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ABSTRACT: The viscoelastic segment has been estimated from the limiting modulus at high frequencies with
the aid of the modified stres®ptical rule. For the case of polymer melts, experimental studies show that thus
estimated viscoelastic segment size is close to the Kuhn segment size, which is calculated from the chain dimension.
Molecular origin of this correspondence is revisited with the theoretical consideration of the initial chain orientation
after step strains. By assuming pseudo-affine orientation of repeating units, we show that the correspondence
between the viscoelastic and Kuhn segments can be naturally obtained in the frame of theoptiesisrule.

Effects of the nonaffine orientation and the nematic interaction on the correspondence are also discussed.

Introduction that the viscoelastic segment size is very close to the Kuhn
When polymeric materials are deformed, they become aniso- S€gment sizé.
tropic. For rubbery materials, the refractive index tensor can Mg~ My (5)

be related with the stress tensor through the streptical rulet ] ) )
This empirical rule indicates that the molecular origin of the ~_ The Kuhn segment size can be determined from the chain

stress and birefringence for rubbery materials is the orientation dimension.

of segments. In the following, we will limit our attention to the M R

small tensile deformations for simplicity. For such a case, the My=—= 5 (6)

stress-optical rule may be formulated for the complex modulus, Ns Ry

E*(w), and the complex strain optical coefficie@}(w), the ) 5

latter being defined as the ratio of birefringenca) to the R= b “ns = Kyb"n,, (7)

oscillatory straine: R = bng = Kjbn, @8)
O*(w) = CrE*(w) 1) Here, [R?is the mean length of square of the end-to-end

. . . ) distance an@Rnaxis the end-to-end distance of the fully extended
Here,Cr is the stressoptlca_l coefficient. As described later, chain.by is the end-to-end distance of the Kuhn segment, and
Cr can be related to the anisotropy of segments. ns is the number of the Kuhn segments per chhiis the bond
Around thg gla}ss transition zone, the molecular origin of the length anchy is the number of bonds per chalt; andK. are
stress and birefringence becomes somehow complex. For such.,nsants that depend on chain statistics and bond angle. Thus,
a case, 'ghe blrefrlngenpe can be related with the stress '[hrougI'MK can be estimated from tH&2(0data. My values for some
the modified stressoptical rule, MSOR: polymers are shown in Table 1 together wils values® Data
% e« % for some other polymers can be found in ref 3. The experimental
B (0) = Bg'(0) + Bs*(w) 2) accuracy is roughly estimated to be 10% from the scattering of
O¥(w) = Og*(@) + Og*(w) = CrEg*(@) + CoEg*(w) (3)  reported value ofRPL]
The agreement oMs and Mk seems to be reasonable.
The coefficientsCr andCg, can be determined experimentally, However, these parameters have a different physical meaning,
and thereforeEr*(w) andEg*(w) can be evaluated by solving ~ and the molecular origin of equality (eq 5) has not been verified.
these simultaneous equations ¢ and Eg*. In addition, in the framework of beatbpring theory, eq 5 is
Since the R component satisfies the ordinary streggical somehow curious because it is not clear and suspicious whether
rule, Or*(w) = CrEr*(w), the R component represents the one Kuhn segment can work as an entropic spring.
reorientation process of the viscoelastic segments. To character- On the other handyls becomes significantly larger thawik
ize the initial orientation of segments in the glassy region, we in dilute solutions?~8 For exampleMs of polystyrene becomes

may use the limiting modulus at high frequenciég,(). The about 5 times larger thavik. Recently, Larson proposed a new
molecular weight of the viscoelastic segment can be estimatedmolecular model to explain the difference betweds and
from this Er'(«) as M. However, the model is only applicable for dilute polymer
solutions. Thus, the physical meaning\b$ andEg' () in melts
_ 3pRT 4) has not been clear. In this paper, we revisit the molecular origin
s Eg'(e0) of Ms with consideration of the initial orientation of structural
units.

