Instabilities of polyampholytes in external electrical fields
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We consider the behavior of polyampholyt@As; heteropolymers carrying quenched positive and
negative charges along the backbpimeexternal electrical fields. Whereas our previous treatments
were devoted to the regime of a weak coupling of the charges, we consider here the regime where
the electrostatic interactions between the charged monomers play the dominant role. Starting from
a fluid drop picture we estimate the critical value of the external field that induces a breakup of the
structure. As we proceed to show by scaling arguments, in strong fields the PA stretches out to a
highly extended form, for which only a small fraction of the material is still organized in mesoscopic
condensates along the rodlike configuration. 1@96 American Institute of Physics.
[S0021-960606)52834-5

I. INTRODUCTION that one hasfN positive charges+q and fN negative
charges—q. The charges are distributed randomly along the

negatively charged monomers, have received much attentioq1aln and form a quenched pattern. It is well known that

in recent years, and the investigation of their com‘ormationa?UCh neutral PAs collapse to spherical globules. Higgs and

and dynamical properties is of much current interest. AJoann)‘?_assumed .thf_ﬂ the chgrged monomers arrange them-
selves in a way similar to énicro)electrolyte. The electro-

prominent feature of PAs are the competing interactions be-"". ) . g -
tween the charged monomers. PAs resemble in a certain W?atlc free energf. is estimated in the Debye—ldkel ap-

proteins, whose structure is determined by the specific s Jroximation as being
quence of their monomer<. From a more general point of F FNI (fN1g)3?2
view PAs may be seen as soft matter counterparts to random —~ — B 52
systems with competing interactions, such as spin glasses. o v

~ The main emphasis of the recent work is devoted t0 thg4ere T denotes the temperature in units of the Boltzmann
investigation of the influence of the charge distribution onconstankg, |5=q%(eT) is the Bjerrum lengttiwith € being

: - 415 - ,
the PAs’ conformational propertiés:® Especially for ran-  the dielectric constant of the solvén¥ is the volume of the
dom PAs, i.e., PAs where the charges) are distributed  pa globule, andr,=V/(fNIg) the screening lengtHIn

randomly along the chain, the determination of the confor£q, (1) and in other expressions we omit dimensionless con-
mation is a difficult task. The most important parameter hergants of order unity.

is the excess charge: Whereas a neutral PA forms a spherical Tne electrostatic part of the free energy, En, induces

globule, a highly charged PA behaves similarly to a poly-3 collapse of the PA; the excluded volume effect counteracts
electrolyte, i.e., it is highly expanded. As theoretical and Nu+hese attractive forcésThe virial expansion of the excluded

merical investigations indicate, there is a critical excess,glume interaction between the monomers takes the form
chargeQ., namelyQ. ~ q+/N, which marks the borderline

between the compact and the expanded sfafes. F, ovb®N? wbsN®

Another question that can be asked in this contextisthe T~ v t vz T )
following: Assume one has a neutral PA in a globular state;
what is the influence of an external electrical field on thiswhereb is the monomer size and andw are the dimen-
object? Using a droplike model we show that there exists gionless second and third virial coefficients. Depending on
critical valueE, for the external fielcE, so that only above the solvent qualityy may be either positive or negative,
E. a breakup of the structure may occur. Bt the external whereasw is, in general, positive and of order unity.
force overcomes the surface tension; ab&ethe PA be- Let us first consider a chain in é&solvent, where)=0;
comes highly extended. Using scaling arguments we wilthen one obtains for the excluded volume interaction
show that forE=E_ only a small fraction of the monomers F;~b®N3 V2. Minimizing F=F.+F, with respect toV,
remains in a “‘condensed,” globular state; we recover in thisone finds
regime our previous results for weak coupling concerning
the conformational properties of PAs in external electrical ~h3 i
fields16-18 VEDIN £ )

PolyampholytegPAs), i.e., polymers with positively and

@

i.e., this Flory-type argument predicts a collapsed PA globule

with a monomer density op~ flg/b*. Note, however, that
We consider in the following neutral PAs of polymeriza- the above given argument is only valid as long as the PA

tion degreeN. A fraction 2f of the monomers is charged so volume, Eq.(3), is larger than the volume®N of the packed

