20

-30

-50

-SO

ш β „ ·

ν ν ν

6
)

- 2

.5
-4'
-3'

— Ζ

FIG. 31. The relation of (Δη/Лг) to Ы С for nitrocellulose frac-
. . - L i t χ L r 2 0 0 , 2 0 8 1
t i o n s i n b u t y l a c e t a t e . I J

p e r i m e n t a l l y - d e t e r m i n e d f o r m a n i s o t r o p y i s d u e t o

the macroform effect [n]f, the values of ρ calculated
from (39) prove to be tens of times greater, and the
values of Φ (calculated from (32)) hundreds of times
greater than the value for Gaussian coils. This com-
pletely invalidates the assumptions made.

On the contrary, the assumption that the entire
observed form effect is practically the microform
effect [n]f s gives (from Eq. (31)) quite reasonable
values of s (see Table XII) agreeing with the results
from other m e t h o d s . b l 7 > 2 l f l

Here the value of [n]f (calculated from (32) with
a value Φ = 2 x 1O23) proves to be two orders of
magnitude smaller than the value of [ n ] f s .

Analogous results have been obtained for ethyl-
, [204] [200]

1 — Μ
4 — Μ-

= 1.03-10·;
= 5 . 2 . 1 0 ' ;

. ;
— Μ = 4 .25 ·105;

3 — Μ = 7,78·10·;
6 — М = 1.Ь310',

c e l l u l o s e L l ! U 4 J a n d c e l l u l o s e t r i b e n z o a t e , 1 - 2 0 ^ a s w e l l

a s f o r D N A . ^ 1 7 4 ' 1 7 5 ^ 1 T h e s y s t e m a t i c i n c r e a s e o f t h e

effective segment length with increasing Μ indicates
a deviation of the molecular configuration from the
conformation of an ideal Gaussian chain.

Thus the microform anisotropy depends on the
equilibrium rigidity of the chain, and can be used to
characterize it.

7. The form effect at high shear s t resses . The
results of the theory of these phenomena have been
discussed in Sec. II, B, 3, a, 1, and are represented
by Eqs. (26) and (28). Form birefringence can be ob-
served in its pure form in a polymer whose intrinsic
anisotropy is insignificantly small, such as, e.g.,
polymethylmethacrylate ( al - a2 = 2 x 1O~25 c m 3 ) .
In this case, with an appropriate solvent, the curve
Δη = ί{β) (Fig. 32) has a form [ 2 9 > 1 9 2 ] qualitatively
agreeing with the theoretical relation (26) or curve 1
of Fig. 7, thus sharply differing from the experi-
mental relation Δη = f (β) observed in the absence of
a form effect (e.g., Fig. 24).

In a polymer-solvent system showing a negative
intrinsic anisotropy and an appreciable form effect,
the relation Δη = f (β) can involve a sign change in
ддСггыэз] T h i g i a illustrated by Fig. 33, which shows
the corresponding curves for a ser ies of PptBPMA
fractions in carbon tetrachloride.'-1 9 3 '2 0 8^ The overall
course of the experimental curves corresponds to the
theoretical relation (26) or curve 5 of Fig. 7. How-
ever, theory and experiment agree quantitatively
only in the region of small β. The curves bend

Table ΧΠ. The form anisotropy and the thermodynamic rigidity
parameter (s) for nitrocellulose fractions in butyl acetate

Μ.

1
0
0 .

1 0 - β

0 3

8 1 4

7 7 8

3 7

2 8 , a

2 7 . 6

• N u m b e r

[ η ] · 1 0 8

— 1 1 6 0

- 7 5 0

- 6 5 0

[ η ] ,

χ 108

6 . 1

4 . 8

4 . 6

X 1 0 8

1 1 7 0

6 8 0

5 8 0

o f m o n o m e r u n i t s ( o f

8»

3 2

2 4

2 1

Μ

0
0

10-β

5 2 5

4 2 5

0 . 1 5 3

l e n g t h 1 0 . 3

2 1

1 3

5

A) p e r s

и
.3.0.75

[η]-108

- 5 0 0
— 2 7 0

- И З

egment.

χ 108

3

2

0

1

5

9

Χ108

4 3 0

2 8 0

1 0 0

β *

2 0

2 2

1 8
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FIG. 32. The relation of the form birefringence to the shear
stress . 1 — experimental curve for a PMMA sample (M = 2.5 χ 10')
in tetrabromoethane;L"2] 2 —the theoretical relation according to
Eq. (26) (corresponding to curve 1 in Fig. 7).

an 3ns Μ M

50

ra rs го
FIG. 33. The relation of the birefringence to β for PptBPMA

fractions in carbon tetrachloride. ['" ' 2 0 a]

1 — Μ = 1 3 . 2 1 0 6 ;
= 6.0-10»; 4 — M

2 — Μ = 7 . 4 1 0 6 ; 3 — Μ
= 2.2 106; s _ Μ = 1.67 • 106.

f u r t h e r a n d c r o s s t h e h o r i z o n t a l a x i s a t c o n s i d e r a b l y

h i g h e r s h e a r s t r e s s e s ( l a r g e r /3) t h a n t h e t h e o r y

p r e d i c t s .

T h i s f a c t m i g h t i n v o l v e e i t h e r t h e i m p e r f e c t i o n of

t h e h y d r o d y n a m i c m o d e l of t h e m o l e c u l e ( a n e l a s t i c

d u m b b e l l ) o r t h e m a n i f e s t a t i o n of i n t e r n a l v i s c o s i t y ,

w h i c h i s n o t t a k e n i n t o a c c o u n t i n E q . ( 2 6 ) . H e n c e w e

c a n s u p p o s e t h a t f u r t h e r e x p e r i m e n t a l s t u d i e s of t h e

effect of sign invers ion of Δη at l a r g e β will be u s e -

ful in extending our knowledge on the kinetic r ig idi ty

and dynamics of m a c r o m o l e c u l e s in solution.

