This article was downloaded by:

On: 24 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Journal of Macromolecular Science, Part A
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713597274

Characterization of Segmental Orientation in Stretched Rubbery Networks
by the Stationary Fluorescence Polarization Technique

Jean-Pierre Queslel?; Lucien Monnerie®; Burak Erman®

* Manufacture Francaise des Pneumatiques Michelin Centre d'Essais et de Recherche de Ladoux,
Clermont-Ferrand Cedex, France ® Laboratoire de Physicochimie Structurale et Macromoléculaire
E.S.P.C.I, Paris Cedex 05, France ¢ Polymer Research Center Bogazici, University, Istanbul, Turkey

To cite this Article Queslel, Jean-Pierre , Monnerie, Lucien and Erman, Burak(1989) 'Characterization of Segmental
Orientation in Stretched Rubbery Networks by the Stationary Fluorescence Polarization Technique', Journal of
Macromolecular Science, Part A, 26: 1, 93 — 123

To link to this Article: DOI: 10.1080/00222338908053845
URL: http://dx.doi.org/10.1080/00222338908053845

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://ww.informworld. confterns-and-conditions-of-access. pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |oan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, formul ae and drug doses
shoul d be independently verified with primary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713597274
http://dx.doi.org/10.1080/00222338908053845
http://www.informaworld.com/terms-and-conditions-of-access.pdf

Downl oaded At: 18:01 24 January 2011

J. MACROMOL. SCI.—CHEM., A26(1), pp. 93-123 (1989)

CHARACTERIZATION OF SEGMENTAL ORIENTATION IN
STRETCHED RUBBERY NETWORKS BY THE STATIONARY
FLUORESCENCE POLARIZATION TECHNIQUE

JEAN-PIERRE QUESLEL

Manufacture Francaise des Pneumatiques Michelin
Centre d’Essais et de Recherche de Ladoux
63040 Clermont-Ferrand Cedex, France

LUCIEN MONNERIE

Laboratoire de Physicochimie Structurale et Macromoléculaire
ESP.CL
10 rue Vauquelin, 75231 Paris Cedex 05, France

BURAK ERMAN

Polymer Research Center
Bogazici University, Bebek, 80815
Istanbul, Turkey

ABSTRACT

In 1978, Jarry and Monnerie showed that the stationary fluorescence
polarization technique can be used to measure orientation in mobile
uniaxially symmetric systems. Determination of segmental orientation
in stretched rubbery networks may then serve to validate and improve
elaborated models of rubberlike elasticity in conjunction with stress-
strain measurements. As a preliminary, the basic principles of the
fluorescence polarization technique and its application to investigation
of molecular behavior of mobile anisotropic networks are described.
Then, the theory of segmental orientation of real networks with con-
straints on junctions, proposed by Erman and Monnerie in 1985, is re-
viewed. Illustrative data on elasticity and orientation behavior of
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cis-1,4-polyisoprene networks are consistent with theoretical predic-
tions. The effect of temperature on segmental orientation is attributed
to changes in the configurational factor expressed in the theory. In
fluorescence polarization experiments, only the orientation behavior of
the labeled species is observed. Thus, comparison of the behavior of
anthracene end-labeled and center-labeled chains has revealed that dang-
ling chains are very strongly orientationally coupled to network chains.
It is, however, a local effect which does not imply an overall anisotropy
of dangling chains at equilibrium. Orientational coupling between flexi-
ble probes of different lengths and polymer matrix was also investigated
and compared with that of rigid probes.

. INTRODUCTION

Relationships between structure and properties of bulk polymers are gener-
ally established by analysis of macroscopic mechanical behavior with theoreti-
cal models.

In the field of rubberlike elasticity, new models were recently proposed
which can indeed be used to characterize the structure of real elastomeric net-
works in view of their mechanical properties [1,2]. However, several param-
eters are necessary to describe the relationship between molecular and macro-
scopic deformations and, therefore, stress-strain measurements are generally
not sufficient to judge without ambiguity the validity of these elaborate
theories. Another possible test consists in measuring molecular orientation
in stretched rubbery networks. With this in view, the photoelastic properties
of rubbers have been widely investigated [3-5]. However, birefringence data
suffer from the fact that segmental polarizability is affected by its immediate
environment.

Recent developments in spectroscopic techniques permit accurate measure-
ment of orientation of structural units in deformed polymeric systems [6, 7].
For this purpose, spectroscopic techniques, such as srall-angle neutron
scattering, infrared dichroism, 2H-NMR spectroscopy, and fluorescence
polarization are particularly suitable [6]. Small-angle neutron scattering
yields information either on the molecular dimensions of the whole chain
or on the structure of part of the chain, whereas infrared dichroism, 2H-NMR
spectroscopy, and fluorescence polarization applied to stretched samples lead
to information about chain-segment orientation. It is worth noting that the
transition moments of the labels involved in fluorescence polarization are not
sensitive to their immediate environment. In this paper we deal exclusively
with fluorescence polarization.
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After presenting the stationary fluorescence polarization technique, we
will consider its application to the study of segmental orientation in elasto-
meric networks stretched far above their glass transition temperature. Corre-
sponding models that have been proposed recently are reviewed and then
serve to analyze experimental results.