Il. THE DROP ANALOGY
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monomers and smaller than the volume of a Gaussian coil The above arguments lead to fixed volume conditions,
b3N®2, This leads to the following condition: namely Eq.(3) for the 6 case and Eq(7) for a good solvent.
Thus, we are concerned with incompressible PAs. Their
flg<b< \/NHB' (4) shapes, however, are controlled by other mechanisms: the
The first inequality is necessary for the applicability of the competition between the surface tension and the external
Debye—Hukel approximatiorJr? the second one is the con- perturbations. The free energy of the surface is of the form
dition that the electrostatic interaction dominates the thermal _
. . . FS_ ’}/S, (8)
agitation. In the opposite case,> Nflg, the charges are
coupled only weakly, so that the PA takes a Gaussian coriwhereS denotes the surface of the PA ands the surface
formation. Since then the interaction between the chargetension. Following Dobrynin and Rubinsteih;y can be es-
can be neglected, the behavior of such a chain in externdimated by noting that each thermal blob at the surface has
electrical fields can be treated analytically by modeling the(because of missing neighboring biglas additional energy
PA as a Gaussian chafi'’ or—in the case of strong external of orderT. Since the radius of these blobs is of the order of
fields—as a freely jointed chaifi. the screening lengthy, one finds, for the surface tension,
Here we consider the opposite regime, where one hasa __ —+,.2
: . v=TIrg. 9
strong coupling of the charges, i.b.< \Nflg. It was shown
by Higgs and Joanfithat the PA can then be interpreted in In the absence of an external electrical field the PA takes a
terms of the following blob picture: Consider a subchainspherical shape to minimize its surface energy, Bj—a

containinggp monomers, with situation that is reminiscent of a fluid drop. Note that the
b |2 overall neutrality is required for the spherical geometry to
QD%(—) _ (5) hold: charged PAs are deformed and a sufficiently large net

flg chargeQ>Q.~qN causes a breakup of the drop, as was

Subchains of this length obey the Gaussian statistics, i.ediScussed by Kantor and Karddr. _
Here we consider the case of a neutral PA in an external

the volume given in Eq(3) (with N=gp) equals the volume ; ; - O : _
b3g§,’2 of a Gaussian chain. The electrostatic free energy O1electr|cal field. Related situations are given when one applies

these blobs is of ordef [cf. Eq. (1)] and their size external electrical fields to dielectric or.conducting drops
r=b\gp coincides with the Debye—Hkel lengthr, i.e., _(see Rt_af. 22 and referenc.es the}eEspeualIy,. a cont_juct—
r=rp. Assuming further that these Debye blobs form a'h9 f'”"?' .drop of F:onduct|V|tyal suspended in a fluid of
closely packed arrangement, one has for the volume of thEonductivity o, (with o<o) behaves as follows: Under

whole PA,V~(N/gy)b3g¥2~b3N(b/fl ), by which we re- small external fields the drop undergoes only a smooth de-
cover EQ-E3)- D/ b B formation, under larger fields it takes a dumbbell-like shape.

The volume of the PA in a good solvent can be es,[i_Under a further increase of the field the drop lengthens rap-

mated along the same linésn a Flory-type approach one idly and divides itself into two blobs connected by a thin

has to minimizeF = F .+ F, with respect to/. The excluded thread, before the final breakup occurs. foge o, the re-
volume part of the free energy, E@), has to be modified by sponse to the external field is different; both ends of the drop

a suitable resummation of the mean-field-like virial expan-become pointed and from them charged droplets are ejected.

sion. Scaling argumerff&2 predict that the excluded volume The ratio of conductivities dividing these two mechanisms

contribution to the free energy for a polymer confined to all€S @rounde/o~30. , o

volumeV is given by The situation of a neutral PA in an external field is re-

lated to the above. If the charges could move freely along the

F, b¥EyIN3Ey D chain (the annealed casand follow the field, a response
T~ Vy1E»—1) , ®) similar to the tip-formation mechanism would occur. Due to