The sign invers ion of Δη i s accompanied by an

" a n o m a l o u s " dependence of the extinction angle on

the velocity gradient . 2 2 2 > 1 9 3 >"J This phenomenon can

be explained by the effect of the polydispers i ty of the

shapes of the molecules and d e s c r i b e d by Eq. (28).

We give as an i l lus t ra t ion Fig. 34, where the c i r c l e s

r e p r e s e n t the exper imenta l data, and the curves a r e

calculated by Eq. (28).

These r e s u l t s show that in solutions in which a

-40

FIG. 34. The relation of the orientation angle χ to g (or /3) for
solutions of a PptBPMA fraction (M = 7.4 χ 106) in carbon tetra-
chloride. Circles — experimental data ; [ " ' ] curves calculated by
Eq. (28), assuming that δ = 2.2°.

n e g a t i v e a n i s o t r o p y of t h e m o l e c u l e c o m p e n s a t e s a

p o s i t i v e f o r m e f f e c t , a v e r y s m a l l " n a t u r a l " p o l y -

d i s p e r s i t y in t h e c h a i n c o n f o r m a t i o n s c a n l e a d t o

m a r k e d a n o m a l i e s i n t h e e x p e r i m e n t a l d a t a o n t h e

o r i e n t a t i o n a n g l e s .

This fact m u s t be taken into account in using ex-

p e r i m e n t a l χ values to c h a r a c t e r i z e the hydrody-

namic p r o p e r t i e s of m a c r o m o l e c u l e s .

8. Optical anisotropy and equi l ibr ium rigidity of

the m o l e c u l a r chain. As the data of Table VII i l lu s-

t r a t e , the segment anisotropy for var ious p o l y m e r s

can vary within very broad l imi t s and can have e i t h e r

s ign. This m e a n s that the anisotropy of a m o l e c u l a r

chain is sens i t ive to its s t r u c t u r e . The fundamental

p a r a m e t e r s de termining the polar izabi l i ty difference

of a segment a r e the anisotropy of the m o n o m e r unit

and the equi l ibr ium rigidity of the chain.

The l a t t e r is c h a r a c t e r i z e d by the segment length

A (or the number s of m o n o m e r units p e r segment) ,

and i s exper imenta l ly d e t e r m i n e d from the s ta t i s t ica l

d imens ions of the chain in an ideal solvent ( i .e . , the

r o o t - m e a n - s q u a r e d i s tance between i t s ends ( h | ) ,

according to the formula

A = sX = - f
J

(49)

where L is the length of the fully-extended chain, and
λ is the length of the m o n o m e r unit in the d i rect ion of
L.

F o r the s i m p l e s t c a s e of a chain cons i s t ing of
valence bonds of the s a m e length linked with one
a n o t h e r a t a valence angle v :

(50)
V COS2 —

where h(j is the m e a n - s q u a r e s ta t i s t ica l length for

complete ly f ree rotat ion about the bonds, and ν is

the n u m b e r of bonds p e r m o n o m e r unit .



670 V. N. T S V E T K O V

(л-»)/г

F I G . 3 5 . T h e monomer uni t of poly-n-butylmeth aery l a t e .

T h e p o l a r i z a b i l i t y o f t h e m o n o m e r u n i t a l o n g t h e

p r i n c i p a l a x e s 1 , 2 , a n d 3 o f a f u l l y - e x t e n d e d t r a n s -

c h a i n c a n b e c h a r a c t e r i z e d b y t h e t h r e e c o m p o n e n t s

along these axes: a l f a2, аз (Fig. 35). While these
quantities may turn out not to be the principal polari-
zabilities of the monomer (the polarizability tensor
of the monomer may not be diagonal with respect to
the axes 1, 2, 3), however, it is precisely these com-
ponents that are of fundamental significance in the
anisotropy of the entire chain. A measure of the
anisotropy of the monomer unit is the difference in
its polarizability in the directions parallel ( an = a t )
and perpendicular ( a i = ( a2 + аз)/2 ) to the chain:
an — aj_. From the definition of a segment,

α ϊ — α 2 = s (α || — oj_

o r , t a k i n g ( 4 9 ) i n t o a c c o u n t ,

— q2)=
fin

(51)

(52)

In a number of theoretical studies,·-223 233^ calcula-
tions have been made of the anisotropy and statistical
dimensions of chain molecules using a model more
adequate than the segmented chain of Kuhn. These
calculations have shown that for all the models, the
relations between the dimensions of the chain and its
anisotropy practically maintain the form of the simple
relation (52) based on Kuhn's statistics.

The values of ац - a χ calculated by Eq. (52) from
the experimental data ( o^ - a2, h | , and L) are
given in Table VII. They are a characteristic of the

structure of the monomer unit of the chain, and in
distinction from Qt - a 2 , they do not depend on its
rigidity. Thus, for example, the great segment
anisotropy of ethylcellulose in comparison with other
polymers results from its rigidity, while the value of
all — ax = 21 χ 10~25 obtained for it is close to the
anisotropy of the monomer units of a number of other
chain molecules. In its positive sign and order of
magnitude, it agrees with the value that we might ex-
pect on the basis of a theoretical estimate (the aniso-
tropy of a pair of rigidly linked cyclohexane rings is
about 50 x 10"2 5 c m 3 ) .

What has been said above is true also of nitrocel-
lulose, for which some results of studies are given in
Table ХШ.

In distinction from all other linear polymers with
flexible chains, the segment anisotropy of nitrocellu-
lose increases somewhat with the molecular weight,
as is illustrated by the deviation of its properties
from those of Gaussian chains. At the same time,
this increase is accompanied by a proportional in-
crease in the effective segment length calculated
from viscosimetry and light-scattering data. Owing
to such a correlation in the hydrodynamic and optical
properties of the molecule, the anisotropy of the
monomer unit an — aj_ calculated from (52) remains
constant as the molecular weight varies (within the
limits of experimental e r ror) .

9. Optical anisotropy and structure of the chain.
Experiment shows that the anisotropy of the mono-
mer unit of the chain is a sensitive indicator of its
structure, and thus can often be used to analyze this
structure.

