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Stretching globular polymers. Il. Macroscopic cross-linked networks
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We expand upon the results for the force-extension behavior of single-collapsed polymer chains to
consider the mechanical response of networks of cross-linked globular polymers in poor solvent.
Force-strain curves are obtained under the affine deformation approximation for networked globules
with both disordered and ordered globule conformations. Due to their large stored lengths, these
networks would be capable of reaching extremely large strains. They also show anomalous
nonmonotonic force-strain response, as a consequence of the nonmonotonic force-extension curves
of their constituent globules. Finally, we consider the stability of ordered and disordered globules in
these networks and propose means taken from biological and colloid science to stabilize networked
globules. ©2005 American Institute of Physid©OI: 10.1063/1.1898214

I. INTRODUCTION linked together. For a network of polymer globules, we can

Despite the advances described in the preceding bape'rmagme this model would hold even better than in classical

. . ) . . rubber elasticity theory if a small section of free chain exists
in understanding single chains, there has been a paucity .

. . 0 separate the globules and attach to cross-linkers. As noted
work that considers polymer globules in the bulk or as net-

ST : in Sec. lll below, we will neglect the influence of such link-
works. Existing literature on networks of polymers in poor ) 7 .
L : _ ers on the network’s stretching behavior, but they are neces-
solvent seems limited to studies of grafted polynfefs, =3 .
. . o sary to ensure that the phantom network conditions hold in
which form nematic melts rather than distinct globules.

However, the ability to crystallize globular proteins, and theOur hypothetical globular networks.

. T . ) Following the phantom chain model, we can now calcu-
stable conformations of proteins in the tight confines of thqate the total free enerav under stretching. For a chain havin
cytosol attest to the existence and stability of individual 9y 9. 9

. some end-to-end vect® in its initial (“reference’) state, a
polymer globules in poor solvent, even when densely : . i
deformation described by the tensprtakes us to a final
packed. As such, the study of dense, globular polymer sys:, i L = -
tems appears worthwhile (“target”) end-to-end vectoR'=\-R. If we have an indi-
PP ) vidual chain free-energy functidfy(R) (wheres denotes the

He_re we d(_avelop th_eorencal_ quels of the force'single chain and the end-to-end probability distribution
extension behavior for various semiflexible polymer gIobuIesP(R) the quenched network average

and covalently cross-linked networks of these globules. Sec.
Il reviews the affine assumption and “ghost network” model
used to treat networks in this paper. These models are then
applied to the free energies obtained for ordered and disor-
dered globules in related wdrland the results presented in yields the average free energy in the reference state per
Sec. lIl. Section IV discusses the notable features of thesghain, while the free energy in the target state follows as:
networks’ mechanical response. We note the capacity for

both high maximum strains and anomalous nonmonotonic F(A):deP)\(R)FS(A-R), (2
force-strain behavior in these networks, which arise from the - B B

properties of the individual globules considered in Ref. 1 antherep)\(R) is the distribution of end-to-end vectors in the

F=deP(R)FS(R) (1)

constitute the central results of this paper. target state.
We now call upon the affine deformation assumption,
Il. NETWORK FORMALISM which holds that the network deforms on the microscopic

scale(here, between connected cross-linksactly as it does

Having discussed the force-extension behavior of singlenacroscopically. We consider this approximation to be valid
globules, we now examine cross-linked networks of suchn the regime where individual chains are not stretched com-
globular chains, using the basic aspects of rubber elas?icityp|ete|y taut, i.e.,
While networks of real polymers are subject to entanglement
effects and other constraints that complicate their response to ARy<L 3
stretching, we will neglect such complexities and consider gyith Ry=|R| for the reference stat@ve use this quantity on
basic network of “phantom” chains. In this model, chainsipe assumption thaf(r,d,$)=F(r) in spherical coordi-
interact only at their endpoints, which are permanently crosspates. Note that in the coming sections, we will terminate all
force-strain curves at the stralwhere the equality holds.
¥Electronic mail: emt1000@cam.ac.uk The affine approximation appears formally as
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FIG. 1. Cross-linked networks of
globules in native and partially
stretched conformations.