_ ) o ~ the connectivity of the PA it is not possible for the system to

in-which », the Flory exponent, explicitly appears. Setting gject droplets, but it can lower its energy by extruding

v=g and minimizingF = F.+F, with respect td/, one finds  charges along fingers at the two ends. A similar situation

for the volume of the PA may occur for a charged annealed PA, where the polymer
b \2 may lower its energy by forming charged, protruding
Ve~ ng(W . (7)  fingers!?
B

Here we are, however, interested in the usual case of
This result can be interpreted through a picture in which thequencheaharge distributions. Due to the connectivity of the
Debye blobs are swoll¢hNote that the electrostatic free chain, the positive and the negative charges cannot be arbi-
energy is of ordel for subchains of size~r [cf. Eq.(1)]. trarily separated. The situation can be envisaged as follows:
Because of the swelling exponent=2 one now has Consider that the neutral PA chain is divided into two
r~rp~bgd®, wheregp is the number of monomers in a halves; on the average they have excess charges of opposite
blob. This, together withrp~fgplg, gives gp~(b/flg)*%  sign, which are typically of the ordey/fN. When a suffi-

By assuming that the whole PA is densely packed with swol<ciently large external field is applied we expect that these
len blobs, the volume of the PA is estimated as beinghalves will rearrange themselves in a way that minimizes the
V=~ (N/gp)r2, from which Eq.(7) again follows. free energy. A way to achieve this is through a deformation
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4252 H. Schiessel and A. Blumen: Instabilities of polyampholytes

where we set, for simplicity, the dielectric constamf the
medium to be unity.

Now, to evaluatd-g we need to know the surface of the
dumbbell as a function ofl, i.e., S=S(d). The surface is
simply given by the surface of the two intersecting spherical
portions. We find by simple integration

S=47hR;=4wh(h—d/2), (11

with R; being the radius of the spheres amd R, +d/2 the
height of the portiongsee Fig. 1b)]. Furthermored has to
be confined to the interval

0=d<2%°R, (12

d (b) the lower limit corresponding to on@eutra) sphere, with
radiusR=[3V/(4m)]*3, the upper limit to two smallefop-
FIG. 1. Neck formation of a polyampholyte globule in an external electrical positely chargelispheres at.taChed atone pom.t'. NbWas t.o
field: charge distributioia) and geometrical parametefts). The pictures be chosen _SUCh that the flxed_ volume condition is fulfilled.
display a cross section of a cylindrically symmetric dumbbell. Hence, again through integration, we have

2
5 h2(3R;—h)=V, (13

R
h=h(d)= 573

h(d)=R (15

of the—incompressible—PA volume, similarly to the dumb-with V being given by Eq(3) (¢ case or Eq. (7) (good
compressibility condition is not affected by the presence of h, namely ath®—3 dh?4—R*=0, whose solution is
a (not-too-strong external field: The major part of the mono- 7\ 28
mers is still organized in blobs according to the Debye— 1+ /1+ 16R3>

Here we follow a simple liquidlike model for the PA that 28 g
fulfills the fixed volume condition, Eq(3) or Eq. (7). Fur- +l1=~/1+ _3) }+ ey (14)
thermore, we have to restrict the whole spectrum of possible 16R 4
for increasing external fields the PA follows similar defor-
mations as conducting drofespecially the formation of a 1d> 1d°
neck, we start from a dumbbell-like structure, as shown in IR " 6R2 T 96 R/
each other. We let one of them carry as total chargéN, ~ Now Eq.(15) agrees with Eq(14) within a relative error of
and the other one- q\/fN. This takes implicitly into account 0.5% over the whole range of values, and is hence a rea-
that the charges are connected via the PA backbone. ThiPnable approximation for us. From Edq41) and (15 we

bell previously mentioned. Note that the fixed volufile-  Solveny, respectively. Thus we arrive at a cubic equation for
Huckel prescription.

shapes to a reasonably small subclass. Since we expect t@éries expansion of E¢L4) to order @/R)3 yields

