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Phase transitions in fiber materials
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We propose a theory for the phase transitions in materials made from natural fibers. At heating, the theory
predicts structural phase transitions of the first order. The normalized thermodynamical characteristics show
the universal behavior of a scaling law, which is unusual for first order phase transitions The scaling exponents
depend only on the exponent of the energy of small-angle interaction between fiber segments. We consider
here some specific fibers like collagen which “meldenaturatpat higher temperature and we found explicit
expressions for the thermodynamics characteristics, which can be verified by experiment.

Introduction. In crystals, liquid crystals, and molecular bonded by relatively weak, mainly hydrogen, bonds. The spi-
liquids the energy of intramolecular interaction is muchral consists of about 300 segments and each one contains
higher than the characteristic temperatures of phase transipproximately 3 amino-acid residues with 20—30 carbon and
tions. For these materials the structural transformations areitrogen atoms. If the temperature is low {<Tgy;, where
determined by a competition between the intermolecular inT4;~310 K) the helix form is stable. At higher temperature,
teractions which force the material to order and the tendenciydrogen and other weak bonds, which stabilize the helix
of the entropy to increase. The basic units of these systenf@fm become unstable and the helix breaks down to random
are microscopic and interact with their neighbors by short<oils® This transition, however, is not sharp, but spreads
range interaction. Because the effective number of neighbor@ver a temperature interval of 330 K. This indicates that
is small, mean-field approximation is problematic and highe& cooperatlve process takes place and not a real phase
approximations are required. On the other hand, the relevaiitansition? For higher temperatureT(szz,Td2~350 K)
parameters of the intermolecular interaction depend on desollagen molecules are “melted” completely. This process
tails of the molecular structure and correct estimation ofof the breakdown of the ordered helix structure, held to-
them requires a complex quantum-mechanical calculatiorgether by noncovalent bonds, to a randomly coiled phase is
Both these factors complicate the theory so much that onlgalled denaturation. The organized fibers are stableTfor
huge numerical calculation may lead to satisfactory results< Ty, and break down fof =T g,.
for a real case. In certain cases, however, we can avoid these At low temperature the fibers are stable and can be con-
difficulties by the replacement of the microscopic basic unitssidered as basic units. When the pressure is increased, the
by quasimacroscopic ones. This approach was successfuliyumber of fibers per volume fraction increases and the inter-
used in the renormalization-group theory of critical phenom-action between the fibers becomes important. As the fibers
ena and in polymer physics—the concepts ofhave a certain rigidity and their quasistraight pieces are much
“quasimonomers® and “blobs.” In all these cases such a longer than their diameter, there will be a tendency for the
replacement was successful because of the existing londibers to align themselves in parallel straight pieces. It has
range correlations in the system. been shown in Ref. 5 that the free energy of such a system

In this paper we would like to propose still another model,has the form of thel* field Hamiltonian on a sphere and
where the concept of quasimacroscopic basic units is naturdhat at low temperature between low and high pressures a
It is a system that consists of quasistable macromolecules g@hase transition from a disordered to an ordered state takes
molecular aggregates in which the energy of the relevanplace. For the explicite expressions of the density and tem-
intraunits interactions is of the same order as the characteperature dependencies of the other thermodynamic param-
istic temperature of the phase transformations. In such aters, see Ref. 5.
case, the structure of the material is determined by a compe- Theory.If we increase the temperature of compressed ma-
tition between the interunit interactions and the temperatureterial with fixedc, to a temperature higher thaip=cT, , a
dependent change of the internal structure of the units. Bdirst-order phase transition from the ordered to the disordered
cause of the macroscopic nature of the units, most of th@hase takes place. As long 8§<Ty; this will be the initial
details of the internal structure of the units are irrelevant fordisordered phase.
an effective interunit interaction and this can be approxi- A more complex situation occurs f@i,>Ty;. If the tem-
mated by using simple expressions in the mean-field apperature is higher thaifiy,, the helix form of the collagen
proximation. Therefore, the theory simplifies and most of themolecule becomes unstable, the molecules melt, and the fi-
thermodynamic characteristics can be calculated analyticallyoers are destroyed. The approach of the previous section

We will discuss here a concrete case of collagen madéils, because the variation in the internal free energy of the
material—natural leather. Leather is made up of fibersfibers plays a major rol2The structure of the material for
which are built from collagen molecules in “helix(spira) ~ T=Ty, is determined by the competition between the melt-
form. The collagen molecule in helix form has a length ofing and ordering of the collagen molecules. We will describe
3000 A and a diameter of 15 A. The three folded spirals arghe behavior of the material by using the following model.
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In a first approximation the leading term of the free en- We will also assume that in a first approximation the co-
ergy can be represented as efficients xnn= xns=xss=Nnsx are of the same ordeng is
the number of atoms in the segments.