In this aspect, we can make some general remarks
from an examination of the data of Table VII.

The molecules of carbon-chain polymers not con-
taining large side-chain groups usually show a posi-
tive anisotropy, e.g., Nos. 1—6.

The introduction into the main chain of cyclic
structures, especially aromatic ones, increases the
positive anisotropy of the chain, since the benzene
ring has minimum polarizability in a direction nor-
mal to itself (Nos. 7—9). This property can prove
useful in solving the problem of how benzene rings
are arranged in chains being studied Λ234·2353

The polysiloxane chain (No. 10) is very weakly

Table ХШ. The geometric and optical parameters of nitrocellulose
molecules (with constant degree of substitution = 2.75; 13.4% nitro-

gen) from viscosimetric and dynamooptical data
β 08]

Μ-10-5

1 0 . 3 2
8 . 1 4

7 , 7 8
5 , 5 0
5 . 2 5

X 1 0 1 1

7 7 . 1
6 1 . 4
5 5 . 2
3 3 . 6
3 3 , 9

Α, λ

426
430
405
350
368

( α ϊ — а г )
Χ 1025

- 8 2 4
— 6 4 7
— 5 8 3

- 6 2 0
— 5 7 3

f<4|-aj_i
X102S

— 1 9 . 6

— 1 5 . 5
— 1 4 . 9
— 1 8 . 0
— 1 6 , 0

Μ · 1 0 - 5

4 . 2 5
2 . 8 5
2 . 1 5
1.53
1.47

Χ Ι Ο 1 1

2 3 , 8
1 4 , 3

9 . 8
6 , 2
5 . 9

A, A

320
2 9 0
260
230
230

(αϊ—а г )
XI 025

— 5 5 6
- 5 4 1
— 4 9 1
- 4 9 0
— 4 9 8

( а ц - α ι )
XI0+5

—17,9
—19,3
—21.6
- 1 9 . 4
—22.3
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a n i s o t r o p i c , which is explained by the c l o s e n e s s of

the values of the an i sot ropies of the SiO and SiC

b o n d s . [ 2 0 5 ]

a) The effect of the s ide-chain g r o u p s . As the

length of the s ide-chain r a d i c a l s i n c r e a s e s , the pos i-

tive ani sot ropy of the chain d e c r e a s e s , changes sign,

and then i n c r e a s e s in negative value (Nos. 1, 2, 12,

13 o r 23—25, o r 26, 28). The introduction into the

s ide-chain r a d i c a l s of anisotropica l ly polar ized bonds

and atomic groups , e.g., r ings containing conjugated

bonds, has an especia l ly s t r o n g effect on the negative

anisotropy (No. 10, 11 o r 1 4 - 2 2 , o r 26, 32—34, o r

35—37, o r 38—40).

F i g u r e 36 illustrates'- 2 0 8-' the effect of the number

of s ide-chain n i t r a t e groups p e r g lucose r ing on the

m e a n anisot ropy of the m o n o m e r unit of n i t r o c e l l u -

l o s e . As the ni trogen content (degree of ni trat ion) in-

c r e a s e s , the negative anisotropy of the m o n o m e r

an — ax i n c r e a s e s in line with the g r e a t e r p o l a r i z a -

bil ity of the

- o — . \ /

group in the d i rec t ion of i t s s y m m e t r y ax i s . These

r e s u l t s p e r m i t us to e s t i m a t e the h indrance of r o t a -

tion of the n i t r a t e groups about the valence bonds

linking them to the main chain. They can a l so be used

to d e t e r m i n e the degree of n i t ra t ion of ce l lu lose .

b) Flexibi l i ty of the s ide-chain g r o u p s . The nega-

t ive ani sot ropy of the chain introduced by the s i d e -

chain groups depends on the flexibility of the l a t t e r .

Thus, for example, the negative anisotropy c r e a t e d

by an a r o m a t i c r ing introduced into the s ide chain

-3O •

-го

-ю

FIG. 36. The relation of the
anisotropy of the monomer unit
of nitrocellulose to the degree
of nitration (a u — a£) • 102!

cm'.

Ю ж»
% nitrogen

proves to diminish, the f a r t h e r this r ing is r e m o v e d

from the main chain, s ince then the flexibility of the

s ide-chain i m p a r t s to it a g r e a t e r f reedom to r o t a t e .

Hence the negative ani sot ropy of polyphenylmetha-

c r y l a t e (No. 32) i s much l e s s than that of polys tyrene

(No. 14), although in both c a s e s the polar izabi l i ty

difference of the molecule is mainly due to the a n i s o -

tropy of the benzene r i n g . F o r the s a m e r e a s o n ,

poly-/3-naphthylmethacrylate (No. 34) is cons iderab ly

l e s s ani sot ropic than poly-/3-vinylnaphthalene (No.

22), although the polar izabi l i ty of the naphthalene

r ing plays the decis ive ro le in the anisotropy of both

m o l e c u l e s . Obviously, this fact can be used to study

the flexibility of the s ide chain.

If we c o n s i d e r the s ide group a s a r ig id chain (an

a r o m a t i c r i n g o r a r ig id t rans-cha in) having a c e r -

tain f reedom of rotat ion about the valence bond join-

ing it to the main chain (the bj axis in Fig. 35), we

can eas i ly der ive the expres s ion L205>206-'

α ii — a r — ( а и — < Ъ2 — j [bt + b3 + 3(bs - u2 φ ] , (53)

relating the anisotropy an — a.± of the monomer unit
to the angle φ between the plane of the group and the

main-cha in d i rec t ion. Here (ац - aj^)0 i s the p o r -

tion of the anisotropy of the m o n o m e r due to all i t s

bonds except for the s ide group; b j , b 2 , and b 3 a r e

the pr incipal po lar izab i l i t i e s of the s ide group along

the axes of the rota t ing coordinate s y s t e m . ( ац —

bj, bj, and b 3 can usual ly be calculated from the

known polar izabi l i t ie s of the bonds const i tut ing the

m o n o m e r unit . Then the exper imenta l value of

an - ax p e r m i t s u s to d e t e r m i n e the angle φ . The

deviation of the angle φ f rom the value π/2 c h a r a c -

t e r i z e s the inclination of the plane of the side group

from the posit ion c o r r e s p o n d i n g to a r igid t r a n s -

configuration.