Fig. 1(a). It consists of two spheres of equal size that overlap

picture leads to an effective dipole, and to a one-paramete@btainS as a function ofd

family of shapes that depend—for a fixed total volume 1d2 13
V—only on the distancd between the centers of the spheres  g(d)=47R? 1+ — —5+ — —3> (16)
[see Fig. 1b)]. Due to its simple geometrical form this 16R" 48R

model has the advantage of peing analytically tractéhle |\ here again terms of the orded/R)* were neglected. Now,
surfgce energy and the electrical potentlal energy of the efr"ninimizing F'=F,+Fs with respect tod [cf. Egs. (8),
fective dipole can be expressed analytically; see beloVe (10), and(16)], we find that
speculate that this class of shapes represents a good approxi-
mation to the equilibrium shapes of the real PA under mod- 4\/WqE vz
erate external fields; this holds good up to a critical electric d(E)=R (77—'}/R+ 1) -
field E. at which the whole structure breaks down; see be-
low. The properties of the solvent are implicitly included in Eq.
To be more quantitative, we calculate now the potential17) throughR and y. Note that Eq.(17) characterizes the
(free) energyF . of the effective dipole and the surface free equilibrium shape of the PA when one restricts all possible
energyFs, Eq. (8), as a function of the distanakbetween shapegwith a given volumeV) and charge distributiongin-
the centers. Then we have to minimigé=F,+Fg with  der the constraint of overall neutraljtio the special class of
respect tad. Now F,, in the external fielcE is of the form  dumbbell-like objects depicted in Fig(&).
Inserting Eq.(17) into Eq. (15 we find thatL, the PA
Fox(d)=—qVfNEd, (100  length in the direction of the field, grows wita as

1|. (17
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L(E)=2h[d(E)] AL=L(F)—L=L¢(§), (23)

(18 with a dimensionless functiop. HereL=L(0) denotes the
_ . end-to-end distance of the unperturbed chainbN” (with
with a = 4VING/(7yR). Especially foEa<1 the PAglob- ,_3, 5 4504 solvent and=1in a @ solveny, and&=T/F.
ule shows a linear response of the extensibb=L(E)  Now ¢is a characteristic length of the problem: For sngll

=R(5+ 76(1+ aE) Y%+ faE + 75(1+ aE)%?),

—L(0) to the external field, namely, L/¢<1, the response is linear B, i.e., p(x)=x, and thus
JVENQE ALxL?F/T; for largeF, L/¢>1, the chain breaks up into a

Ty (190 string of independent blobs, each of sigelnside the blob
the external force induces only a small perturbation so that
The dumbbell shape is, however, stable only for externabne has a swollefidea) subchain consisting aj= (&/b)*"”
fields E up to a critical valueE.. At E=E_ the neck has monomers. The elongation of the whole chain is then given
become so narrow that the PA lengthens rapidly by forminggs
a bridge between the two blobs. The critical value can be

estimated as follows: The radias of the neck is given by bF .
Nb —, in a# solvent,

a?=h(2R;—h)=h(h—d) [cf. Fig. 1(b)]. Thus we find from N T
Eq. (19 Al=g &= bE| 23 (29)
1d 1d2 1 d° Nb<?> , in a good solvent.

