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SYNOPSIS

Hair and wool fibers treated with an 11 M LiBr solution containing N-ethylmaleimide
showed typical rubberlike elasticity in a solution composed of equal volumes of 8 M LiBr
and diethylene glycol monobutyl ether. Stress-strain relations of the swollen fibers were
treated with a two-phase structural model: a mechanically stable phase of higher crosslinked
domains and a rubbery phase with lower crosslink density. Stress-strain curves were an-
alyzed by applying non-Gaussian chain statistics to the swollen keratin network, including
microdomains, which act as reinforcing filler particles in rubber. Swollen hair showed about
2.3 times higher modulus than wool. It has been suggested that: (1) the difference in the
modulus between the two keratins is attributable to the difference in the volume fraction
of domains, and (2) the crosslink density of rubbery phase in hair is virtually identical to

that in wool.

INTRODUCTION

The fibrous components of wool and hair consist of
intermediate filaments (IF) that are embedded in a
matrix of protein chains so-called intermediate fil-
ament associated proteins (IFAP). The disulfide
linkages in the proteins are responsible for the
chemical inertness of the a-keratin materials and
for their characteristics mechanical properties. The
pattern of the disulfide bonding within the fiber is
still a largely unresolved area.

Recently, the disulfide bonding with the IF and
IFAP was discussed on the basis of the sequential
and conformational structure of the proteins.! The
macrofibril, which consists of microfibrils and ma-
trix, might be considered a heavily crosslinked net-
work polymer. The crosslinking structure of the di-
sulfide linkages in the intact protein polymer has
remained an interesting uncharted problem.? In this
context, rubber elasticity theories have been applied
to assess crosslinking in keratin.®”’

* To whom correspondence should be addressed.

Journal of Applied Polymer Science, Vol. 42, 1125-1131 (1991)
© 1991 John Wiley & Sons, Inc. CCC 0021-8995/91/041125-07$04.00

It has been reported that the swollen hair and
wool keratin fibers prepared by the treatment with
an 11 M LiBr solution containing N-ethylmaleimide
show typical rubberlike elasticity in a mixed solution
composed of equal volumes of 8 M LiBr and dieth-
ylene glycol mono-rn-butyl ether. Further the re-
tractive forces of the swollen fibers are nearly en-
tropic so far as the extension ratios do not exceed
the values of ca. 1.30, and no crystallization occurs
at higher extensions.®® However, a well-known non-
isotropic molecular structure of keratin made up of
low-sulfur (a-helical) and high-sulfur (globular)
regions still remains even when the fiber reached to
a highly swollen state. Owing to the deviation from
random network, application of elastic equation of
state derived from conventional rubber elasticity
theory to such a heterogeneous and densely cross-
linked system becomes clearly inaccurate.

From the results of thermodynamical and non-
Gaussian treatments of the stress—strain relation-
ships for the swollen keratins, it has been suggested
that the swollen keratin fiber consists of the two-
phase structure similar to A-B-A block copolymers®:
one is a mechanically stable phase of a densely
crosslinked domain and the other is a continuous
rubbery phase with a lower crosslink density.
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It has been demonstrated further that a simple
elastic equation is applicable to chemically modified
keratins such as hair and wool fibers treated with
aqueous potassium cyanide, and reduced with tri-n -
butylphosphine solutions.®® These chemical treat-
ments lead to considerable decreases in the struc-
tural nonuniformity and, as a result, nearly random
network is formed.

This paper deals with the application of the non-
Gaussian theory to the equilibrium stress—strain
curves obtained for swollen fibers in the diluent, and
takes into account the filler effect of the domains
on the network elasticity. The aim of this study is
to estimate the volume fraction of domains in the
fiber, and the number average molecular weight be-
tween crosslinks in rubbery regions, and to make a
brief discussion on the crosslinking structures be-
tween different keratins.

THEORY

In treating elastic properties of swollen keratin, it
is primarily assumed that densely crosslinked glob-
ular regions attributable to the stable domains can-
not be deformed during the swelling and fiber ex-
tensions, namely, swelling and deformation of ker-
atin fiber are only related to the randomly
crosslinked rubbery phase with lower crosslink den-
sity.

The retractive force f for swollen rubber at con-
stant volume V and temperature T is related to the
entropy of elastic deformation, S., as in eq. (1):

f= —T(aSe/aLr)T,V’ (1)

where L, is the stretched length of the swollen
rubber.

For the two-phase system including domains, the
length L, pertains only to that portion of the sample
actually comprised of elastically active chain. If a
cube of a swollen sample of the length L, is stretched
by a force f along the z-axis, it will be converted
into a parallelpiped of reduced dimension under
constant volume.