Using the Onsager approximation fg(k) (Ref. 13 and

wheref, is the free energy of a single collagen molecule,integrating formula5) overn andk, we obtain forA>1

€orien IS the orientation dependent part of the entropy, Bpd

is the energy of intermolecular interaction. In order to calcu-

late f o) We use an approximation which is close to the well-

known Zimm-Bragg model. The latter is in good agreement 5

with the real behavior of the collagen moleculege, for Szcnsx] N Tensy ®)
5

F=Fo+cfmot TCeyient Fint: (1)

cn
TCeyient Fim:Tc[ s(Inx—1)+s° ZSX L(w)\™°

example Ref. % 2

Consider a collagen molecule that contagl$ segments
in helix form and pN boundaries between “helix” and
“coil” parts of the molecule(in the literatures is called
spirality), whereN is the number of segments in the mol-
ecule.N is large. Let us call the free energy of a segment in
helix form —egy,, in coil form - ¢, and the energy of seg-
ments on the boundary between helix and coil partgas
[ehn—e.=AU—-TAS=AS(T,,—T), whereAU and AS are T2 Tc
the differences between the internal energy and entropy of a Fi’m=7{xhh32+ 2xshS(1—8) + xs 1—5)%}~
spiral and a melted segménAs the collagen molecule can

where coefficient(w) is
{w)=22T1g7 V0 (S + w).

In the disordered phasg(l?)zl/% and the interaction
term in this approximation

znsX
2

be considered as a one-dimensional system, we can calculate ©)
the free energyf,, in an analogous way as for the one- does not depend on spirality. In the ordered phase the quan-

dimensional(1D) Ising model. The result is Ref. 4: titiess,p and\ have to be found by minimizing Eq1). This

ives
fmo= —(ec—ep)stegp—T{sIns+(1-s)In(1-s) (2 g
A= (clcy)Yesth, (10)
—2pInp—(s—p)in(s—p)—(1-s=p)in(1-s—p)}.
©) (1-s—p)s N 2 c w
#Z— P ——S+1—§ , (11)
The last two terms in Eq1) we obtain in the mean-field (s=p)1=s) £Co
approximation(MFA):3 5
p— =0 (12)
- s - (s=p)(1-s=p) '
€orien— S - dng(n)In(4mg(n)); (4)
n“=1 where
c? - T T
_ 2 CAC A YA EV (e r €c™&n

Fint_§[s fnzzldkdng(k)g(n)u(k,n) T=exp——— =expAS———, (13)

+2TxsrS(1-8) + Txsd 1-9)%, (5) o=exp-edT, (14

Co=2/xnsw{ (15

Whereg(ﬁ) is the average fraction of the segments in helix
form that are directed in the direction The first term in Eq. (o collagenes>Tp,w=~0.5, ns~2x 10" andAS~10). If

(5) corresponds to the interaction between helix-helix segES<Co. A is small and the above used approach fails. For
ments, while the others describe the interaction betweefUCNC ands, however, the angle-dependent interaction be-

helix-coil and coil-coil segments, respectively. tween molecules becomes irrelevant, and the system will be
The energy of interaction between spiral segments wd the disordered phase. In this phase-0 and the free
write in the form energyF’ can be calculated in an explicit form. The result
id
is
Ulkin)=Txnpu(k;n). ©) I T T+ 1+(7— 1)2+40'T TcanX
L '~Fy—cTIn + .
We assume as above, that n&arn 0 2 2

(16)
N |20

ueckoxnf=, @ The order parameter in the ordered phase is
which corresponds to a repulsive interaction in an excluded-
volume approximatiori.In this approximationm=0 corre-
sponds to the bundles made from hard spheses(.5 to the Q~1- X+°
bundles made from hard bars and largemay be used for
archlike “hemstitch” units. Note, that we have here

1 I 1w
P)21—3(?") sV (17
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&In(l—Q)_&In(l—Q)N
dlnc ~ dlns

1
o (18

while for the phase transition under presure at low tempera-

tures it is obtained in Ref. 5 that

dIn(1—-Q) 1
dlnc 14w’

(19

So in Eq.(18) the dependence @ on ¢ is much stronger for
small w, than in Eq.(19). These derivations depend only on
v and thus measurement Qfgives important information on

the type of interfiber interaction.