Here,p is the mass density of the polym®&ijs the gas constant,
andT is the absolute temperature. In a previous study, we found Theoretical Consideration
In the following discussion, we assume that the stregdical
TE-mail: tinoue@scl.kyoto-u.ac.jp. rule, eq 1, holds well for the whole frequency region. This
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Table 1. Molecular Weight of the Viscoelastic Segment and the
Kuhn Segment for Some Polymer%

poly-

poly(o.- Bisphenol A poly-

polystyrene methylstyrene) polycarbonate isoprene isobutylene
Ms 850 730 490 150 200
Mk 840 960 650 170 260

assumption may be accepted from the validity of the modified
stress-optical rule. One important material constant is the
stress-optical coefficientCg. According to the Kuhn and Grun,
Cr for freely jointed chain can be related to the anisotropy of
the polarizability tensor of the “optical segment#3.1:10.11

co_ 2t (n*+ 2y
R™ 45T n
Here, n is the mean refractive index arg is the Boltmann

constant. This equation is originally derived for cross-linked
polymer networks. HowevelCr is believed to be essentially

AB 9)

the same for the stress relaxation process of non-cross-linked
polymers. Equation 9 is based on the special molecular model,

but we may use eq 9 as an experimental definitiodgf The
experimental values foAS were tabulated by Tsvetkd¥.

Another important quantity related to the orientational bire-
fringence is the intrinsic birefringenc&ny. Ang is defined as
follows.

3EogH- 1

An= AnP = An (10)
0 0 2

Here,P is the orientation degree for the structural units &nd

is the angle between the stretch direction and main axis of the

structural unit.Z--Orepresents the statistical averagey can
be related to the anisotropy of the polarizability tensor of the
structural units Aot

_2n (42PN,

An, 9 = MOAOL

11)

Here,My is the molar mass of the structural unitsiy represents
the birefringence of the polymer at the fully extended state,
= 1. For the case of freely rotating chaisq can be related
to the anisotropy of polarizabiliy of bondsha, with a
geometrical factorAa. = K4Aap. When bond angléy, is cog-
(0u/2) = 23, K4 becomess.

The parameter representing the limiting behavior of orien-
tational birefringence at high frequencies is the strain-optical
coefficient for the R component at high frequenci@g! (),
which is the ratio of birefringence to the tensile strain,

AnyP
€

, , An
Og/(00) = CRrER () = - =Ang (12)
Here, we defined ag = Ple. Note thatP represents the
orientation degree of the structural unit, not of the segments.

According to the pseudo-affine mod€lthe parametef can
be calculated as

_Pr_3 , )
E= <75 (pseudo-affine or affine) (13)
From eq 12,
C M
Mszﬂ:@izg_oAﬁl (14)
Ex' () & Any, 5Aa &
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Thus, we obtain

Ms_Ag 3

M, Ao 5E

(15)
Equation 15 indicates that the flexibility parameter defined from
the viscoelastic segmenkis/Mo, agrees with the flexibility
parameter defined from the optical segmenig/Aca, when the
structural units are oriented pseudo-affinely to give= 3/5.

As shown by VolkensteinAp/Aa does not perfectly agree
with the flexibility parameter defined from the Kuhn segments,
Mk/Mo. * For the case of rotational isomer modaj3 can be
related withAa as follows.

i~

KsKy

< (16)

The parametek; depends on details of the chain statistics. Thus,

Ap) (M
Aaf \M,
For the case of the freely rotating chain having tetrahedral bond
angle, ASIAa)/(Mk/Mg) = 5/ ~ 0.8. This ratio is insensitive

to statistical weight of the rotational isomeric stat&$hus, in

the first approximation, the following relationship can be
accepted.