il. ORIENTATION DISTRIBUTION FUNCTION

The degree of molecular segmental orientation in a deformed amorphous
polymeric network is obtained from the orientational distribution function.
This distribution is represented by a function f(6, ), where 8 is the angle be-
tween unit vectors affixed to chain segments and the laboratory fixed axis de-
noting the direction of stretch. The function f{8,) can be expanded in terms
of Legendre polynomials in cos 8y as follows:

fOx)=) biPi (cos 0) M
]
with
b= [(15 11) Qi+ l)/2] <Py (cos 05)>, 2)

where <Pj (cos 0y)> is the value of P; (cos 8, ) averaged over the distribution.
The average of the second Legendre polynomial is defined as

1
Sy =<P, (cos Oy )>= 2 <3 cos? 0, - 1>, 3)

X
<cos? x> = f f(8x) cos® Oy sin 6, db,. 4)
1]

It has been shown that, in most cases, the determination of P, is sufficient
for a uniaxial distribution.

l1l. THE FLUORESCENCE POLARIZATION (FP) TECHNIQUE

A. Principles

Fluorescent molecules have the property of reemitting part of the energy
acquired by absorption of luminous radiation in the form of visible light.
After illuminating with a very short pulse at time #,, the fluorescent light
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emitted at time ¢o + u is proportional to exp (-u/7), where 7 is the mean life-
time of the excited state (usually called the fluorescent lifetime). The most
frequent values range from 107° to 10~ s. When absorbing light of a suitable
wavelength, a molecule behaves as an electric dipole oscillator with a fixed
orientation with respect to the geometry of the molecule. Such an equivalent
oscillator is termed an absorption transition moment, My. In the same way,
for fluorescence emission we have an emission transition moment, M. When
such a molecule receives an incident beam polarized along the P direction, the
absorption probability is proportional to cos? y, where 7 is the angle between
P and M,. In the same way, the fluorescence intensity measured through an
analyzer, 4, is proportional to cos? 8, where 8 is the angle between M and A.
Thus, for the P and A directions of the polarizer and the analyzer, the ob-
served luminescence intensity is proportional to cos? y cos* 8. Owing to the
lack of phase correlation between excitation and emission light, fluorescence
emission can be described as resulting from three independent radiations, re-
spectively polarized along the X, Y, and Z laboratory axes with intensities
Ix, Iy, and I'7. The Curie symmetry principle, applied to excitation light
polarized along Z, leads to I'x = I'y. The fluorescence polarization is charac-
terized by the emission anisotropy:

r=y=1)/A+2)), )

where I)| and I correspond to the fluorescence intensity obtained with an
analyzer direction parallel or perpendicular, respectively, to that of the
polarizer.

When dealing with an isotropic set of fluorescence molecules for which
the relaxation times of the molecular motions are in the range of the fluo-
rescence lifetime, FP yields information on the mobility of the molecules.
This high-frequency mobility appears in polymers at temperatures above
T¢(DSC) + 50°C {8].

B. Orientation of Uniaxially Symmaetric Systems

For our present purpose we are mainly interested in the use of FP to look
at the orientation distribution of fluorescence molecules. The transition
moments in both absorption and emission are assumed to coincide with a
molecular axis M of the molecule, the direction of which is specified by the
spherical polar angle Q = (8, §) in the reference frame (Fig. 1). In the treat-
ment [9] the following are then introduced: the angular functions N(So,%o);
the orientation distribution of M at time £y (M, in Fig. 1); and P(2,¢; Q0. %0),
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FIG. 1. Illustration of the angles which define the orientation of the
molecular axis My at time ¢ and M at time 1, + u with respect to the fixed
frame OXYZ.

the conditional probability density of finding a vector M at position £ at time #
which was at position § at time t,. After illuminating the samples by alinearly
polarized short pulse of light at t,, the intensity emitted at time (¢, + u) for

the P and A directions of polarizer and analyzer is given by

i(PA,to,u) = KffN(Q0,t0P(Qt0 + u; Qo,20) cos® (P.My) cos® (4,M)
exp (-u/T)dQdSQ, 6)
where K is an instrumental constant. In this expression, ¢y corresponds to the
macroscopic evolution of the sample, whereas u corresponds to a microscopic

reorientational motion in the scale of the fluorescence lifetime 7. In most
cases the o dependence of N and P can be ignored within the time 7 (~107% 5),



18: 01 24 January 2011

Downl oaded At:

98 QUESLEL, MONNERIE, AND ERMAN

and the fluorescence intensity emitted under continuous excitation is given by
o0
iAo = [ iBALe +ui %)
0

In the case of a uniaxially symmetric distribution of the molecular axes M, the
intensities corresponding to the P and A directions lying along the fixed-frame
axes (Z corresponds to the symmetry axis) can be conveniently expressed
through the following quantities:

1
G10'®) == <3 cos? B - 1>,
2
1
G ® =§ <3cos? §-1>,
1
G112 =— <3 cos? 6, - 1)(3 cos? 6 - 1)>,
4
9
G,V = E<sin 0o cos Bq sin 8 cos @ cos (B - Bo)>,