P, (Ry) = P1(Ry), (4) Il. STRETCHING NETWORKS OF GLOBULAR
- - CHAINS
where P;(RO) is the end-to-end distribution in the reference

state and is given at equilibrium by the formula We now can combine the free-energy functions of

single-ordered and disordered globules ftowith the full

IR stretching distribution given by Eq9) to obtain the free
P1(Ro) = . (5) energy of a network of collapsed globules. As mentioned in
dee—BFs(R) Sec. I, we will assume that the globules are covalently

cross-linked together, and spaced away from the cross-links

Thus, the distribution of chains at network formation remaingPy linker groups that neither extend appreciably as the cross-
fixed upon deformation: the topological quenching of a netdinks pull apart, nor compress the globule when the cross-
work described in here. If we now assume that the deformalinks are pushed together. Ideally these linkers should be
tion is generated by a uniaxial stretch along tagitrary) z  10ng enough to prevent unbound chains from sticking to each

ity gives us reform when the network relaxes. For linker lengfher
and persistence lengihier, this situation may obtain when
Y20 0 Giinker~ O(Lijinker), OF if the linkers are in their “good sol-
A=l 0 N2 0. (6) vent” regime and assume an extended conformation. We
B 0 0 A schematically illustrate this situation in Fig. 1. Even under

these conditions we expect the globules will adhere to each

Transforming into spherical coordinates with the polar axisother, particularly disordered globules with their generic
along z, the reference-state vectBsre scaled by a factoy ~ surface-contact term. Borisov and Halperin treat this effect in

given by the context of polysoaps 2 and obtain a force-extension
relation for separating globules. We expect globule separa-
7(6,\) = \\"tsin? 9+ \? cos 6. (7)  tion to dominate the network mechanical response for small

deformations, but as we focus our attention on the response
at high strains, we will neglect it in this paper. Interglobular
adhesion will also be discussed in Sec. IV.

We now place Eqd94) and(9) into Eq.(2) to obtain the

Assuming that the angular distribution of the polymer end-
points is isotropic in the reference state, i.e.,

1
dN(0,¢):2—sin odedep, final form of the average free energy of deformation per
™ strand, given as
dN(6) =sin ade, Rmax N = p
F()\):f dF?of a2t s(7R) 2(R’o) , (11)
we can use the relaticiN/d»=(dN/d6)(d6/dz) and Eq.(7) 0 1 VA =D(Ap-1)

to arrive at the stretching distribution _ . _
where F(x) is the single-chain free energy for end-to-end

ANC) = i n)\\f')\‘lsinz 6+\%cog 6 distancex, R, an initial end-to-end distance in the reference
(7)=sing sin 6 cosg(\3- 1) K state,P(Ry) the probability of finding a globule witl, in
B 3 ) 1 the network, andR,4« the largest end-to-end distance in the
=ML - D7 - D], 9 reference staté.e., the size of the globuleThe total mac-

roscopic energy of a network witd strands and deformation
\ is clearlyNF(\).
Several other points must be established before evaluat-
1 ing the free energy of deformation, particularly the reference
dN(7) =~ an' (100 end-to-end distributiof(R,). We can identify two plausible
forms of P(R,) for globules: the “on-shell” case where the
The limit (10) is of use in understanding the qualitative fea- endpoint distribution is identical for all globules, and a
tures of the network force-strain curves, particularly the per~floppy” case where not all of the chain is tightly bound to
sistence of the nonmonotonic and discontinuous featurethe globule and the endpoint distribution is broader. In both
found in the force-extension curves of individual globules. cases, we assume that the cross-linking between globules is

which can be approximated in the large extension limit
N, p>1as
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isotropic. In the on-shell case, we claim that the free ends of 7.5
the polymer start on the surface of the globule, which :

amounts to the condition 6 g

P(Ro) = 8(Ro ~ Ryio)» (12) a8 1
whereRyop=(3Lb2/4) 13, f

By comparison, the floppy case assumes that we begin 3 .
with some unbound lengti, with the same persistence :
length as the polymer in the globu(eote that this length is 1.5/ L H {‘/o ]
not that of the linker. Provided that the presence of the ©
globule does not unduly affect the endpoint distribution of ol ‘ . . | s s !

0 10 20 30 40 50 60 70 80

this unbound length, we use the free-end semiflexible propa-
gator for = L, given in Ref. 10 as ouP(R;). We so arrive

at FIG. 2. Force-strain curves for networked random globules with varying
surface tensiod” (values indicated on plptfor chain stiffnessp=1, and

A

P(Ro) = (2 = )3/2 exp{— > :;2 (Ry - \,@)2} . (13) length £=1000. The dashed line indicates the reference siaih.
mRE) (R) A. Networks of random globules
where Using the formalism of Eq(11) and the free energy

-1
2§ 2§ on-shell treatment, we obtain force-strain curves dominated
(14) by force plateaus that extend over long strains. For condi-
tions with I'~O(¢), we obtain nonmonotonic behavior in