_ K3K22

< (17)

AB M«
Aa~ M, (18)
Under this assumption, eq 15 becomes
M M
Ms_Ap3 _Vk3 (19)

M, Aa5E" My5E
Thus, for the case of pseudo-affine deformation, we obtain

Mg~ My (20)
Experimentally, most polymers satisfy eq 20 reasonably %vell.
This result means that the instantaneous orientation of the
structural units induced by the strain is close to the pseudo-
affine orientation'®

As described befordyls becomes larger thallk in dilute
solutions.

Mg~ 5M (22)

In contrast, A3 remains almost constant over the whole
concentration regime® Considering these results and eq 19,
we speculate that deviation from the eq 20 for dilute polymer
solutions may be attributed to nonaffine orientation of the
structural units.

3

5 (22)
This nonaffine behavior may be related to a difference in the
rigidities of the solvent and polymer chains against an instan-
taneous straifi.For the case of polymers in melt, a chain is
surrounded by the same species of chain. They should be
deformed equally and therefore affine-like deformations would
be favorable. Actual deformation of each structure unit may be
quite different from the affine orientation, but the aver%gsv
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orientation would be similar to the affine orientation because and reorientation of segmenrsAccording to their results, the
every structure units have equal rigidity or probability to orient. nematic interaction increases the streggtical coefficient.
In other words, nonaffine deformations mean the localization

of strain. This would not happen for the relatively homogeneous « NI _ 1 1 Co= 1 C.O0~
system of melts. On the other hand, in solution, the surrounding "~ 1-@ARBRY1-06R 41— (413 + o* R

solvent molecules can change their position much more freely 1 0
than the chain because the solvent molecules are not connected mcpg (27)

by chemical bonds. In this context, the solvent molecules can

be regarded as a soft matrix, where the localized strain can beHere, ¢ (<1) is the parameter representing the strength of the

stored. In such a soft matrix, the chain does not need to follow nematic interaction. Superscripts NI and 0, respectively, rep-

the affine orientation in the scales of structure units. resent the coefficients with and without the nematic interaction.
Larson proposed a model for the molecular origin of nonaffine Thus, the nematic interaction apparently increases the optical

orientation of segment in dilute solutioh€onsidering the rate segment size.

of conformational change of segments surrounded by fast According to their theory, the limiting modulus at high

moving solvents, he showed that the conformational change Offrequencies is modified by the nematic interaction.

segments are restricted under shear flow due to the rotational

barrier of bonds. This restriction results in the reduction of the ER'N'(oo) =(1- 5)ER'°(oo) (28)

limiting modulus or, equivalently, the reduction of the bead

spring mode number at high frequencies. According to his result, The birefringence at high frequencies is given as

Ms depends on the activation energy of the rotational motion

of bonds, AEx, CNEN (c0) = mCROER'O(oo) (29)

AE,

Ms = ex;{(&/ + 1kgT My (23) Thus, birefringence, i.e., orientation of structural units is
approximately insensitive to the nematic interaction. However,

Here, v is the Flory exponent. TypicahE, value leads us to  the stress originated by the orientation is modified.

the reasonable difference Ms andM. In his calculation, the Equation 28 indicates that the viscoelastic segment size

rate of conformation change plays an essential role. However, increases with the nematic interactic.

as shown in this papek|s is a measure of the initial orientation

against the strain as long as the streggtical rule holds well. MS’\“ = LMSO (30)

In the limit of small strains, it is not clear whether the 1-90

conformational transition, which is relatively large motion, is

necessary for causing the small initial orientation. For the

consistent explanation, a further study is desired.

Thus, the nematic interaction increa§gsandMs by the almost
same factor. On the other hand, relationship with the Kuhn
segments can be derived as follows.