9
GV = 4 <sin? 8¢ sin® 8 cos 2 (8 - fo)>. ®)
Thus, for example:

K
i(X,X) = 3 (1- G209 =Gy = G2, +8G,, ),
- X ©) © (0)
I(Z,Z) = 6 (1 + 2620 + 2602 + 4G22 ),

K
iZX)=5 0+ 2G50 - G5, @ =26, ). ©)

In uniaxial mobile systems, i.e., polymers at a temperature above T,(DSC) +
50°C, both orientation and mobility contribute to the fluorescence polariza-
tion, and the two effects have to be separated from the measured intensities.
This is possible if we assume that, during the fluorescence lifetime (~1078 s),
the orjentation distribution does not change [9]. Nevertheless, special equip-
ment is required, and only P, (cos 8) can be obtained by the measurement of
fixed intensities, i(P,A), corresponding to P and A4 directions which are not
contained in the same plane. On the other hand, the mean amplitude of the



18: 01 24 January 2011

Downl oaded At:

ORIENTATION IN STRETCHED RUBBERY NETWORKS 99

motion performed during the fluorescence lifetime, M(7), is available from the
data [10]:

M= | Mae auyr, (10)
with
M) = <3 cos 8(u) - 1)/2>, a1

where 6(u) is the angle through which the M-axis rotates between ¢z, and
to tUu.

An apparatus to measure simultaneously the convenient set of intensities
i(P,A) has been developed [11] and is represented in Fig. 2. Values of the
second moment Sy are obtained after correcting for the effect of the delocal-
ization of the transition moments and for birefringence of the sample [9].
This fluorescence polarization apparatus permits simultaneous measurements
of stress and orientation during uniaxial stretching at constant crosshead speed,
V = 50 mm/min, and various temperatures.

FIG. 2. Optical equipment: L, mercury lamp; S, beam splitter; f,, f,,
modulation frequencies of the mechanical choppers; F, optical filter; P, ,
P,, polarizers; W;, W,, Wollaston prisms; A, analyzing directions; PM, photo-
multiplier; T, temperature chamber,
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C. Fluorescent Labels and Probes

The use of luminescent polarization for studying orientation of polymer
chains requires extrinsic luminescent molecules. Indeed, many polymers do
not exhibit any luminescence owing to their chemical structure. Even when
the polymer chain contains luminescent groups, as polystyrene or poly(vinyl-
naphtalene), the energy transfer processes occurring between these groups
lead to an almost complete depolarization of the emitted light, negating any
possibility of studying the chain orientation.

Nevertheless, the orientation of stretched rubbers can be studied through
extrinsic probes incorporated in the polymer matrix or through luminescent
groups covalently bound to the polymer chain referred to as “labels.”

In choosing a luminescent probe or label, several features have to be con-
sidered. First, it is important that the electronic transition between the ground
state and the first excited state could be excited without exciting any other
transition. This is required for an unambiguous definition of the transition
moments involved. In particular, molecules where the m-7* and n-m* absorp-
tion bands overlap must be avoided, for these transitions correspond to ab-
sorption transition moments which are, in aromatic molecules for example,
in-plane and out-of-plane polarized, respectively. Second, the fundamental
anisotropy, 79, must be high in order to yield easily measurable polarization.
In the same way, it is convenient to get a high quantum yield of luminescence
which does not vary greatly over a wide range of changes in the properties of
the medium (temperature, solvent nature, chemical structure of polymers).
Finally, the absorption and emission bands must occur in a spectral range suit-
able for experimentation, typically above 350 nm.

In order to avoid any energy transfer between fluorescent molecules, their
concentration must be sufficiently low, approximately 10 umol/L for the
samples presented in this paper. In this concentration range the luminescence
intensity increases linearly.

1. Labels

Various types of labeling can be performed: along the main chain, at the
chain end, or on a side chain, depending on the chemical reaction used and on
the chemical structure of the polymer chain. For any labeling, one important
feature is the position of the transition moments relative to the chain back-
bone. Indeed, it is necessary to covalently bind the luminescent group in such
a way that rotations of its transition moments independent of the chain back-
bone are avoided.

In the case of fluorescence, the most appropriate label is the anthracene
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group, for its optical properties are very convenient and many reactive deriva-
tives are available for labeling [12].

This paper addresses the orientation behavior of active chains and dangling
chain ends in stretched cis-1,4-polyisoprene networks.

Anionic polyisoprene chains were labeled in their center by using a method
analogous to that reported previously for polystyrene {13]. Monofunctional
“living” chains of molecular weight 300 000 were synthesized and deactivated
by 9,10-bis(bromomethyl)anthracene. Each of the resulting chains of double
molecular weight contains a dimethyleneanthracene (DMA) fluorescent group
at its center. Thus the fluorescent transition moment, the orientation of which
is measured, lies along the chain axis, as shown in Fig. 3(a).

Polyisoprene chains were labeled at their ends by deactivation of monofunc-
tional “living” chains of molecular weight 600 000 with monobromomethyl-
anthracene.

The center-labeled or the end-labeled polymer (1%) and the matrix (99%),
carefully purified by extraction with ethanol, were mixed in solution.