The volume of swollen sample, L? can be written
by eq. (2):

ng (Lrs+Ld)3: Vrs+ de (2)
where L., and Ly are the effective length of rubber

matrix and domain for stretching of the swollen
sample with cross-sectional area L? and V,, and V,

are the corresponding volume in the swollen un-
stretched sample, respectively.
From eq. (2), we obtain eqgs. (3) and (4):

Vrs:Lrs(Lrs+Ld)2=LrsL§ (3)
and
Vg = La(Ly + Lg)* = LgL?. (4)

Here, the stretching ratio « for rubber matrix is
represented as eq. (5):

a=1L/L,. (5)

The stretching ratio A for swollen sample is given
by eq. (6):

A= L/Ls = (Lr + Ld)/(Lrs + Ld)
= (a+Ld/Lrs)/(1+Ld/Lrs), (6)

where L is the elongated length of the swollen
sample.

Fromegs. (3),(4), and (6), we obtain the relation
between a and X in a simple form as given by eq.

(7):
a =M1+ Ry) — Ry, (7)
where Ry = V3/ V.
Again, from eqs. (1) and (5), the force f can be
rewritten by eq. (8):
f: _(T/Lrs)(ase/ea)T,V- (8)

For simple extension of the swollen sample in-
cluding domain, entropy change in rubbery phase,
S, /da is given by an usual rubber elasticity theory
for swollen polymer network as eq. (9):

(88./0a)ry = —Rvg3**(a — a?), (9)

where v is the number of chains in rubbery phase
and ¢, is defined by eq. (10):

4)2 = VO,r/Vrsy (10)

where V,, is the rubber volume in the unswollen
sample.
From egs. (8) and (9), we obtain eq. (11):

f=(RTv/L)$3%*(a — a™?). (11)



Dividing by the initial swollen cross-sectional
area L2, the retractive force per unit swollen cross-
sectional area, 7, can be written by eq. (12):

7 =(RTv/L,L})¢3** (¢ —a?). (12)

Again, from egs. (3), (10), and (12), we obtain
eqgs. (13) and (14):

7= (RTv/V,) 92" (a —a™?) (13)
and
T =(RTv/Vy, )03 *(a — a?). (14)

The volume fraction of dry sample to the swollen
sample, vy, is experimentally obtainable value, and
is given by eqs. (15) and (16):

v, = (¢2 + Rg) /(1 + Ry) (15)

and
¢2 = v2(1 + Ry) — Rq. (16)

Thus, from egs. (14) and (16), using the crosslink
density in rubbery phase, we obtain eq. (17):

7= (pRT/M)[va(1 + Rs) — Ry]"?(a — a7?),
(17)

where p is the density of the rubber matrix in un-
swollen state and M., is the number average molec-
ular weight between crosslinks on protein chains in
rubber regions.

In considering the filler effect of microdomains,
which act as filler particles dispersed in the rubbery
network and influence overall elastic properties as
reinforcing the elastomer, the resulting reinforce-
ment has been treated by Guth!® and recently by
Leonard!! and AS? the entropy change of elastic
deformation of rubbery phase including domain has
been written as eq. (18):

AS: = ASE’Y(K? d)d), (18)

where v = 1 + akdq + bx2¢3. Here, ¢, is the volume
fraction of domain in the swollen sample, which
equals to R;/(1 + R,), « is the shape factor as the
length: breadth radio for rod-like filler, and a and b
are constants. Guth shows empirically that for x = 1
in the case of spherical filler particle in a GR—S
rubber carbon black system, a = 2.5 and b = 14.1,
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while for « > 1, a = 0.67 and b = 1.62, respectively.’
We may assume for « Z 1 the values of two constants
are equal to those in the case of spherical shape.

As reported previously,® Mooney-Rivlin plots for
swollen keratins tend to deviate from the straight
line even at lower extension ranges. This implies
that the swollen keratin chain is non-Gaussian. A
three-chain model theory!? derived from non-Gaus-
sian chain statistics might be considered applicable
for rubber elasticity of the swollen keratins. For
analysis of the stress-strain curve of the swollen
fiber including domain, non-Gaussian expression
term, (Vn/3) [L(a/Vn) —a 2L (1/Van],a
correction term for network defects as dangling ends,
(1 —2M./M), and filler effects represented by eq.
(18) are introduced into eq. (17).