As an example of the application of Eq. (53),

Table XIV gives data for s o m e p o l y m e r s having a r o -

mat ic side r a d i c a l s . In the calculat ion, the values of

an - ax a r e taken from Table VII, and the bond

polar izab i l i t i e s a r e taken from Denbigh.'-237^' The ob-

tained r e s u l t s show that in all the c a s e s examined,

the rotat ion of the phenyl groups is r a t h e r weakly

hindered (free ro ta t ion c o r r e s p o n d s to φ = 45°), and

in a n u m b e r of c a s e s (except Nos . 16, 17, 11, 15, and

20), it v a r i e s l i t t le upon introducing subst i tuents into

Table XIV. The angle between the plane of the s ide group and the

m o l e c u l a r chain d i rec t ion

No. in
T a b l e VII

14
15
16
17

18

Polymer

P S ( a t a c t i c )
P S ( i s o t a c t i c )
PpMS ( a t a c t i c )
PpMS ( i s o t a c t i c )

P p C S

No. in
*° T a b l e V n

52
59
4 5 . 5
4 4 , 7

53

2 0
21
19
22
11

P o l y m e r

P - 2 . 5 - D C S
P - 3 , 4 - D C S
P-2,5-DMS
P ^ V N
P M P S

φ'

58
52
51
50
45
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the ring. The great hindrance of the benzene ring in
No. 20 is apparently due to the closeness of one of
the chlorine-atom substituents to the main chain. In
No. 15, the reason for it is the stereospecificity of
the chain. The weakened hindrance in No. 11 can be
explained by the great distances between the benzene
rings in the phenylmethylsiloxane chain.

c) The effect of isomerism. The optical aniso-
tropy of the chain is also sensitive to cis-trans iso-
merism. Thus, for example, the trans configuration
of polyisoprene (No. 6) corresponds to a greater
anisotropy than the cis^form, No. 5.

When we go from a side group of linear structure
(No. 28) to the branched tertiary isomer (No. 30), we
find a decrease in the positive anisotropy of the side
chain (in its own coordinate axes), resulting in a de-
crease in the negative anisotropy of the molecule (in
the coordinate axes of the main chain) and a sign
change in ац — a χ from negative to positive.

d) Deformation of valence angles. In the case of
No. 3 of Table VII, the experimental data deviate from
the general rule that the positive anisotropy of the
chain decreases with increase in the size of the side
groups. The replacement of the C-H side linkage by
the more anisotropic CH3 group in going from poly-
propylene (No. 2) to polyisobutylene (No. 3) increases
the anisotropy at — a2- Further, the presence of a
considerable anisotropy in polyisobutylene is quite
paradoxical when we consider the tetrahedral sym-
metry of its structure.

These departures from the general rule can be
ascribed to partial non-additivity of the various
bonds (the anisotropy of a C-C bond in the chain is
greater than the anisotropy of the same bond in a
side group). However, perhaps, it can be ascribed in
greater degree to the deformation of the valence
angle of the main chain of the polymer, 01>19(0 owing
to interaction of the side methyl groups. Apparently
an analogous phenomenon occurs in the chains of the
polymethacrylate ser ies . ^

e) Graft polymerization and anisotropy of the
chain. The increase in the negative anisotropy of a
molecule as the side groups are lengthened is due to
the fact that a long side group itself has a positive
anisotropy (i.e., a maximum polarizability in its own
chain direction). However, another situation is pos-
sible, and has been realized in the grafting of poly-

styrene chains onto a polymethylmethacrylate ^241-' or
polybutylmethacrylate chain. In this case, the side
chain being grafted on is optically negatively aniso-
tropic (No. 14, Table VII). That is, it has maximum
polarizability in a direction normal to the side chain,
or in a direction parallel to the main chain. Hence,
the graft polymer obtained has a very large positive
anisotropy,'-242^ although its main chain in itself is
optically almost isotropic (No. 26, Table VII), while
the polystyrene chain, which comprises nine-tenths
of its mass, is negatively anisotropic.

This is illustrated by Table XV.
These results show that optical anisotropy can be

used as a method of studying the structure of graft
polymers, as well as branched macromolecules.

The huge positive value of a^ — a 2 observed in
the graft polymer indicates that its chains are more
rigid than those of the component being copolymerized.

f) Stereospecificity and optical anisotropy of
molecules .Й43,24fl Experiment shows that stereo-
specificity of molecular chains has practically no ef̂
feet on their statistical dimensions in solution. L245-247J
Hence, the study of the geometric and hydrodynamic
properties of macromolecules in solution cannot give
information on their microtacticity.

On the other hand, optical anisotropy of chain
molecules has proved in a number of cases to be very
sensitive to their stereospecificity. Some appropriate
examples are given in Table VII (Nos. 14 and 15, or
26 and 27, or 28 and 29, or 30 and 31).

In all the studied cases, the anisotropy of the
atactic and syndiotactic stereoisomers turned out
practically to coincide, indicating the similarity in
structure of these two isomers.

On the other hand, the anisotropy of an isotactic
sample can be either considerably larger in absolute
value (polystyrene, polymethylmethacrylate, poly-
tert-butylmethacrylate) or considerably smaller
(poly-n-butylmethacrylate) than that of an atactic
sample.

The difference in anisotropy of the monomer unit
in the stereoisomers is due to the differing nature
of the rotation of their side groups.