2. Probes

Various probes can be used for fluorescence polarization studies. The ad-
vantage of using probes instead of labels is that they can be inserted into the
polymer materials without chemical process. The specific aim of one study
reviewed in this paper was to analyze orientational correlations between un-
attached flexible probes of different lengths, rigid probes, and network
chains at various degrees of unijaxial extension of the network.

The flexible linear 9,10-di-n-alkylanthracene probes used in the study were
synthesized in our laboratory following an original method [14]. They are
shown in Fig. 3(b). In the following, we abbreviate these compounds as C,.

Three rigid probes of varying size were also employed. Their formula and
transition moments are shown in Fig. 3(c).

Crosslinked polymer samples were swollen with solutions of the probes
in benzene and then dried in vacuo,

IV. THEORY OF SEGMENTAL ORIENTATION IN AMORPHOUS
POLYMER NETWORKS

As mentioned in the Introduction, the study of segmental orientation can
be used to validate models of rubberlike elasticity derived from experimental
mechanical behavior of rubber networks. The elaboration of these models
requires a topological description of the network structure and the establish-
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Diphenyibutadiene (DPBD)
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FIG. 3(a). 9,10-Dimethyleneanthracene-labeled polyisoprene. Fig. 3(b).
9,10-Di-n-alkylanthracene probes C,, with n =2, 3, 4, 6, 10, 12, 14, 16.
Fig. 3{c). Rigid probes,
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ment of a stress-strain relationship for this structure. We will review these
two aspects of rubberlike elasticity and then a theory of segmental orienta-
tion proposed recently by Erman and Monnerie [15].

A. Network Structure

Although model networks, i.e., networks of controllable and independently
known structure, are well suited to test rubberlike elasticity models [16, 17],
most studies and actual applications involve statistically crosslinked networks
(for example, those which have been radiation or peroxide cured). In these
latter cases, topological description is very difficult, but may be treated with
a probabilistic formalism [18-20].

A universal quantity, called the cycle rank & and encompassing all imper-
fections like loops and dangling ends, was proposed by Flory [21]. It is de-
fined as the number of independent circuits which have to be cut to reduce
the mesh (network) structure to an acyclic tree. The number of effective junc-
tions u is directly related to the network cycle rank £ and functionality ¢ by
the following equation [22] :

£=(p/2- Du. (12)

To form a network, it is first necessary to connect linear chains into a tree.
The quantity u is the difference between the total number of junctions in the
final network and the number of junctions in this acyclic structure. £ and u
are the two topological quantities that are used in the elasticity model pre-
sented hereafter.

B. Stress-Strain Relationship

The high deformability of an elastomer and the elastic force generated by
deformation stem from the essentially unlimited number of configurations
accessible to long molecular chains. This versatility has been characterized
in numerous theoretical investigations on typical polymer chains. They have
shown that the Gaussian approximation for the end-to-end distance distribu-
tion function should be quite satisfactory for chains consisting of 100 or more
bonds [21, 23, 24]. The non-Gaussian effect generally exists only in the very
high, limited extensibility region of deformation.

Stress-strain properties of elastomeric networks in the Gaussian region can
be explained only through an understanding of the relationship between
molecular chain deformation and macroscopic strain. Two basic models of
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Gaussian networks have been proposed for this purpose [22, 25]. In the
affine network, displacements of junctions and chain vectors are a simple
linear function of the macroscopic strain [26]. In the phantom network,

on the other hand, chains are devoid of material properties [27], and macro-
scopic constraints operate only on the periphery of the network. Other junc-
tions fluctuate without restraints from neighboring chains. In both cases, the
reduced stress measured in uniaxial extension is predicted to be independent
of deformation. This reduced stress is conventionally defined as [28]

[r] =vy~ B3y - )l - o), @13)

where 7y - 7y is the difference between the principal components of the equi-
librium true stress along the longitudinal (x) and the lateral (y) directions of
deformation, a is the ratio of the swollen deformed length to the swollen un-
deformed length, and v, is the volume fraction of polymer in the swollen
network. Departures from this behavior were reported very early in the study
of rubberlike elasticity [29, 30]. These observations have shown that the re-
duced stress decreases markedly with elongation and with dilation by swelling,
and have suggested that the limiting value of the reduced stress at high elonga-
tion or high dilation is a fundamental characteristic of a given network. It be-
came apparent later [31] that this quantity was the phantom network modu-
lus £kT/V, where £/V is the cycle rank density of the swollen network [21,
22], k is the Boltzmann constant, and T is the absolute temperature.