Ideal Polymers
Md' 1 Mg 1 A3 1 M3
We may define the ideal polymers as those satisfying the —> —=_=~ S _—_= 2P 9 . 2 K9 (31)
following relationship. My 1-0M;, 1-90Aab55 1-—06M,5
Ms A NP
MO = Hfi (24) Mg ~ 1— 6MK (32)

According to the rheo-optical studies on optically labeled
polymer blends, the interaction parameters estimated to be
around 0.3 for polystyrene/poly(phenylene oxid&nd hydro-
genated/deuterated polyisopréfié! Equation 32 predicts that

This equation equivalently holds for the pseudo-affine orienta-
tion of the structural units. Then, for the ideal polymers, the
intrinsic birefringence can be related @xEg' ()

5 , the nematic interaction gives slightly largkts (+30%), but
Ang = §CRER () (25) this miner modification would be canceled out by the nonequal-
ity between the optical and geometrical segments for the real
Thus, Ang can be estimated from the MSOR analysis. systems (see eq 17). Thus, the nematic effect affects the
From the following relationship viscoelastic segment size, but it would be negligible for ordinary
polymeric systems.
AB _ My 26
Aa M, (26) Conclusion

The chain flexibility may be defined experimentally lsls/
the viscoelastic segment size of the ideal polymers agrees withM,, AS/Aa, andMg/Mo. For the ideal polymers, in which the
the Kuhn segment size. structural units orient pseudo-affinelylsMo agrees withAS/
Aa. As already shown long time agag/Aa approximately
agrees withMg/Mo. Thus, for the ideal polymerdls ap-

For polymers like polyethylene, the stressptical coefficient proximately agrees witiVik.
becomes larger than the prediction from the molecular calcula- Nonaffine orientation of the structural units violates the
tions. For the case of polyethylenes, experimental valuggof  equality, Ms/Mo = ApS/Aa. For such a caseMs possibly
is about 2 times larger than the calculated vafuEhis deviation becomes larger thavik as the case in dilute solutions. However,
is attributed to local ordering (nematic effect). Doi and Watanabe even for such a cas&fS/Aa remains constant becaud@/Aa
considered the effect of nematic interaction on viscoelasticity is essentially determined by the chain statistics.

Effect of Nematic Interaction

Ccbv
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The nematic interaction increas&és/My and Ap/Aa by (5) Massa, D. J.; Schrag, J. L.; Ferry, J.Nbacromoleculed971, 4, 210.
almost the same factor. By checkimgB/Aa value, we can (6) Peterson, S. C.; Echeverria, |.; Hahn, S. F.; Strand, D. A.; Schrag, J.
Lo ) : o ; L. 2001, 39, 2860.
distinguish nonaffine deformation and the nematic interaction.

i . e o (7) Amelar, S.; Eastman, C. E.; Morris, R. L.; Smeltzly, M. A.; Lodge,
For the case of PS in dilute solution, wh&g is insensitive to T. P.; Vonmeerwall, E. DMacromolecules1991, 24, 3505-3516.

concentration over a wide concentration range, we speculate (8) Inoue, T.; Uematsu, T.; Osaki, Wacromolecule2002 35, 820
the increase of th&ls is nonaffine deformation of segmerits. 826.

In the f fthS t tical rule. M< is simol 9 lated (9) Larson, R. GMacromolecule2004 37, 5110-5114.

n the frame of the stresptical rule,Msis simply relate (10) Kuhn, W.; Grun, FKolloid, Z. 1942 101, 248.
to the initial chain orientation induced by the instantaneous (11) Doi, M.; Edwards, S. FThe Theory of Polymer Dynamic€laren-

strain. This initial orientation can be transformedvgthrough don: Oxford, U.K., 1986. _
Cr. SinceCr is determined by the chain statistic li .M (12) Tsvetkov, V. N.; Andreeva, L. N. Anisotropy of segments and
hR t R lati 'ﬂmy ke, Ms monomer units of polymer Molecules. Polymer HandbogkBran-

as a strong correlation witihi. drup, J., Immergut, E. H.; Eds.; John Wiley & Sons: New York, 1989.

_ _ _ (13) Kratky, O.Kolloid-Z. 1933 64, 213.
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