Here the approach of the plane of the side group
to the direction of the main chain will increase the
positive anisotropy of the monomer and of the entire
chain (or decrease their negative anisotropy). This

Table XV. Composition and segment anisotropy ai — a2 of
PMMA-PS graft polymers [ 2 4 2 ]

Molecular
weight of the
main PMMA

chain

7-104

58-104

58-104

Molecular
weight of

the grafted
PS chains

2-Ю3

2-103
10-103

Average
number of
grafts per
molecule

315
1850
420

Number of
grafted

chains per
LOO monomer

units of
the main

chain

45
32
7

%(by
mass)

styrene
in the

polymer

90
86
88

Molecular
weight of
the graft
polymer

7-105

41.5-105
48-106

(Cti — Q2)
X1025 cm3

+870
+750

+7000
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Table XVI
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Polymer

PMMA atactic

PMMA isotactic

PnBMA atactic
PnBMA isotactic

PtBMA atactic

PtBMA isotactic

In solu-
tion

(flow bi-
refring-
ence)

Φ»

52,5
(benzene)

45
(benzene)

50,5(benzene)
49

(benzene}
52,5

(benzene)
46

(benzenê

Γ, °C

110

50

30

15

118

70

In bulk (photoelasticity)

(· 1012

cm2/dyne

from -3.0
to +4.8

14.6

- 1 0

30

14

77

(αϊ — α2)XI0*5 cm"

from-3.0
to +4.8

4.0

- 2 . 6

8.0

4.1

14

from 53.5
to 52.5

52

49

47,8

52

48

Crystallizability

Amorphous

Crystalline

Amorphous

Amorphous

Amorphous

Amorphous

situation occurs in all the studied polymers of the
methacrylate series. Table XVI gives the correspond-
ing values of φ calculated from the experimental
values of an - aj^ using Eq. (53).

The opposite situation occurs with polystyrene: φ
is greater for the isotactic polymer than for the
atactic (see Table XIV).

The decrease in φ with increasing micro tactic ity
observed in the polymethacrylates implies a decrease
in the rigidity of the side groups when the chain
structure is rearranged from atactic to stereospecific.
The data given agree with the results of a study of the
photoelasticity of the same samples, 6'248-' as are
given in Table XVI.

Stereospecificity not only lowers the glass-transi-
tion temperature To, i.e., makes the polymer chain
softer, but it also shifts the value of the photoelastic
coefficient e and the corresponding values of a1 and
a 2 and φ in the same direction as for the molecule
in solution.

The study of the time-dependence of the photo-
elasticity also permits us to detect the slight effects
of stereoblock structure (microcrystallites), which
cannot be detected by x-ray diffraction analysis.

The great sensitivity of the molecular anisotropy
to stereospecificity is apparently a general property
of the esters of the polymethacrylate ser ies . In these
molecules, the positive anisotropy of the main chain
is appreciably compensated by the negative aniso-
tropy of the side groups. Hence, small variations in
the flexibility of the side groups and the correspond-
ing changes in their anisotropy can sharply displace
this compensation equilibrium in the molecule and
lead to changes in the magnitude and sign of the
anisotropy.

At the same time, a change in the stereospecificity
in the polypropylene chain, which has the symmetric
CH3 side group, does not alter the optical anisotropy
of the macromolecule, since the nature of the rota-
tion of this group can have no effect on the polariza-
bility difference of the chain. The effect of stereo-

specificity on the anisotropy is also weakened by the
introduction of a methyl group in the para-position in
the benzene ring of polystyrene (Tables VII and XIV,
Nos. 16 and 17).

The found relation of al — a2 to the microtacticity
of the chain does not involve the ability of the polymer
to crystallize. It can occur both in amorphous and
crystallizable samples (see Table XVI).

g) The effect of the surrounding medium. It was
shown above (III, B, 4) that the segment anisotropy of
a chain is a characteristic of its microstructure, and
does not depend on the thermodynamic nature of the
solvent.

Experiment also shows that for polymers of suffi-
ciently large intrinsic anisotropy (polystyrene and its
halogenated derivates, PptBPMA, polyisobutylene,
rubber, etc.), the segment anisotropy al — a2 of the
chain found from the birefringence in solution (see
Table VII) is near the value of a1 - a2 obtained from
photoelasticity measurements of the same samples.
[227,228,240,199,81,250] T h u S ) i n t h e s e c a s e £ . t f a e c h a n g e o f

the medium from the low-molecular-weight solvent
to that of the polymer itself does not alter the aniso-
tropy of the chain significantly.

Likewise, the swelling of rubber or polystyrene in
appropriate solvents (n^ = n s ) has practically no
effect on the segment anisotropy of these polymers.
[251,215]

However, cases are known in which a variation in
the surrounding medium entails considerable changes
in the magnitude and sometimes even in the sign of
the intrinsic anisotropy of the macromolecule.

Thus, for example, for the polymers Nos. 23—25
of Table VII, a change of the solvent from benzene to
toluene increases the positive (or decreases the nega-
tive) anisotropy of the chain by a factor of two. Also,
for samples Nos. 23, 24, and 29, the anisotropy in
solution and in bulk differs even in sign (cf. Table
XVI).

The sensitivity of the anisotropy of polyvinylace-
tate to changes in the medium is also illustrated by
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FIG. 37. The rela-
tion of the anisotropy
of PVA swollen in var-
ious solvents to the
degree of swelling
(from the photoelasti-
city of the gels).[21!]
1 — bromobenzene; 2 —
xylene; 3 —toluene;
4 —benzene; 5 — bromo-
form; 6 —chloroform;
7 —acetone; 8 —tetra-
bromoethane; 9 —carbon
tetrachloride.

Fig. 37, which gives the values of yx - γ 2 = (3/5) χ
(<*ι — α 2 ) (obtained from measurements of the photo-
elasticity of the gel) as a function of the degree of
swelling in different solvents. ^ The points on the
vertical axis correspond to the data in dilute solu-
tions (flow birefringence).052,224] S u c l l a s t r o n g <je_
pendence of the anisotropy on the properties of the
surrounding medium is specific for the molecules of
the polyacrylate and methacrylate ser ies . It is prob-
ably due to changes in the rotation of the side groups
with change in the interaction with the surrounding
medium (just as in the case of the effect of stereo-
specificity). Here, as was pointed out above (see
Table XVI), very small differences in the angles φ
can lead to large changes in the anisotropy observed
experimentally.