These observations then gave rise to phenomenological equations like the
Mooney-Rivlin expression, i.c.,

[7] =2C +2C; /e (14)

In real networks, diffusion of junctions about their mean positions may be
severely restricted by neighboring chains sharing the same region of space.
Real networks present strong chain overlapping. Intermolecular steric hin-
drance on chain motion, commonly termed *‘entanglements,” has long been
recognized to be the origin of departures from phantom and affine predic-
tions. Different formalisms were proposed to include these intermolecular
effects in the rubberlike elasticity analysis at thermodynamic equilibrium
[25]. In the one due to Flory and Erman [2], entanglements are embodied
as domains of constraints acting as restrictions of junction fluctuations.
These domains can be initially represented as spheres. They are transformed
to ellipsoids by the deformation. In uniaxial extension, the main axes of
these ellipsoids are along the direction of stretching. Thus fluctuations in-



18: 01 24 January 2011

Downl oaded At:

ORIENTATION IN STRETCHED RUBBERY NETWORKS 105

crease in the direction along which the stress is measured. The behavior of
real networks then tends to that of phantom networks with large fluctuations
in the limit of infinite deformation. The C, effect, observed experimentally
in uniaxial tensile tests of amorphous rubbers, results from the transformation
of fluctuations with strain in the manner stated above and is predicted by this
molecular model of constraints. The principal parameter k of the theory is
defined as the ratio of the mean-square radius of the fluctuations of the junc-
tions in the phantom network <(AR )ph2> to the mean-square radius

<(As)* >, of the Gaussian domains of constraints in the undistorted net-
work, i.e.,

k = <(AR)pp?>/<(As)* >o. 15)

The parameter x has been postulated to depend on the degree of interpenetra-
tion in the network, which is well supported by experiments [32, 33]. A
second parameter { is believed to reflect the effect of inhomogeneities in the
network topology which perturb the affine transformation of constraint do-
mains with macroscopic deformation [34].

The molecular theory of elasticity outlined above predicts the following
expression for the difference between the principal components of the true
stress along the longitudinal (x) and the lateral (¥) directions of deforma-
tion {2]:

Tx =Ty = (EkT/V)MxZ = 7\yz + (#/E)[AfK()\xz) - AyzKO\yz)] ‘ ’ (16)

where
K(\2)= B, [By(B + 1)7! +g1(8:Br +8:Br)(g:eBr + 1) ], 17
t=x,y
with

Br =\ - D+ 1-502)(1 +g1),
& =N [k +E - D],
By =0B,/00* =Br{[20(\r - DI + (1= 2800p) 20, (1 + 2, - $07)]
- 2g,(1 +gt)_l! )
g =0g,/ON2 = k71 - £(1 - 30,/2). (18)
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In Eq. (16), &/V represents the cycle rank (number of independent circuits in
the network) density of the swollen network [21, 22], k is the Boltzmann
constant, 7 is the absolute temperature, and u is the number of effective
junctions.

The deformation ratios A, and A, characterizing the deformation of the
swollen network relative to the unswollen, undeformed state are related to «
by the following equations:

-1
2 laa’

A =V
Ay =71 3g71/2, (19)

The phantom network limit is reached when x>0 and «{~0 [2]. Equation
(16) then simplifies to

(x - Ty)ph = (BRT/V)(Ae® - Ny?). (20)

The affine limit corresponds to ko and {~>0.

This Flory and Erman model was indeed successful in accounting for the
relationships of stress to strain for a variety of strains for typical elastomers
throughout ranges accessible to experiments [33-36].

C. Segmental Orientation

Previous treatments of segmental orientation were based on the affine or
phantom model [37, 38]. The molecular theory of real networks presented
above has been recently applied to the analysis of segmental orientation by
Erman and Monnerie [15]. The expression for the second moment Sy of
the orientation function for Gaussian networks is conveniently separated in-
to two factors: a configurational factor D, which represents the statistical
properties of chains, and a strain function F(a), which relates the orienta-
tion to macroscopic deformation:

Sy = DF{(a). @n

For a long, freely-jointed chain formed with N statistical segments:

D= N (22)
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However, in real networks, chains are not freely jointed. Furthermore,
chain segments are locally subject to orientational correlations from segments
of the neighboring chains in the bulk state. These local intermolecular orien-
tational correlations affecting local orientation of segments but not the over-
all chain configurations have been observed in birefringence [33, 39] and
fluorescence polarization [40, 41] experiments and have been attributed to
hindrance of rotations of neighboring segments about each other due to inter-
molecular steric constraints (uncrossability of chains) and to alignment of
neighboring chain segments with respect to each other due to anisotropic in-
termolecular dispersive forces [42]. In the case of weak local correlations, it
can be shown [15] that the configurational factor for the chain in real net-
work, D, is the sum of the configurational factor for the free chain, Dy, and
an intermolecular contribution, Djp,:

D =Dy + Djpy (23)

The configurational factor Dy for a free chain is given by Nagai’s treatment
[43]:

Dy = (3<r? cos? &>,/<r*>, - 1)/10, 24)

where & is the angle between a labeled segment and the chain end-to-end
vector r. Angular brackets with the subscript zero denote the ensemble
average for a free chain in the unperturbed state. The expression given by
Eq. (24) reduces to that given by Eq. (22) for a freely jointed chain.

The value of Dy for a given chain may be conveniently evaluated by the
rotational isomeric state formulation. Rational calculation of Dy, in terms
of molecular parameter awaits further work.