3 { ¥ \2]2 the force-strain curves much as we did in the force-extension
E=—11 —(—) } . (15 curves of individual chains. This can be seen in Figs. 2 and

4¢ Lo 3. One will notice that the average force per chain is inevi-

While one cannot necessar”y Speak OR@OD for this tably lower than that of a Single chain at the same “strain”
case, we will useR,,=L, in calculating the free energy in X/Rgon, @s globules with initial end-to-end vectors nearly
Eq. (11) and the maximum strain on the network in ).  Perpendicular to the direction of the stretch will remain un-

We will use the terms on-shell to refer to the networksextended at all strains.

3 3 3 found in Ref. 1 for random globules, we now examine the
(R =—9 Lo- —ll +=C0th<£ow /i)} , stretching behavior of networks of random globules. For an
2V3¢pé 3¢

with the initial end-to-end distribution of E¢12) and floppy In light of the result# for single toroidal globules, we
to refer to networks with the initial distribution of E13) ~ €xpect networks of toroidal globules to exhibit force-strain
through the rest of the paper. behavior akin to that of networked random globules, since

A final assumption is that those globules with<1 in  both types of globules possess essentially similar force pla-
Eq (7) are not actua”y Compressed by contact forces and d{ﬁaus and discontinuous Unbinding transitions. The on-shell
not contribute to changes in the free energy. This is the situcurve of a network of toroidal globules is plotted in Fig. 4,
ation one might expect if the molecules linking globules areand clearly displays nonmonotonic behavior as well.
fairly flexible, and long enough to space the incompressiblgs Networks of ordered globules
globules well apart from each other.

While all of these conditions do simplify computation of Ve now turn our attention to networks of ordered glob-
the free energy, it is still necessary to use numerical techules, both in series and taken singly as' iince we have
niques to fully calculate the free energy and its derivatives. 2.5,
We obtain the actual force-strain curves by an approximation ;
to the actual derivative; we fit a linear function to a sample
of five free-energy points separated dy=10"° and take the
resulting least-squares slope as the value of the derivative.

In general, we will refer to force-strain rather than stress-
strain behavior in this paper, since the extremely high strains f
that were attained in deforming individual globules are a
property of networked globules as well. As stress is defined
as o=force/area$\/A, for initial sample are&,, salient
features of the curves can become difficult to see at layge
hence our choice to present force-strain curves over stress- _
strain curves for these materials. Note that the force-strain 0 10 20 30 40 50 60 70 80

curves are given in the dimensionless force urasfan av- A

erage per chain; the actual mechanical response should SlrEI-G. 3. Force-strain curves for networked random globules with varying

ply be proportional to the average number of chains in thenain stifnessy (values indicated on plitfor surface tensio =10, and
network. length £=1000. The dashed line indicates the reference sivaih.

T T T T T T
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FIG. 4. Force-strain curves for networked toroidal globules with varying gy 6. Floppy approximation of force-strain curves for networked series of
Ehna'?h?'ﬁqgg? 'I('\rﬁlLii?srl\r:a(zilCl'ant:d'n(c)ihcgtlae);f?gesgggfeen::eenzlt?gm_1’ and  ordered globules with varying chain stiffnegs(values indicated on plat
= . ine indi if. ~
9 for surface tensionI'=1, total length £=1000, cutoff forces fkT

={10,10,10,19 and bound lengthsL;/kT={145,145,145,145 The

. . L dashed line indicates the reference stoa#nl.
explicitly given these globules some initial unbound length,

it seems natural to use the floppy approximation for the case
L~ Lpoune ¢- The floppy approximation is also suited to a have their maxima at roughly the same force, despite cover-
series of ordered globules that is already in a partially exing two decades of the rigidity. This is likely the result of
tended conformation, like the “necklaces” conjectured forthe way in which the radial distribution function of E4.3)
partially stretched random copolyméfs-?However, we can  changes as a function of. For large¢, the distribution(13)
also justify the use of the on-shell approximation under somés so narrow as to resemble the on-shell case, while at
circumstances. In particular, the on-shell approximatiorsmaller ¢, it resembles a Gaussian centered nBgr0.
would be suitable for single-ordered globules with free Though decreasing raises the maximum force on the net-
length £ - Ly,ounq< ¢ or for a series of globules with a weak work, as Fig. 5 demonstrates, a low chain rigidifyalso
interglobular adhesion causes the globules to form a clusteneans that many of the globules will not be significantly
with a well-defined radius. Note, however, that we neglecdeformed due to their low initiaR,. We also do not observe
any presumed interglobular adhesive force in the actual caR significant rise in the force near the full extensian
culation of the force-strain curve. We present results for botiF £/Ryq, for the floppy case, as even globules wRp par-
approximations below, with Fig. 5 being the on-shell caseallel to the direction of stretching may not be fully extended
and Fig. 6 the floppy cross-linking case. if they haveRy< Ryax