Obviously, these phenomena can be used as a
sensitive method for studying interactions in a poly-
mer-solvent system.

10. Polyelectrolytes. The problem of the dynamic
birefringence in solutions of flexible chain polyions
is highly complex and poorly worked out.

The difficulty of the problem is due not so much to
its hydrodynamic aspect as to its optical aspect.
Since polyelectrolytes are soluble practically only in
an aqueous medium, we cannot use solvents of differ-

ing refractive indices. Hence, the experimental
distinction of the form effects from the intrinsic
anisotropy by the direct methods applicable to solu-
tions of nonelectrolyte polymers is ruled out in this
case. This fact greatly hinders the quantitative in-
terpretation of the results. A number of studies have
dealt with the dynamooptical properties of certain
polyelectrolytes: polymethacrylic Ьвз.гвз] a n ( j p oiy_
acrylic Й55,257] a c i ( j S ; poly-4-vinyl-n-butylpyridinium
bromide, B 5 4 > 2 5 f l sodium alginate, ^^ and poly-4-
vinylpyridinium chloride.'-186-'

Increase in the degree of ionization and decrease
in the ionic strength of the buffer solution, which
lead to uncoiling of the chain and increase in the
dimensions of the polyion, sharply reduce the orienta-
tion angle and increase the magnitude of the bire-
fringence. The decrease in the orientation angles
qualitatively agrees with the increase in viscosity of
the solution observed here.

For all the studied polyelectrolytes at low enough
ionic strengths of the solution (when the molecular
coil is uncoiled enough), the birefringence is positive.
This fact is of fundamental significance, since it
shows that the anisotropy of a sufficiently uncoiled
polyion chain is determined by the form effect.

This is graphically shown by Table XVII, which
gives the anisotropy of polyvinylpyridine

— G H — с н 2 —

N

i n e t h a n o l ( n o n - p o l y e l e c t r o l y t e ) a n d i t s q u a t e r n a r y

s a l t - C H - C H 2 -

N
I

Н + СГ

i n a q u e o u s s o l u t i o n ( p o l y e l e c t r o l y t e ) . ' - 2 5 6 ' 1 8 6 - '

T h e i n t r i n s i c n e g a t i v e a n i s o t r o p y o f t h e p o l y v i n y l -

p y r i d i n e m o l e c u l e ( c f . , e . g . , N o . 1 4 o f T a b l e V I I ) i s

T a b l e X V I I . A n i s o t r o p y o f p o l y v i n y l p y r i d i n e i n e t h a n o l

a n d o f i t s q u a t e r n a r y s a l t i n a q u e o u s s o l u t i o n L1 8 6'25fl

Polyvinylpyridine

( α ϊ - α 2 ) • 1 0 2 5

+ 6 3 0

P o l y v i n y l p y r i d i n i u m c h l o r i d e — C H —

/ \

С · 10J,
g/ml

1.05
0,63
0.08
0.01

29
21

7
1

) · 101»
g-i-0

1
2
4
2

25
17.8

3.35
0.45

1

У1
Н + СГ

4^—1010
Δτ

115
123
221
265

CH2—

1820
1860
3450
4120
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obviously overcompensa ted by the form effect, and

the effective segment polar izabi l i ty difference at — a2

(calculated from (30)) has a l a r g e posit ive value. The

int r ins ic anisotropy of the q u a t e r n a r y sa l t should

have an even g r e a t e r negative value (cf. Nos. 14 and

18 in Table VII). N e v e r t h e l e s s , in aqueous solution

(in which polyelectrolyte effects a r e l a r g e ) , i t s ef-

fective anisotropy is posit ive and very l a r g e .

Thus, the uncoiling of a polyion chain under the

action of the e l e c t r o s t a t i c repuls ion forces of the

charged groups entai l s a s h a r p i n c r e a s e in the pos i-

tive form effect overbalancing the ro le of the in-

t r i n s i c (negative) anisotropy of the m o l e c u l e . A d e -

c r e a s e in the concentrat ion of the solution enta i l s a

d e c r e a s e in its ionic s t rength (non-isoionic dilution),

a weakening of the s c r e e n i n g effect of the counter ions ,

and a s t i l l g r e a t e r uncoiling of the m o l e c u l e s . The

l a t t e r r e s u l t s in an i n c r e a s e in the reduced v i scos i ty

T)Sp/C and the anisotropy ai - a2 ( see Table XVII),

a s well as a d e c r e a s e in the or ientat ion angles with

dilution.

The use of the method of isoionic dilution Й 5 Й

p e r m i t s us to weaken the influence of concentrat ion

effects on the shape of the polyion molecu les and to

get data that ref lect t h e i r optical p r o p e r t i e s m o r e

adequately.

This is i l lu s t ra ted by Fig . 38, which shows the r e -

lation of An/g(T) — 770) to the concentra t ion for solu-

t ions of s e v e r a l f ract ions of polymethacry l ic acid

(PMA) (0.012 Μ N a C l ) . C 2 6 3 ] The reduced anisot ropy

depends very sl ightly on the po lymer concentra t ion,

indicat ing the prevai l ing r o l e of the m i c r o f o r m effect

in the b i re f r ingence (compare with the curves of

F i g s . 29 and 31).

The l a r g e value of the m i c r o f o r m effect at low

ionic s t r e n g t h s of the solution c o r r e s p o n d s to E q s .

(22) and (24), which pred ic t a d e c r e a s e in the re la t ive

value of the quantity 0f (in c o m p a r i s o n with 6fs ) a s

the volume ν of the m o l e c u l a r coil is i n c r e a s e d .