The strain function depends on the transformations of chain dimensions
with deformation in real networks. According to the model proposed by
Flory and Erman {2], the elements of the molecular deformation tensor
A? can be expressed as the sum of contributions from the phantom net-
work, Apn?® and from the constraints, Ay? :

A=A+ AL, t=xp, 2 (25)

In addition to the deformation of the chains associated with the alteration
of their chain vectors under strain, it is necessary to consider the action of the
junctions on the constraint domains surrounding them. The junction and its
domain are coupled elastic elements. Nonaffine transformation of the fluctua-
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tion domains of junctions in the presence of chain connectivity creates an
additional strain field in the medium around each junction. A domain defor-
mation tensor ® can be introduced in analogy with A2, ©? relates the mean
deformation (according to ensemble distribution) of the junction constraint
domains in the deformed, connected network to that in the absence of con-
nectivity. Consequently, the state of microscopic deformation in a real net-
work is the sum of the molecular deformation tensor, A?, and the junction
domain deformation tensor, @2.

The first contribution to the strain function is expressed by the molecular
deformation tensor A%:

Fi0) =A% - (A + A2 (26)

The second contribution arises from the distortion of the junction con-
straint domains. Depending on the extent of distortion, a chain surrounding
a given junction has to reorganize at a scale corresponding to the size of its
constraint domain. This results in an additional orientation of the segment
present in the domain proportional to the local domain deformation tensor
©2. In analogy with Eq. (26), the second contribution to the strain function
may be expressed as

Fy(A)=e[8,® - (8y° + 8;7)/2], 27
where the parameter e denotes the strength of reaction of orienting chain
segments to the distortion of junction constraint domain. The resulting strain
function is the sum of F; and F,:

FQO=F;(\) + F,(\). (28)

According to the theory, the components of the microscopic deformation
tensors A% and ©? are related to the macroscopic deformation tensor A by

2 2 2 2
A= (1 -— A +-(1+By)
@ 17
O = 1+g:B; (29)

Using Egs. (29) in Eqgs. (27) and (28), and substituting in Eq. (21) leads to
the following expression for Sy :
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Sx = (1 -2/pw,23D{a? - +20,2/3(p - 2)" ! [By - B,
+ (pe/2) (gxBx - 8yBy)1} - (30)

For a phantom network, the term in square brackets in Eq. (30) vanishes.
Therefore

Sx,ph = (1 - 2/pW,"*/*D(e? - o). (31)

The difference between Sy and Sy ,p, reflects the effect of constraints on
segmental orientation in networks.

In analogy with the reduced stress, the reduced orientation function in
uniaxial extension may be defined as

[Sx] = v22/38x/(1 - 2/0)(e® - a_l) = DSx/Sx,ph- (32)

The limit of [Sy] in the infinite range of deformation is the configurational
factor

Jim [S,] =D. (33)
a™'>0

V. STUDIES OF SEGMENTAL ORIENTATION IN UNJAXIALLY
STRETCHED POLYISOPRENE NETWORKS

With the improved technique of fluorescence polarization described in
Section 111, the magnitude of the configurational factor and the form of the
strain function for amorphous networks may be determined accurately.

We have investigated orientation behavior of different labels and probes
in amorphous cis-polyisoprene networks [40, 44-46].

The networks which contain active center-labeled chains were used to
test the theory of segmental orientation presented in Section IV. Networks
with end-labeled chains, flexible, or rigid probes have served to measure the
degree of orientational coupling in the polymer.

A. Orientation of Center-Labeled Chains and Comparison with Theory

Unimodal networks (Samples A and B) were formed from an anionic com-
mercial polyisoprene, Shell IR 307, with a high cis-1-4 configuration (92%cis,
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5% trans) (Ty(DSC) = -60°C) of high molecular weight (M, = 46.3 X 10°,
M,, =182 X 10%).

Bimodal networks (Samples C and D) were formed from blends of 75 wt%
of IR 307 and 25 wt% of polyisoprene chains of low molecular weight (M, =
50 X 10%), the microstructure of which is similar to that of IR 307.

The center-labeled chains (see Section III-C-1) and the matrix, carefully
purified by extraction with ethanol, were mixed in solution. Samples were
molded and crosslinked with dicumy] peroxide. Curing time and temperature
were adjusted to obtain different crosslinking densities which were charac-
terized by the average molecular weight M, of network chains (between adja-
cent junctions) derived from measurements of the equilibrium swelling ratio in
cyclohexane and through the classical Flory-Rehner equation. Values of M,
are 2 X 10*,1.5 X 104, 2.2 X 10%,and 6.1 X 10* g/mol for Samples A, B, C,
and D, respectively. Comparison of these values of M, with the precursor
molecular weight of the labeled chains (600 000) ensured that anthracene
was in the backbone of active chains in the networks after the crosslinking
process. The four networks were characterized by stress-strain experiments
[44]. Data points for Sample C (upper set of points) and Sample D (lower
set of points) are presented in Fig. 4. The curves through the experimental
points were calculated according to the Flory-Erman model of constrained
junctions presented in Section IV-B. Values of the three parameters (kT/V,
K, and § that give the best fit to experimental data are reported in Table 1 for
the four networks.

The reduced orientation function, [S,], calculated according to Eq. (32)
from experimental measurements, is shown in Fig. 5 for Samples C and D.
The experimental data were fitted with curves calculated according to the
Erman-Monnerie model of segmental orientation [15] (combination of Eqgs.