A modified equation can be obtained for x = 1 as
eq. (19):

7 = (pRT/M.)[v2(1 + Ry) — Ry]*
X (1~ 2M,/M)(Vn/3)[L (a/Vn)
—a®2L7(1/Van))y (19)
M1+ Ry) — Ry

Ii

a

it

v =1+ 25k[Rg/(1+ Ry)]

+ 14.1x*[Ry/(1 + Ry 1%,

where 1* is the retracative forces at the extension
ratios A for swollen sample, n is the number of seg-
ments equivalent to random chain, £ ' (X) is the
inverse Langevin function, and M is the number
average molecular weight of primary molecule
forming rubber matrix. The non-Gaussian expres-
sion may be reduced to (« — a?) for small defor-
mation of the network.

EXPERIMENTAL

Materials

Purified human hair and Lincoln wool were prepared
as reported previously.® Tri-n-butyl phosphine
(TBP) and N-ethylmaleimide (NEMI) used were
special reagent grade. Diethylene glycol mono-rn-
butyl ether (BC) were obtained by distillation of
commercial products under reduced pressure in the
presence of a small amount of sodium hydroxide af-
ter dehydration with anhydrous sodium sulfate
overnight.

Reduced with TBP and subsequently S-8-cy-
anoethylated human hairs were prepared as de-
scribed in a previous paper.®
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Preparation of Swollen Fibers

The fibers (50 mg) were treated with an 11 M LiBr
aqueous solution containing 1072 M NEMI (2 mL)
at 90°C for 1 h, and subsequently immersed in a
mixed solution composed of equal volumes of 8 M
LiBr and BC at room temperature. The swollen fi-
bers thus obtained were subjected to mechanical
tests.

Mechanical Tests for Swollen Fibers

The stress—strain relations for the swollen fibers
were obtained in the mixed solution at 50°C. The
sample was elongated at a rate of ca. 10% min to ca.
40% extension for hair and 50% for wool, and con-
ditioned by repeated loading and unloading. Equi-
librium forces were measured at constant elonga-
tions at the invertals of ca. 2-4% extension. The
sample was elongated at a constant length L, which
corresponds to the extension ratio A, and allowed to
relax for a time until an equilibrium force was ob-
tained. The relaxation times required for measure-
ment of equilibrium forces were different among the
fibers under extension at different strain ratios. The
longest relaxation time observed was ca. 1 h at the
highest extension of swollen hair.

Stresses referred to the average cross-sectional
areas of the swollen and unstrained fiber, ¥, were
used for construction of stress—strain curve. The av-
erage cross-sectional area was calculated by assum-
ing a circular cross-section of the sample from the
average value of the swollen diameter measured di-
rectly under a microscope at room temperature, since
the bulk coefficient of thermal expansion of the
swollen fiber was substantially zero in the range from
20-70°C.®

The volume fraction of keratin materials in swol-
len sample, v, was calculated by the equation: v,
= (dp/ds)? (Ip/ls), where dj; and ds are the diam-
eters of dry and swollen state, respectively, and [,
and [g are the corresponding lengths of unstrained
fiber. Detailed methods for determination of these
values were described in a previous paper.?

RESULTS

Random Network System

For the system with no domain, R; = 0 in eq. (19),

then « = A and ¥ = 1, we obtain eq. (20):

™ = G(Vn/3)[ L7 (A Vn)
—N¥2L7N(1/Van)),  (20)

where the shear modulus of swollen fiber, G
= (pRT/M,)vy’*(1 — 2M./M).

If our swollen keratin system is a random network
with no domain, eq. (20) may be applicable over the
whole extension range of fiber. Here, the Langevin
function Y = .L(X) is written by eq. (21) and the
relation between X and Y as being the asymptotic
approach to unity is as shown in Figure 1.

Y=L(X)=cothX—-(1/X). (21)

The corresponding inverse Langevin function X
= L71(Y) can be usually obtained by series expan-
sion. The curve for series expansion to the fourth
term is also shown in Figure 1. These results show
that in the series expansion to the fourth term, a
good approximation can be obtained in the range of
Y-value from 0 to about 0.6, and the approximation,
however, becomes inadequate over the values of the
above range. Application of eq. (20) for a system of
a relatively high degree of crosslink density such as
swollen keratin, which is expected to be comprised
of molecules with an equivalent random link n less
than 5, clearly needs the use of the expansion series
including more higher terms. It is more convenient
to evaluate the X values from the table of the func-
tion Y = L (X ) made up on a computer rather than
from the series expansion. A detailed table was con-
structed by dividing into 2,000 intervals for Y-axis
between the values of 0 and 1.