The data of Table XVIII indicate the s a m e . At a

constant ionic s t r e n g t h I, the quantity [ η ] / [ η ] is

p r a c t i c a l l y independent of the m o l e c u l a r weight, in-

dicating the segment c h a r a c t e r of the observed a n i s o -

t r o p y . As the molecule goes f rom the uncharged to

the charged s t a t e , a c e r t a i n decline in [ η ] / [ η ] t a k e s

place in the f i r s t s tages of ionizat ion. This can be

Δη
•Ю

го -

/s -

δ

о

Ι Ίο'

-

οΔ

ι

1

α

= 0.012

• Δ

ι

m o l e / l i t e r

~ « л О

° Δ ·
C, g/100 cm'

1
a/ A?' as

FIG. 38. The concentration-dependence!/"*] of An/gf̂  - 770)
for PMA fractions in buffer solution (I = 0.012 M) (isoionic
dilution).

8 . 3 · 1 0 ' ; D — Μ = 5 . 0 · 1 0 · ; Ο — Μ = 2.3· 10 · ;• _ Μ = 5 . 0 · 1 0 ' ;
Δ — Μ = 0 .6 ·10* .

e x p l a i n e d b y t h e d e c r e a s e i n t h e r e l a t i v e r o l e o f t h e

m a c r o f o r m e f f e c t a s t h e c o i l i s u n w o u n d ( c f . T a b l e

X I ) . F u r t h e r i n c r e a s e i n t h e d i m e n s i o n s o f t h e

molecule (at an ionic s t rength of 0.0012 Μ in NaCl)

involves an i n c r e a s e in [n]/[r j ] owing to the in-

c r e a s e in the effective segment length, and c o r r e -

spondingly, of the m i c r o f o r m anisot ropy.

F u r t h e r analys i s of the exper imenta l data '-263-'

shows that the dynamooptical p r o p e r t i e s of PMA

solutions a r e compl icated by the influence of hydrogen

bonds and t h e i r par t ia l r u p t u r e upon ionization of the

molecule .

While in solutions of ionized PMA the overa l l ef-

fect of the in t r ins ic (positive) anisotropy and the

m a c r o f o r m and m i c r o f o r m effects r e s u l t in a l a r g e

positive b i re f r ingence, in solutions of polyacryl ic

acid (PAA), the overal l effect proves to be cons id-

erab ly s m a l l e r (Fig. 3 9 ) . ^ ^

Apparently, a mutual compensat ion of a negative

in t r ins ic anisotropy of the chain and a posit ive form

effect takes place h e r e .

As the concentrat ion of the solution i n c r e a s e s , the

re la t ive ro le of the form effect dec l ines , and the

bi re f r ingence changes sign f rom positive to negat ive.

[255,257] T h u S j t h e p A A m o i e c u l e in the ionized s t a t e

in sufficiently concentra ted solutions shows a nega-

tive in t r ins ic ani sot ropy. However, th is does not mean

that in the un-ionized s ta te (or in another solvent)

this anisotropy would a l so be negat ive. Solutions in

dioxan (Table XIX) show a posit ive anisotropy, which

d e c r e a s e s very sharply, however, with d e c r e a s i n g

Table XVin. Dynamooptical data on solutions of PMA fract ions in

the un-ionized and ionized s t a t e s (a = d e g r e e of ionizat ion) 2 6 3

Μ- 10-5

7 . 2
4 . 4
2 . 0
1.0
0 . 4

0 .002 Μ НС1

[η]-10-2

0 . 5 1
0 . 4 4

0 . 3 0

0 - 2 1
0 . 0 7

Γπΐ

1 5 . 8
1 5 . 0
1 4 . 2
1 3 . 6
1 1 . 0

Μ . 10-5

8 . 3
5 . 0
2 . 3
0 . 6

0 . 1 3

α = 0 . 6 ,

[η]-10-2

19
10

7 , 0

2 , 8
0 , 6 5

/ = 0 ,012 Μ

Μ

9.5
10.0
11.4
10,0
12.3

α = 0.6,

[η]-10-2

4 0
—

20

5

Γ = 0.0012 Μ

-Ы.10Ю
[η]

34

3 4

36
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г

7

О

-7

-г

FIG. 39. The concentration-dependence of An/g(7j - 770) (as a
function of C[?j]) for PAA fractions in buffer solution (I = 0.012
M,[2"] isoionic dilution).

1 — M=i 8-10·; 2 — M = l . 3 - i O « ; 3 — M = 0 . 5 3 - 1 0 · ; 4 — Μ
= 0.16-106; 5 — Μ = 0 . 3 8 1 0 β .

T a b l e X I X . D y n a m o o p -

t i c a l p r o p e r t i e s o f s o l u -

t i o n s o f P A A f r a c t i o n s

i n d i o x a n ( i n u n - i o n i z e d

s ta te) , Τ = 30°С

Af-10-5

13
8.3
5.3
1,56

[η].10-2

0 . 9 7
0 . 7 7
0 . 6 2
0 . 3 4

l n ] . lo io
[η]

2 . 6 8
1.93
1.88
0 , 8 9

m o l e c u l a r weight (macroform effect).

F o r PMA, just a s for i t s e s t e r s (see Sec. Il l, B, 9,

g), we should expect the in t r ins ic anisotropy, of the

chain to be very sens i t ive to in teract ion with the

surrounding medium (and even m o r e so to e l e c t r o -

s tat ic in terac t ions) , s ince s m a l l changes in the r o t a -

tion of the side groups in p o l y m e r s of th is c l a s s r e -

sult in quite apprec iab le differences in the optical

p r o p e r t i e s of the m o n o m e r unit . Hence the observed

changes in the magnitude and sign of the b i re f r ing-

ence of PAA solutions a s the ionic s t rength, the d e -

gree of ionization, and the concentrat ion a r e v a r i e d

might be due not only to conformational changes in

the chain, but a l so to the d i r e c t influence of the e l e c -

t r o s t a t i c in terac t ions on the anisotropy of the mono-

m e r unit .

It s e e m s likely that we could choose a m o r e su i t-

able model than PAA for studying the genera l dynamo-

optical p r o p e r t i e s c h a r a c t e r i s t i c of a b road c l a s s of

polye lectro lytes , e.g., the q u a t e r n a r y s a l t s of poly-

vinylpyridine and i ts d e r i v a t i v e s . Unfortunately, the

exper imenta l m a t e r i a l obtained for this c l a s s of

p o l y m e r s i s not yet sufficient. In any c a s e , the f i r s t

problem that we m u s t solve in s tudies of this s o r t is

how to dist inguish re l iably the effects of the in t r ins ic

anisotropy and the ( m a c r o - and m i c r o - ) f o r m effects.