TABLE 1. Parameters Used in Theoretical Calculations of Stress and
Orientation for Networks with Center-Labeled Chains

Sample gkT/V, N/mm? K ¢ DX 102 e

A 0.125 7 0.025 1.30 1.4
B 0.177 7 0.025 1.60 1.4
C 0.121 7 0.025 1.16 1.4
D 0.063 10 0.025 0.76 1.6

3At 298 K.
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FIG. 4. Reduced stress, [7], as a function of reciprocal extension ratio
a! (Mooney-Rivlin plot) [44]. Points represent results of experiments for
Sample C (upper set) and for Sample D (lower set). Solid curves were obtained
by fitting experimental points to the Flory-Erman theoretical expression for
reduced stress [2]. (Combination of Egs. 13 and 16.) The parameters used in
the fitting are given in Table 1.
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FIG. 5. The reduced orientation function, Sy, as a function of a’! [44],
Points represent results of experiments for Sample C (upper set) and for Sam-
ple D (lower set). Solid curves were calculated according to the Erman-
Monnerie model of segmental orientation [15]. The parameters used in the
fitting are reported in Table 1.
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30 and 32). Good agreement is reached between theory and experiment. Ac-
cording to the two curves obtained by the theory, the reduced orientation
function remains approximately constant in the range 1 <a <2. Above a =
2, the curves converge steeply to the respective phantom values represented
by the intercepts at «”! =0. As with the Flory-Erman model for the stress-
strain relationship, which suppresses the discrepancies observed between theo-
retical predictions and experiments for phantom or affine models, the Erman-
Monnerie theory is successful in accounting for the decrease of the reduced
orientation function when strain is increased.

The parameters D and e used in the fitting are reported in Table 1 for the
four networks. More demanding is the comparison of data and theory in
terms of the ratio of reduced orientation to reduced stress, [Sx] to [r], pre-
sented in Fig. 6 as a function of « for Samples C and D. The maxima ob-
served in the set of experimental points coincide with the respective maxima
in the curves obtained from theory. According to the theory, the limiting
value of the intercept of [Sx]/[r] at @™ =0 in the absence of local inter-
molecular correlations should be the same for the two networks since both
[Sx] and [r] scale with N™! under the stated conditions (where NV is the num-
ber of segments per chain between crosslinks). Experimental values of the
intercept in Fig. 6 differ by about 20%. Inasmuch as intermolecular correla-
tions do not contribute to stress [41], the observed difference in the ratio
[Sx]/[7] for Networks C and D indicates that the contribution of inter-
molecular correlations to segmental orientation is larger in less crosslinked
systems.

The nonlinearity of the curves and data points in Fig. 6 clearly indicates
that orientation is not proportional to stress and that stress cannot be ac-
cepted as a measure of segmental orientation in amorphous networks.

Finally, we have investigated the effect of temperature on segmental
orientation and the Erman-Monnerie theoretical parameters. The variation
of the orientation function with temperature for different extension ratios
is shown in Fig. 7 for Sample B. [Sx] decreases when the temperature in-
creases. The data were fitted with theoretical expressions (Eq. 32) [15].
The values of k and {, obtained from elasticity measurements, were 7 and
0.025, respectively (see Table 1). The value of e was chosen as 1.4, i.e.,
equal to that obtained for Sample A with identical chains. Thus the only
fitting parameter remaining was D. At each temperature of measurement,
its value was chosen to fit the whole set of data obtained at various values
of o ranging from 1.5 to 3.5. Within the limit of accuracy of the fitting,
the effect of temperature on D resulted in the linear dependence shown
in Fig. 8. These observed changes in D may be attributed to the variation
of Djn¢ with temperature (see Eq. 23).
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FIG. 6. Plot of the ratio of the reduced orientation to the reduced true
stress as function of &™! [44]. Points were obtained experimentally for Sam-
ple C (lower set) and Sample D (upper set). Solid curves were calculated with
the parameters reported in Table 1 through a combination of Egs. (13), (16),
(30), and (32).
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FIG. 7. Effect of temperature on reduced orientation at different extension
ratios. Filled and open circles represent experimental data for Sample B [44].
Straight lines were obtained from theory as described in the text.
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FIG. 8. Effect of temperature on the configurational factor, D, obtained
from the fitting of data shown in Fig. 7 [44].

The later theory of segmental orientation presented in Section IV-C [15]
was thus successfully tested. The decrease of reduced orientation function
when strain increases can be accounted for by using the relationship between
macroscopic and molecular network deformations derived from the Flory-
Erman constrained junction model. The effect of temperature can be ac-
counted for by changing parameter D of the orientation theory over a wide
range (of the order of 2), which reflects the high sensitivity of local inter-
molecular correlations to temperature. Possible perturbation of intermolec-
ular correlations due to the difference of the fluorescent label from segments
of the main chain are included in the parameter e,
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B. Orientation of End-Labeled Chains

After rapidly stretching a network, stress relaxation occurs mainly by dis-
entanglements of dangling chains.