Figure 2 shows the stress—strain curves of human
hair, Lincoln wool, and reduced human hair. Fitting
the experimental data for eq. (20) with suitable
choice of parameters M, and n, we can evaluate the
values of these parameters. It was attempted with

Figure 1 Relationships between X and Y of the Lan-
gevin function Y = L (X): curve (a), the Langevin func-
tion representing asymptotic approach to unity; curve (b),
the Langevin function obtained from series expansion of
inverse Langevin function to the fourth term, X = .L7(Y)
=3Y + (9/5)Y3+ (295/175)Y® + (1539/875)Y".
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Figure2 Relationships between equilibrium stress and
strain for swollen human hair, Lincoln wool, and reduced
and subsequently S-8-cyanoethylated human hair: (O),
human hair; (@), Lincoln wool; (A), reduced and S-8-
cyanoethylated human hair; (-—), lines fitted to experi-
mental data by eq. (20).

the aid of a computer to make fit the equation, [eq.
(20)], to experimental data with these adjustable
parameters using a Damping—Gauss method of non-
linear least squares. These parameters can be ob-
tained by using the data over the whole range of
entropy-dependent extensions that correspond to
about 25% for hair, 30% for wool, and 60% for re-
duced hair, respectively.® The results fit well to ex-
perimental data and are shown by the solid lines in
Figure 2. The values obtained for parameters are
shown in Table I. Here, the number average molec-
ular weight of primary molecule of the network
chains is assumed as 5.0 X 10* for the molecular
weight of low-sulfur proteins in wool keratin.'?

The values obtained for M., n, and the number
of amino acid residues per segment n, are also shown
in Table I. The n, values were calculated by the
equation: n, = M./nM,, where My (=115) is the
average molecular weight of amino acid residues of
the low-sulfur protein in wool.!®> The length equiv-
alent to random chain segment is dependent on pri-
mary structure of macromolecule, namely, the com-
position and the sequence of amino acid residues in
protein.

TableI Results Obtained from eq. (20)
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The number of amino acid residues per segment
that equals the characteristic ratio, b (={r3)/
nyl2), is in the range 9.0 = 0.5 for a number of
homopolymeric polypeptides.'* In this expression,
{r§) is the unperturbed mean-square end-to-end
length of the free polymer chains, n, the number of
peptide units, and [, the distance between successive
a-carbon atoms. A large variety of denatured glob-
ular proteins in which disulfide linkages are broken
by reduction occur in random coil form and the cor-
responding value, which equals ~ 4.2,'%'¢ was also
found to be approximately constant.

The n, values obtained for unreduced human hair
and Lincoln wool (Table I) are considerably less
than the values reported on various proteins in a
variety of solvents.*'®> We may also expect that the
ratio of M./ n or n, value is constant for both reduced
and unreduced keratins. The results shown in Table
I are, however, significantly different between the
reduced and unreduced keratins. These results
clearly indicate, therefore, that application of eq.
(20) is inaccurate for the swollen unreduced keratin
systems. On the other hand, it has been evidenced
that from a variety of experimental sources the re-
duced hair and wool have an elasticity from ran-
domly crosslinked network.®® The n, value obtained
as 10.9 for the reduced hair is ca. 2.6 times larger
than those of usual globular proteins in random
form. This seems to be appropriate for the keratin
molecules in the diluent since the disulfide crosslinks
may restrict the rotational motion of the chains near
the crosslinks.

Two-Phase System

It has been shown that the swollen keratin is com-
posed of densely crosslinked domains embedded in
continuous, lightly crosslinked rubbery phase, and
the elastic equation of state for the two-phase system
is derived as eq. (19). Fitting the experimental data,
7*, A, and v, for eq. (19) with suitable choice of pa-
rameters, By, M., and k, we can evaluate these pa-
rameters. It was assumed, here, that the segment

Disulfide Content® M, M./n
Samples (umol/g) vy (g/mol} n (g/mol) n.
Reduced and S-8-cyanoethylated
human hair 91.6 0.209 7,920 6.34 1,250 10.9
Human hair 662.5 0.703 607 2.30 264 2.3
Lincoln wool 407.0 0.603 832 2.88 289 2.5

? Ref. 8.
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length (M_/n) of the keratin chains is the same for
both reduced and unreduced keratins. It appears to
be reasonable to take the value of 1,250 as the seg-
ment length obtained for the reduced hair (Table
I). The «-value was determined by well fitting for
eq. (19) to give a value of 1.6 for both hair and wool
keratins. The other parameters evaluated are shown
in Table II. The shear modulus of the swollen fiber,
G, is largely dependent on the volume fraction of
domains, ¢4, rather than the value of M, or crosslink
density p/ M, in the rubbery regions. Here, the den-
sity of the rubbery phase is assumed for calculation
to be equal to the fiber density, p. It is notable that
the number of crosslinks in the rubbery phase is
approximately the same for the unreduced keratins.