a’=R%1- - =— —=5— == =3/, (20
2R 16R* 96R o .
Note that in this regime the response of the excluded volume
where terms of orderd/R)* were neglected. The dumbbell chain is nonlinear in the applied force.
becomes unstable when the external electrical field is so |n the following we use similar arguments to analyze
large that there exists an infinitesimal deformation where théhe extended state of the PA in strong fields. First, let
increase of the surface energy equals the decrease in t@ mentally switch off the electrostatic interaction be-
electrical potential. The “weak point” of the dumbbell is tween the charges; as we will see later, this interaction can
located at the neck. When at the neck a cylindrical bridge obe incorporated easilp posteriori We note further that
radiusa and (infinitesima) heightdL is formed, the change the discussion of PAs without interactions between the
in surface energy is given byFs=2mya dL, whereas we charges is interesting for its own sake, since it describes the
find for the electrical potentiatiFe,=—fNQE dL Thus  regimeb>Nflg (weak coupling limi;.16-18
the dumbbell becomes unstablekat E. with E. given by We consider here neutral PAs, built outfmonomers
_ (n=1,2,...N), carrying the charges, . Let us introduce the
2mya[d(Eq)1= VINGE,. @D cumulative charge variabl®,,=={,q;, which denotes the
Inserting Eqs(17) and(20) into Eq.(21) results in the quar- net charge of the subchain consisting of thdirst mono-
tic equation x*+2x33+26x—22=0 for x=1+aE,, mers. Due to the overall charge neutrality of the PA the
which determines the critical valug.. Thusx=2.25, and remainingN—n monomers carry the net chargeQ,,. Con-
we obtain finally sider now the force acting on the segment between the
monomersn andn+1: In an external fielcE it is given by
V_R_ (22) F,=Q.E. Therefore, contrary to the original Pincus problem
\/mq we have here the situation of a nonuniformdependent
force that stretches the chain. Thus we need in the following
a generalization of Eq(24) (strong field for nonuniform
stretching. We follow here an argument given by Brochard—
éNyart, who considered the nonuniform deformation of teth-
eered chains in strong external flo#s.We denote by
én:T/Fn the (n-dependentblob sizes, byg,,= (£,/b)Y" the
number of monomers of the blob to whiahbelongs, and by
I, the position of thenth monomer in the direction of the
field. Then we find from Eq24) for the local deformation of

Il. THE EXTENDED STATE the chain ain

E.=4.060 1=3.19

With this result we obtain foE=E_ the geometrical param-
eters that characterize the dumbbell: they drel.25R,
a=0.51R, h=1.4R, andR;=0.81R.

At E=E_ the surface tension cannot counterbalance th
electrical force anymore and the PA lengthens rapidly. Th
PA takes an extended configuration that we discuss in th
next section.

The conformational properties of the extended state for &,
E=E_. can be derived by using scaling arguments. We have dlp= a dn. (29
to modify an approach going back to Pingl&f. also Ref.
21), which we shortly recall here. Pincus considered a single  In order to simplify the calculations and to get a clearer
chain under traction where the forcEsand —F are applied picture we use in the following a preaveraged charge distri-
to the ends. Then the elongatidl of the chain may be bution. For a homogeneous random distribution of charges

written as along the chain the correlation between sites is givelf by
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4254 H. Schiessel and A. Blumen: Instabilities of polyampholytes

Pincus blobs have nearly the same size, namely
& E EnyN~YA° [cf. Eq. (27) and Fig. 3. The shape in Fig. 2

can now be compared with the typical conformation of a
&\mﬁ\vewmvmﬁ'ﬁf‘ﬁ

tethered chain in a strong flof®. There the forcegblob
NG N TISN AR
NS A o)

sizeg decreasdincrease from the grafted site to the free
o l—v/(1+v)

I end, so that the chain attains a trumpetlike shape. Our preav-
eraged PA shape is similar, having, however, two trumpet-

i) like ends.

o<(L-1) To obtain the end-to-end distance we have to set in Eq.

(28) n=N and find

FIG. 2. Equilibrium conformation of polyampholytes in an external field for 1
a weak coupling between the charges. The PA shape for a preaveraged | =g dX[X(l—X)](l_")/(ZV)
charge distribution is depicte@ee the text for details 0

T (1+v)/(2
i vien) a0
qu, for i=j, I'[(1+v)/v]
(9i9;)= q*f for i (26) [cf. (43.13.1 of Ref. 27 for the evaluation of the integial
T N=1’ ori#], i.e., explicitly
where the brackets denote averages with respect to the real- \/qub )
izations of theq,. From Eq.(26) we find for the mean bN ——=—, in a ¢ solvent,
squared cumulative charge variat.ﬂ@ﬁ)zqun(l—n/N.). L~ JTNQED| 23 (39
We use in the followingd,=(Q?Z) instead ofQ,,. Now, in —F | » ina good solvent.