As one would expect, the average force per chain is
generally below the force one would obtain at a similar strain
for a single series of linked ordered globules. Unlike the), piscussioN
on-shell case, all of the curves for the floppy case appear to

While a full evaluation of the network free energy is
necessarily numerical, especially for the floppy case with a

: : ' : ' ' ' ——0.1 nontrivial endpoint distribution, we can still analytically ap-
——1.0 proximate the force-strain behavior of networks of globules.
4t —>—10 Perhaps the easiest case to treat is that of ordered globules

and series of ordered globules in the on-shell case. If we
assume that the free energy remains relatively constant with
strain except when the chain is nearly téig., we are about

to break open a globulewe can model the free energy as a

1 series of step functions

Fln) = 2 AF0(n=m), (16)

—h

where 6(x) is a step function, andF; and 7 are the free-
60 energy cost and microscopic chain extension associated with

100 120 140 1
A the ith globule unbinding, respectively. This approximation
should apply to the first paper’s model of chained ordered

FIG. 5. On-shell approximation of force-strain curves for networked seriesgk)bl‘”eS for¢p~ L. Let us now invoke the further assump-

of ordered globules with varying chain stiffneggvalues indicated on plpt . . . _
for surface tensionl'=1, total length £=1000, cutoff forcesNifkT tion that all the gIObUIeS are identical, that M_A]: and

={10,10,10,1 and bound lengthsL,/kT={145,145,145,145 The  7i+1~ 7 =A7 for all i, which appears to be a suitable ap-
dashed line indicates the reference stoginl. proximation to experimentRefs. 1,13. We then take the
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constant distributiomlN/dz=\"* of Eq. (10) to arrive at the pect that the energetic cost of unwinding an entire loop of

averaged free energy chain will make the toroidal globules relatively stable against
A merging, and even spherical globules may prove stable if
FN) :ylf > AFO(n-jAy), cross-linked beneath their glass transition temperature. One
1 might improve the disordered globules’ stability by decorat-

ing the main chain with solvophilic side groups, which
would separate the globules much like emulsifiers space
wheren, =7 div A%, adiv b being defined as the integer part droplets in a colloid.

=AFINnN = Ay + 2As0(n, - Dl (1)

of a/b. Taking f=—dF/d\, we get By comparison, the existence of a preferred set of con-
tacts within each ordered globule should help stabilize them
”f‘()\) - A]—'{A—Z(nﬁ +Nny) + 5, o} ’ (18) against the tendency to form an.interpenetrati_ng melt. G_Iobu—

2N ‘ lar proteins(such as lactoglobulin and albuminan remain

. ' . " stable as dense solutions and even solids, though it is ex-
where ¢ is defined asy modA#. The force is positive but : ) : .
pected that high concentrations may result in aggregation of

decreasing at all strains save whén0, where the force ! : . .
. . . amyloidogenic proteins. Regardless, proteinaceous or small-
jumps before decaying away again. Thus, networks of or- : i

olecule chaperones could be incorporated into the network

dered globules in series or single random globules shoul'é; stabilize the globule¥ provides a review of the crowded
display nonmonotonic force-strain curves, assuming tha

their initial distributionsP(R;) are on-shell and the step- macromolecular environments’ influence in- biology and

. L . . natural stabilization mechanisms.
function approximation to the free energy is accurate.,
£l ~0()]. The tendency to form a melt or an aggregate phase also

. . becomes a concern in the regime where the globules have
However, if we assume th&(R,) is nonzero for a range

! . .=~ been extended and released their length as free chains. Re-
of Ry rather than a single value, as in the floppy cross-linking__ . : ) .

. : ; alling our poor solvent environment, these free chains will
case, then monotonic force-strain curves may reeinerge.