We have investigated the local segmental orientation of end-labeled chains
in uniaxially stretched cis-polyisoprene networks at stress and orientation
equilibrium [40, 45]. Anthracene orientation of center-labeled chains con-
tained in bimodal network C (M, = 2.2 X 10* g/mol) was compared to an-
thracene orientation of end-labeled chains contained in a similar bimodal net-
work E (M, =2.1 X 10* g/mo]). The end-labeling was presented in Section
III-C-1. The comparison may conveniently be made by defining a coupling
function, fy, as

fd = Sxd/Sx, (34)

where Sy g and S, are the orientation functions for the dangling and network
chains, respectively. The value of fz may vary between 0 and 1, where the
latter denotes complete orientational coupling of the dangling chains to the
network chains, and the former indicates that there is no orientational
coupling between the two. The coupling function corrected for the differ-
ence in M, of the networks [45] is presented in terms of the extension

ratio in Fig. 9. These data indicate that the coupling function is very strong,
being ~0.96-0.97 for values of a between 1 and 5. The curve through the
experimental points indicates that the degree of coupling is independent of
extension up to a = 5 and shows a progressive decrease at higher extensions,
probably due to the finite extensibility of network chains that occurs at
such high values of a.

In recent experiments on deuterated poly(dimethylsiloxane) (PDMS)
chains dissolved in an unlabeled PDMS network [47, 48]. 2H-NMR study
of the free chains in the deformed network [47] indicated strong segmental
orientation (similar results were obtained with polybutadiene {49]), whereas
neutron-scattering experiments [48] showed no evident anisotropy of the
free chains. This follows from the fact that a sufficiently flexible chain may
be subdivided into sequences of bonds in which each sequence is uncorre-
lated with the neighboring sequences. Therefore, local sequence orienta-
tion can be observed without any overall chain anisotropy.

C. Orientation of Flexible and Rigid Probaes

Analysis of data on orientational correlations obtained by various tech-
niques shows that intermolecular orientational correlations between chain
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FIG. 9. Coupling function fy for dangling chain ends (defined by Eq. 34)
presented in terms of the extension ratio [45].

segments are significant in amorphous polymeric systems in the bulk state and
that they diminish strongly upon dilution with isotropic solvents and that orien-
tational correlations of solvent molecules with segments of the polymer chains
depend predominantly on the shape anisotropy of the solvent molecules {33,
50-53]. The extent of correlation among the solvent molecules and the chains
has been observed to be significant, even with solvent molecules of low aniso-
tropy and at high degrees of dilution.

The specific aim of the study presented in this Section was to analyze orien-
tational correlations between unattached flexible probes of different lengths
(Cy, probes shown in Fig. 3b) and network chains at various degrees of uniaxial
extension of the network [46].

We have compared the anthracene orientation of the center-labeled chains
of Sample B (see Section V-A) with the anthracene orientation of flexible
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probes C,, inserted in polyisoprene networks of similar structure. The strength
of orientational correlation may again be described by the coupling function
fp, now defined as

Ip = Sxu/Sx, (35)

where Sy, and S are the orientation functions of the unattached flexible
probes and the network chains, respectively.

It was shown [46] that f, was independent of extension ratio for a > 3.
Values of f, at high « are presented in Fig. 10 as a function of the parameter
n, which is approximately proportional to the number of successive carbon
bonds in the probes. Points denote the experimental data. The solid line is
obtained by least-squares fit to the data points. It is clearly seen in Fig. 10
that the degree of coupling is proportional to the length of the probes and
varies between 0.4 and 0.7.

On the other hand, orientation measurements on rigid rod probes (shown
in Fig. 3¢) dissolved in similar networks showed that the coupling function
[fp varies inversely with probe length and depends strongly on a, as illustrated
in Fig. 11 [54]. Estimates based on statistical analysis of polyethylene
chains [23] show that the average length of the Cyy probes along the major
direction vary between 0.8 and 1.7 nm for n = 2 to 16. The lengths of the
rigid polyene probes, on the other hand, were 1.15, 1.40, and 1.65 nm. This
comparison indicates that the main difference between the observed behavior
of the C; and polyene probes lies in the flexibility of the former and the stiff-
ness of the latter. Such stiffness could lead to selective correlation of the rod
probes with specific configurational sequences of the ¢is-1,4-polyisoprene
chains of the network [54, 55].

VI. CONCLUSIONS

The studies reported here on the segmental orientation of uniaxially stretched
rubbery networks show that stationary fluorescence polarization is a very power-
ful technique for investigation of the molecular behavior of polymers.

As only the orientation behavior of the labeled species is observed, specific
topological entities of the network structure, like centers of active chains or
ends of dangling chains, can be looked at. The possibility of insertion of flexi-
ble or rigid probes of different lengths may be used to characterize orientational
coupling between these probes and the polymer matrix. In the field of rubber-
like elasticity, characterization of segmental orientation may serve to validate
and improve elasticity models derived from mechanical properties. Specifically,
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FIG. 10. Coupling function fp for flexible probes in polyisoprene networks
presented as a function of probe length n [46]. The straight line is the least-
squares line through the experimental points.
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FIG. 11. Coupling function Ip for rigid probes in polyisoprene networks.
Points represented by the Sets 1, 2, and 3 are experimental data for DPBD (®),
DPHT (©), and DPOT (=»), respectively [54].

we have successfully tested the Erman-Monnerie theory of segmental orienta-
tion based on a strain function including the nonaffine molecular deformation
consecutive to restrictions on junction fluctuations and distortions of con-
straint domains and a configurational factor accounting for local intermolecu-
lar orientational correlations.
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