The solution of the systerti0)—(12) that corresponds to

large\, is
1]/ c 2c Yeo
l-s~—||—|expg ——+2—w <1, (20
T Co gCO
c — 1w
Q=~1-3|— . (22
Co

The phase transition temperatufg is found from the con-
dition Fogel Tc) = Flisorgek Tc) - SO we obtain

T c oe
o (w,ct)—ln 1+ ——] (@
. p(w)(clc;—1)—In(cl/cy) | 23
w
p=Inp+In{(w)et™?, (29
ci={pCo. (29

The ordered phase can be stable onlgifc,={pcy. Thus
A>(¢p)Y® and the above used approximatit®) is valid,
because/p>1.
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— X~ +o —|lp——1
JP  dc quT, (1-e $)? C Cy

>0 (26)

is positive. The latent heat and the jump in compressibility
for this case are

q~cCcT:AS, 27)

CTe

A ko

(1— Zp;) <0. (29)

For the jumps in the orientation order parameter and in
the spirality we have

Ct 1w
AQ=1-3| — , 29
Q (épc) 29
As=1 ! 1 ¢ 30
s=1-exp— e (30)

so the phase transition is of first order. Note, that in our
approximation these jumps strongly depend on the exponent
of the small-angle interaction between the molecules seg-
ments.

The restrictionc,<1 leads to

N=Ngo(w)= 2pl yw (31

and forng< ng(w) the phase transition does not exist. The
numerical solution of the systefi0)—(12) is shown in Fig.
1.

On the left hand side g<c;) cooperative “melting”
takes place, while on the right hand side~(c;) a first order
phase transition can clearly be seen. The intermolecular in-
teraction transforms the cooperative “melting” to the phase
transition of the first order.

Discussion and concluding remark¥he MFA is the

The derivative of the transition temperature to the presimost crucial approximation in our theory but it is a reason-

sure
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able one. At low temperatures each quasistraight piece of a

FIG. 1. Spirality as a function of the normal-
ized inverse temperature and density.
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in Fig. 2(b). It is clear that Figs. @ and 2Zb) are compa-
rable.
For low pressure, heating leads to destruction of the
<> T T leather, but for h|g_h pressure |t_Ieads to the_ appearance of an
amorphous materidkee Fig. 3 in Ref. b This transforma-
tion corresponds to the transition described here. For this
transition the jump of Young’s modulus, which is strongly

a) correlated with the jump in the compressibilifgee Eg.
(28)], was observed in Ref. 8. The theory predicts the stabi-
lization of the spiral form of the collagen molecules at high
pressure and the sensitivity of the transition to an uniaxial
. T stres€ The spiral form stabilization has been found already
- in an aqueous solution of collagémyhile the sensitivity to
an uniaxial stress should be tested by experiment.
In fact, it has been shown in Refs. 10-12, that a novel
b) material can be developed by exerting high pressure and
FIG. 2. Change of basic unit structure as function of the tem-{8Mperature on natural leather material. The production is
perature () fibers, (b) collagen molecules. done in an oxygen poor environment in order to prevent
burning of the leather. The resulting material, which was

. . i called pleather is thermoplastic.

fiber or collagen molecule interacts with a large number of |+ should be noted. that in the real material the phase
neighbors and, therefore, fluctuations of the concentratiofansition under heating is not reversible and after cooling
are irrelevant. On the other hand, the phase transitions are g{g system does not return to the initial low-temperature

the first order and fluctuations of the order parameter arghase. This effect is connected with the cross links between
therefore small. _ , . collagen molecules in the coil form. These cross links are not

In spite of the different analytical expressions obtained inynortant for the behavior under heating, because until the
Ref. 5 and here, there is a close relationship between thgnase transition the spirality of collagen is large. However, if
corresponding models. In Ref. 5 our basic units were fibersye cool the material after phase transition the cross links

We can roughly consider the fiber as a chain with thesrevents spiralization and, therefore, stabilize the disordered
straight-piece segments being of persistent length. Becaugg,;se.

the persistgnt length is inverse proport.ional to the tempera- or main assumptions are general enough to apply the
ture the unit structure changes as function of the terr_lperaturt@,eory to a class of compressed materials made from various
as shown in Fig. @) (see also the concept of “quasimono- finers It could be used, for example, for implant materials

mers” in Ref. 1. In this paper our basic units were collagen made from actin myofibrils or for artificial wood made from
molecules. In the temperature interval, where the collagepatral cellulose fibrils.

molecule denatures, it can be considered as a chain built up

from straight-helix pieces interspersed with denatured coil We would like to express our gratitude to Professor C.
pieces. Because the fraction of helix segments decreases wilomb, F.R.S. for his interest in the work and for critically
increasing temperature the unit structure changes as showeading the manuscript.
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