S . o . tick together if allowed to touch. ntact: tween ex-
P(Ry) is, in fact, Gaussian distributed about sofgwith stick fogethe allowed to touch. Contacts between e

" : . tended chains could well prevent them from reforming sepa-
i;e:]r:/%alll:(tii:newatlop, we obtain &iN(7) approximated by the rate globules upon relaxation, introducing a significant hys-

teresis effect potentially destroying the nonmonotonic force-

(., 7 e Ry~ RYI202 strain curves we expect for globular networks. One might

dN(7) = [ dy 2 o(n—n')e - (19 hope to avoid such difficulties by separating strands by large

0 P distances, though is is questionable if the maximum load on

For p<R,, the results of Eq(19) can be approximated as such a disperse network would be adequate for real applica-
- tions. Again, the addition of solvophilic side chains to physi-

dN(7) = tan%‘(m). (20) cally separate free chains or chaperones to assist in reform-

p ing ordered globules may be viable means of preventing a

When applied to the free energy of E46), we expect this Melt. _ o _
dN(7) to yield a nonmonotonic force-strain curve only so Less dramatic, but still significant, are the potential the-
long asp/R)< A; for larger ratio ofp/R}, we will gain free oretical concerns about the networks described in this paper.
energy at a nearly constant rate as we cross the “steps” in EGN€ Might imagine that nonaffine deformation would be pro-
(16), and so should obtain a flat or monotonically increasing’®Unced in a network in which chains can release length
force-strain curve. Similarly, we would expect that a free-AUickly, as would occur when a globule unbinds. Indeed,
energyF() which has a force plateau followed by a drop nonaffmg models have long beelrg part of the.theory of more
across the interva{z,, 7.+A} would display a nonmono- convent|onal_ polymer networlg_i’; though the|r results_are
tonic force-strain curve fop/R)< A and a flat or increasing generally akin to those of affine deformation theory in the
curve otherwise. regime where few of the chains are pulled completely taut in

Unfortunately, we anticipate significant practical diffi- the affineé approximation. Or}e might also object to the ne-
culties in creating the networks of distinct globules we dis-9/€ct Of linkers in our paper’s treatment, given their likely
cuss here. While we claim interglobular adhesion can be ighonnegligible contribution to the free energy. However, the
nored, it is an open question whether densely packeHOppy case can be regarded as an analog to a.network having
polymers will form individual, separate globulggs our INKers With jner= denain bUt s noted previously, non-
model requiresinstead of a dense interpenetrating melt. A monotonic force-strain behavior persists for sufficiently high
naive means of guaranteeing stability would be to form the @nd narrow initial distributiorP(Ro). As such, we do not
network in good solvent and reduce solvent quality whilePelieve the neglect of linkers critically undermines our con-
keeping it under tension, thus keeping the globules sepd!USions.
rated.

More sophisticated are strategies for preventing a melt
even if we cross-link the globules after they are already inaCKNOWLEDGMENTS
the collapsed state. One expects particular difficulties with
disordered globules, which may gradually merge into one  We thank Dr. Samuel Kutter, Samit Ahir, and Sir Sam
another as a result of thermal excitations. However, we exEdwards for useful discussions and insights that went into

Downloaded 24 May 2005 to 131.111.75.96. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



194902-6 A. Craig and E. M. Terentjev J. Chem. Phys. 122, 194902 (2005)

the creation of this paper. This research has been made po%o- Borisov and A. Halperin, Macromol. Symf13 11 (1997).

. . O. Borisov and A. Halperin, Macromolecule30, 4432(1997).
sible by a grant from the Gates Cambridge Trust. 9. Borisov and A. Halperin. Eur. Phys. J. 8 251 (1999,

) . _ _ '9R. Winkler, J. Chem. Phys118 2919(2003.
A. Craig and E. Terentjev, J. Chem. Phyk22, 194901(2009, preceding T Vilgis, A. Johner, and J. Joanny, Eur. Phys. J2E289 (2000.

paper. 12> Geissler and E. Shakhnovich, Phys. Rev6%; 056110(2002.

2E. Zhulina and A. Halperin, Macromolecule2s, 5730(19932. 13p. Smith and S. Radford, Curr. BiolL0, R662(2000.

3A. Halperin and D. Williams, Macromolecule®6, 6652 (1993. 14R. Ellis, Trends Biochem. Sci26, 597 (2001).

“W. Meier, Macromolecules31, 2212(1998. %M. Rubinstein and S. Panyukov, Macromoleculsg 8036(1997).

°L. Treloar, The Physics of Rubber Elasticit¢larendon, Oxford, 1975 166, Glatting, R. Winkler, and P. Reineker, J. Chem. Phy81 2532
50. Borisov and A. Halperin, Europhys. Let84, 657 (1996. (19949.

Downloaded 24 May 2005 to 131.111.75.96. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