DISCUSSION

Modulus of Swollen Fiber

The results in Table II suggest why hair has higher
modulus than wool. It has been shown that the shear
modulus of swollen keratins is proportional to their
cystine content.® The present results clearly show
that the difference in modulus between the keratins
is due to the difference in the volume fraction of
domains and to their reinforcing effects as filler par-
ticles dispersed within the rubber matrix.

Number of Crosslinks in Rubber Regions

It has been believed that the soluble S-carboxy-
methylated high-sulfur proteins (SCMKB) from
keratin originate from the globular matrix and the
soluble S-carboxymethylated low-sulfur proteins
(SCMK A) originate from the crystalline microfi-
brils. The molecular weight of SCMKA proteins
ranging from 45,000-60,000 has been reported.’” It
is appropriate now to consider that the low-sulfur
protein chains pertain to the rubbery phase in the
swollen fiber. Crewther and Dowling reproted'® that
SCM-cysteine content in SCMK A fractions from

Table II Results Obtained from eq. (19)

Merino wool ranged from 33-41 residues per 1,000
amino acid residues, which corresponds to 14-18 mol
per chain with the mean molecular weight of 50,000
and the mean residue weight of 115.'?

From the M, value of the wool shown in Table
II, the average number of crosslinking sites can be
calculated to be about 12 mol (= 50,000/4,020) per
chain by assuming a random distribution of the
crosslinks. This value seems to be reasonable for
the following reasons: (1) the actual number of cys-
tine crosslinks is less than the analytical values for
SCM-cysteine, which include the entities from free
crysteine residues existing in the intact proteins; (2)
the number of crosslinks estimated from the me-
chanical measurement is less than the amount of
chemically analyzed cystines when the intramolec-
ular cystine crosslinks are involved; and (3) the dis-
tribution of crosslinks is not random and some cys-
tine residues occur in too near sites to play a role as
different intermolecular crosslinks.

Further studies will be needed to clarify whether
the number of crosslinks present in rubber is almost
the same or not for a variety of keratins.

Volume Fraction of Domains in Keratin

Keratin fiber consists of various morphological
components: two major components of orthocortex
and paracortex, and minor components of cuticles,
nuclear remnants, intramacrofibrillar materials, cell
membrane complex. With extension of the swollen
fiber, microfibrillar aggregates in cortex regions may
probably be considered to act as force-bearing com-
ponents. It seems unlikely that the minor compo-
nents amounting to about 25.9% of the fiber (fine
wool) % are greatly concerned with the stress—strain
properties. Little contribution of the scale structures
to the stress—strain behavior of the swollen fiber has
been found for wool and for human hair, which has
multiple layers of cells in the cuticle.®

With respect to the amounts of microfibrils and
matrix in different type of cortex, it has been shown

p* 107G M, 10%p/M.
Samples (g/cm?) (N/m? R, g (g/mol)  (mol/cm?®) n P
Reduced and S-8-cyanoethylated
human hair 1.28 0.19 0.000 0.000 7,920 1.62 6.34 0.000
Human hair 1.30 11.3 0.659 0.397 4,050 3.21 3.24 0.562
Lincoln wool 1.30 4.95 0.359 0.264 4,020 3.23 3.22 0.438

* Ref. 8.



that: (1) the proportion of paracortex in fine wool
is about 30-50% of the total amount of the cortex,
and it increases in coarse fiber,?*? and (2) the per-
centage of volume occupied by microfibrils in the
paracortex and the orthocortex are about 45 and
74%, respectively.?’ Bradbury also showed that the
volume ratio of microfibrils to matrix is about
60 : 40 for fine Merino wool. The ratio for Lincoln
wool in coarser than Merino wool is, therefore, ex-
pected to be less than that for Merino wool.?* At
present, there has been no available information for
human hair.

Here, the volume fraction of domains in unswol-
len sample, ¢4, can be calculated by eq. (22):

¢a = Ry/vo(1 + Ry). (22)

The calculated values are also shown in Table II.
This result in value of 48.3% for Lincoln wool ap-
pears to be very reasonable from the above discus-
sion. The ¢/; value for hair is about 1.3 times larger
than that for wool. It is emphasized that these results
can be explained by the structure of keratin, al-
though assumption has been made that the domains
are rigid and stable to the swelling and the defor-
mation of fiber.

Strict interpretations of the shape factor, «, and
the interaction between domain surface and rubbery
network chains remain further investigations.

We express our thanks to Dr. T. Dobashi, Department of
Biological and Chemical Engineering, Gunma University,
for his valuable discussion and critical reading of the
manuscript.
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