this preaveraged picture the sizes of the Pincus blobs obey
For the # case we hence recover with E1) (up to a
&= T 27) numerical constaitan exact result for Gaussian chains that
Jfn(1—n/N)qE’ we have calculated recentty*’ The excluded volume chain
. . . . shows a similar nonlinear response, as in the case of a uni-
i.e., we have a series of blobs whose sizes increase towaﬂ;rm deformation, Eq(24); one has simply to replade by
both end<cf. Fig. 2). Inserting then dependence of the blob Ve f ' fthe c;rdefm E The deformation un-
size, Eq.(27) into Eq. (25), and integrating from 0 to, we an effective orce ot in NgE. .
find for the position of theth monomer der strqng stretching in the middle part of thg chaln already
determines the overall size of the PA: Setting in E2P)
| = n/Nd (1= )/(20) m= N one finds the sami dependence as fdrin Eq. (31).
"Z'BL X X(1=x)] Clearly, all the results given above are only valid in the case
of strong deformations, i.e., when the sizes of most Pincus
blobs become smaller than the unperturbed size of the PA,
i.e., using the smallest blob as reference, wijgp<bN”.
This translates into the following condition f&:

(28

1+v . 1+v n
2v ' 2v '’ N)’
with 8 = bY(JfqE/T)(A~»/*N1+»)/(2") andB being the in-
complete beta functiofcf. Eq.(58.3.1 of Ref. 27]. Consider
now the deformation around one of the chain’s ends. Since E> Elzm- (32
the situation is symmetric with respect to the middle of the q
chain it is sufficient to consider the end that contains the Let us now consider the role of the electrostatic interac-
monomerk=1. From Eq.(28) follows that|,cn®*"/(2")  tions between the charges. The critical electrical fEldcf.
for n<N, a result that can also be found analytically for theEq. (22)], which is necessary to induce a breakup of the
Gaussian chaiiv=1/2).?* Note that here the deformation is globule, is strong enough to fulfill conditiof32), since
independent oN since only the local charge distributiap ~ E/E;~(R/rp)(bN*/rp) is obviously much larger than
(or Q,) with k=1,... n affects the deformation at the chain’s unity. The blob picture given above remains unchanged for
end. Thus, to the left of Fig. 2 the blob sizes increase withPincus blobs withé,<rp. For such blobs the electrostatic
decreasing asé&,,<n(l)”Y2|~"1*") as indicated in the energy, Eq(1), is smaller tharT so that the interaction be-
figure; the exponent equalss for a swollen chain and-3  tween the charged monomers is only a small perturbation.
for an ideal chain. The scaling behavior in the middle of theFor £,>r each Debye blob inside the Pincus blob contrib-
chain is different: From Eq(28) one finds for a subchain utes an electrostatic free energy of the ordlelso that one
comprisingm monomers N<<N) has roughlyT(&,/rp)® for the electrostatic energy of the
- N2 (29 whole Pincus blob. The Pincus blob of sigg consists of a
N/2 IN/2=m ’ condensed set of closely packed Debye blaimndensate
which is due to the typical charge fluctuations of both halvessimilar to the unperturbed situation discussed in Sec. Il
of the chain, a result that also follows from more general In the preaveraged picture where the blob sizes are given
considerationé® Hence, in the central part of the chain the by Eq.(27) the larger Pincus blobs are located at the ends of
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the chain. These are now candidates to become condensates/Nfl;. On the other hand, in the strong coupling case,
of Debye blobs. Consider the half-chain containing the bead| ,<b<N?f|, the forces necessary to induce a breakup of
with n=1. Here any given monomer may belong to a the structure are so strong that one is f=E, already
condensate as long &>rp, i.e., as long an<n; with beyond the Pincus regime.
ny(E) = [T/(VFgErp)]?. This means, however, thatalready ~ The instability atE=E, may be first order. Here we
after the breakup of the PA fdE=E; only a very small want to discuss similarities and differences of our problem to
amount of the material is still found in such condensatesa related situation where such a transition may be found: the
since 2y (E)/N~rg/R*<1 holds. Thus, Eq(31) is also in  deformation of a collapsed polymer in a poor solvent, which
the case of a strong coupling of charges a good approximawas studied by Halperin and ZhuliRdSimilar to our case
tion for L. the response of the polymer for weak deformatidyis is