The re la t ion of the magnitude of the b i re f r ingence

to the velocity gradient Δη = f ( g ) in polyion solu-

t ions a t low enough ionic s t r e n g t h s is usual ly given

by a graph curved toward the hor izonta l axis , l ike the

c u r v e s of Fig. 5.U55-257.2630 T h i s S h o w s that the e l e c -

t r o s t a t i c repuls ion of the charged groups of the

m a c r o m o l e c u l e not only unwinds the m o l e c u l a r chain,

but a l so i n c r e a s e s i ts kinetic r igidity apprec iab ly .

Hence, the b irefr ingence under t h e s e conditions is to

a cons iderab le extent an or ientat ion effect.

At the s a m e t i m e , while the effective values of the

chain anisotropy a r e l a r g e , according to the data of

Tables XVII and XVIII, they a r e many t i m e s s m a l l e r

than the values that we could obtain if the m o l e c u l a r

chain w e r e unfolded to a shape s i m i l a r to a s t ra ight

rod. Hence, in descr ib ing the hydrodynamic and o p -

t ica l p r o p e r t i e s of a chain polyion in solution, the

conformation of a s l ightly-coiled stiff random coil

is a much b e t t e r model than one in the form of a r o d -

like p a r t i c l e .

NOTATION

A—segment length,

D r — r o t a t i o n a l diffusion coefficient of the p a r t i -

c l e s ,

D 0 -D r T7,

F—coefficient c h a r a c t e r i z i n g the internal v i s-

cosity,

L—longitudinal axis of the p a r t i c l e , length of

the completely extended m o l e c u l a r chain,

L l f L 2 —optical form factor (functions of the axial

r a t i o ρ of the coil),

M o —molecular weight of the m o n o m e r unit,

M s — m o l e c u l a r weight of the segment,

M—molecular weight of the polymer,

M n — n u m b e r - a v e r a g e m o l e c u l a r weight,

M w —weight-average m o l e c u l a r weight,

N—number of p a r t i c l e s p e r c m 3 ,

NA—Avogadro ' s number ,

R—universal gas constant,

R—mean rad ius of the dynamoopt imeter cy l inder,

AR—width of the gap in the dynamoopt imeter ,

s—number of m o n o m e r units p e r segment,

T—absolute t e m p e r a t u r e ,

Tg—glass- t rans i t ion t e m p e r a t u r e ,

Φ—Flory coefficient,

ΘΪ— intr ins ic anisotropy of the chain,

0f— m a c r o f o r m anisotropy,

0 f s — m i c r o f o r m anisotropy,

a—proport ional i ty coefficient,
a l l ~ a ± ~ p o l a r i z a b i l i t y difference of the m o n o m e r

unit,

bo—a function of p,

C—concentrat ion of the solution in g/cm 3 ,

C v —volume concentrat ion of the solution,

d — t r a n s v e r s e axis of the p a r t i c l e ,

f0—a function of p,

f (σ, ρ)—mechanical factor (a function of the o r i e n t a -

tion),

g—velocity gradient of flow,

g^—cri t ica l velocity gradient,

Si ~ 82 = (Yi — T2)/v—specific anisotropy of the s u b -

s tance of the p a r t i c l e ,

h—distance between the ends of the m a c r o -

molecule ,
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h — mean s q u a r e d i s tance between the ends of

the chain,

h | — t h e s a m e in an ideal solvent,

hj—the s a m e , with free rotat ion about the

valence bonds,

k—the Boltzmann factor,

[ n ] — i n t r i n s i c value of the b i re f r ingence,

[ n ] i — i n t r i n s i c value of the in t r ins ic b i refr ingence

[ n ] f s — i n t r i n s i c value of the m i c r o f o r m b i re f r ing-

ence,

[η]f— in t r ins ic value of the m a c r o f o r m bi re f r ing-

ence,

nj — n 2 = Δη—difference between the two pr incipal

re f ract ive indices of the liquid,

n s — r e f r a c t i v e index of the solvent,

n^—refract ive index of the dry polymer,

p—axial ra t io of the p a r t i c l e ,

u—velocity of flow,

v—volume of the p a r t i c l e ,

v 0 —hydrodynamic volume of the p a r t i c l e ,

v—part ia l m o l a r volume of the p a r t i c l e ,
a\ ~ <22~7P°l a r i z a ' : | i lrty difference of the segment,

β = Μ [η] Tjog/RT—a p a r a m e t e r ,

Ύι — ^ " " d i f f e r e n c e between the two pr incipal p o l a r i -

zabi l i t ies of the p a r t i c l e ,

δ—phase difference due to the solution,

δ0—phase difference due to the c o m p e n s a t o r ,

e—photoelastic coefficient,

η, η 0 —viscos i t ies of the solution and solvent, r e -

spectively,

[77 ]—intr insic v i scos i ty of the p o l y m e r ,

[ηJo— int r ins ic v iscosi ty of the po lymer e x t r a -

polated to z e r o velocity gradient,

Tji—internal v iscosi ty of the molecule,

[η J*—reduced v i scos i ty of the solution,

λ—wavelength of light, length of the m o n o m e r

unit in the d i rect ion of the axis of the chain

molecule,

v—number of bonds p e r m o n o m e r unit,

p—density of the polymer,

σ = g / D r — o r i e n t a t i o n factor,

τ—relaxation t i m e ,

Δ τ = (η — η 0 ) g—effective s h e a r s t r e s s ,

[ ψ/gI— int r ins ic value of the or ientat ion angle,

φ—angle between the plane of a s ide group and

the chain d i rec t ion in the m a c r o m o l e c u l e ,

χ—extinction angle,

ω—vibration frequency ( c i r c u l a r ) .
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