For a given realizatiofiq,} of the charge distribution the  controlled by the surface tension so that the restoring férce
extended conformation may deviate from this “typical” pic- depends linearly o L: foAL; this parallels Eq(19) in the
ture. Instead of the preaveraged equat@n), the size of the  pA problem. On the other hand, for strong deformations the
Pincus blob around thenth monomer is given by chain breaks up in a series of equally sizétea) Pincus
£=T/(Q,E). Thus, there may occur condensates of blobsy|obs resulting again in a linear relationstipAL; this cor-
along the chain at the positiomsfor which £,>rp. Espe-  responds in our problem to E¢31) (6 solven). For inter-
cially, if the cumulative charge variab@,, changes its sign  mediate deformations Halperin and Zhulina find from a scal-
at the monomer position, then one has around=n, a  ing analysis of a hypothetical cylindrical phase &L( /2
condensate. A further effect that occurs at such changes @fependence of, i.e., they have a van der Waals loop in the
sign is that the external force acting on the segments beforgr AL) diagram, which is reminiscent of a first-order transi-
and beyondn, changes its direction so that the PA may tion. Using the Maxwell equal area constructidthey pos-
become folded. tulate that in this regimeéo(AL)° and interpret this as a

We note here that there are other systems in whichegion where strings and globules coexifir instance, a
strings and globules coexist: Especially polymers that argadpole configuration
charged as a whole may take the form of necklaces; these |n our case, however, a PA globule behaves differently
may be ordered for uniformly charged polyelectrolyfesr  under a slowly increasing field; this is due to the fact that the
disordered for random PAs with an excess ch#@geQ..">  field strengthEp, that is necessary to unravel the PA globule
A coil-globule coexistence may also occur when a collapseghy pulling a Debye blob out of the condensate in order to
polymer in a poor solvent is deformdtlide infraand Ref.  generate a stringis muchhigher than the critical valug,

29). [cf. Eq. (22)]: Ep is given by VfgpqEprp =~ T, and thus
Note that due to Eq(31) one has a rather pronounced g /E_~(N/gp)¥%rp/R>1. Here the globule does not in-
stretching of the PA with. «N*"/(")_Due to their finite  crease its size through discharging Debye blobs, but by a

extensibility real PAs will show a crossover from this regime sydden breakup #=E.<E. This is different from the
to stretched configurations where the bonds are directed pagituation in Ref. 29 and it is due to the characteristic way in
allel or antiparallel to the external field. In the preaveragedyhich the PA is coupled to the external field: The force
piCtUre the onset of this effect is predicted to occur in theacting on a portion of the chain Containi@ monomers
middle of the chain whe#y;,~b, so that there the Pincus- scales typically withg'? so that small parts of the chain
blob picture breaks down. This means that the field strengtirefer to remain in the condensate. Thus the surface tension
E, with controls the scenarignecklace forming until a relatively
high field E=E, is reached, at which the PA changes
E,= T (33 abruptly its state. We note that the surface-controlled sce-
JVENgb nario may be circumvented when the procedure is inverted,
i.e., when one starts from the highly extended state and then

?I]Eaiké )thaen dbct);deerrebier;v;egP si?;CEgécﬁa:ﬁgggﬁﬁ L?‘rii)tionsdecreases the field strength moderately. Then the PA may
(E>E§) In Ref lnge have modeled the PA asga freelypass through coil-globule statésysteresis effe¢t Being

Lo . beyond the scope of this paper this effect deserves further
jointed chain and found investigation.
bZNZ

L2 3 (34)

IV. CONCLUSION

for the mean-squared end-to-end distance of the stretched In summary, we have considered the deformation of
chain configuration. Note that? is a third of the length of neutral polyampholytes in external electrical fields in the
the fully stretched rodlike chair,?=b?N?. This is due to case of a strong coupling of the charges. Without external
random, zig—zag configurations that occur for certain chargeerturbations a neutral PA forms a spherical globule. In
configurations, as discussed above. In our problem the Pirsmall external fields the surface free energy dominates the
cus regime, Eq(31), occurs only wherE.<E,, i.e., when PA’s response and the PA assumes a dumbbell-like shape.
b> N‘stB with 6=3 (good solvent or =% (6 solven). To-  When the field strength exceeds a critical value the external
gether with condition (4) this means thatN°flg<b  perturbation overcomes the surface tension so that the PA
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