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Molecular dynamics of strongly coupled multichain Coulomb polymers
in pure and salt-added Langevin fluids
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The multichain effect and also the effect of added salt on randomly copolymerized charged
polymers(polyampholytes in a Langevin fluid are studied with the use of molecular dynamics
simulations. The monomers of opposite signs tend to form loose complexes, which makes the
Coulomb force attractive on average. With multichain polyampholytes, the typical state at high
temperature is a container-bound one-phase state of separated chains with a substantial void among
them. The association and dissociation processes occur repeatedly, with the former process a few
times faster than the latter. A glass transition occurs when temperature is lowered. A compact and
glassy globule in a segregated phase, which resembles that of a single-chain polyampholyte, is a
typical state at low temperature due to the Coulomb force. The probability of losing this state is as
low as Pgs~exp(—N°?), with N the number of monomers. The critical temperature defined by
overlapping of the chains increases with molecular weight and stiffness of the chains, and is less
sensitive to the number of the chains. An alternate charge sequence makes a difference only when
its block size is quite small. The addition of salt suppresses the formation of a dense globule by
shielding the electric field; however, this is not effective when the salt ions are not allowed to
penetrate well into the globule. @999 American Institute of Physid$§0021-960609)51316-(

I. INTRODUCTION composition i.e., how many positively and negatively
charged monomers are there in the chain. As with other het-
Electrically charged polymers are interesting researcleropolymers, more delicate properties are determined by the
objects in physics and chemistry. They combine the nature ofpecificsequencén which positive and negative monomers
a strongly coupled Coulomb system at room temperature dugre connected one after another in the chain. Furthermore,
to microscopic scales on the Angstrom range with the pecuthis sequence may b@nnealedor quencheddepending on
liarities of the chainlike molecular structure. These polymershe pK (ionization potentigl of the monomers involved and
have a wide variety of industrial applications due to liquid- on the pH in solution. An early study of polyampholytes was
like plasticity and good solubility with respect to pure water concerned mostly with the annealed ones, in analogy with
and salt aqueous solutiohdn daily life, charged polymers proteins whose ionic characteristics depend on pH due to the
are often encountered in the form of gels. In biological or-presence of both acidic and basic componéRecent stud-
ganisms they are also numerous, including profeamgl as ies have mostly been related to the quenched polyampholytes
nucleic acids of DNA and RNA. whose characteristics are independent of pH since their
Charged polymers are classified into two large groupscharge sequences are predetermined by synthesis chemistry.
called polyelectrolytesand polyampholytesThe former type In a series of experimental work$;” special emphasis was
of polymer has a backbone that consists of monomers of onglaced on the conformation and solubility of polyampholytes
charge sigriapart from interleaving neutral monomgrshis  with respect to water and salt agqueous solutions.
type, which is usually accompanied in solution by neutraliz-  Recent experimental activity in the field of polyam-
ing counterions, is widely utilized as industrial materials. pholytes was accompanied by the series of theoretical works.
DNA and RNA molecules in the living cells are also of that It was pointed out in the wofkthat the Debye-Fikkel at-
type. Polyampholytes, on the other hand, are the polymergaction effect between charge density fluctuations should ex-
that are composed of both positively and negatively charge@t and lead to compaction of typical quenched polyam-
monomer$. Importantly, polyampholytes aréeteropoly- pholytes. This effect appears unusually sensitive to the
mers and the combination of attraction and repulsion long-overall charge of the chain, as it was shown first by Kantor
range Coulomb forces creates multiple frustratioi@bvi-  and Kardar® Specifically, a spherical globule is formed when
ously, properties of polyampholytes depend on overalthe chain is neutral, but it becomes elongated or even adopts
the necklace shape, when charge offset becomes of order or

dpermanent address: Institute of Biochemical Physics, Russian Academy greater than/ﬁ’ N being the_numper (_)f ch_arg_ed mqnomers-
Sciences, Moscow 117977, Russia. The most complete work in this directibhinvestigated
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shape and stability of the polyampholyte globule in terms ofll. THE EQUATIONS OF MOTION

a simple Flory theory. Recently, the multichain effect and the In the molecular dynamics simulations of this paper, the
phase equilibrium in pure water and salt-added solution wergition and velocity of the monomers evolve in time follow-

only to an exponentially dilute solution of polyampholytes. d kT
Vi B

Obviously, all the _works deal wit_h. those properties of mHZFLR(ri)— 5 (20— Ty 1= Ti_1)
polyampholytes which are composition-dependent, but se- a

guence insensitive. An attempt to look into sequence specific +Fpp— vmy; (1)
properties was undertaken in the work by Paetlal!?
Numerically, single-chain polyampholytes were first %:V_ @)

studied by a Monte Carlo simulation with the use of the  dt '

lattice modef and a few years later by a molecular dynamicsHere, r; and v; are the position and velocity of theth
(MD) simulation of the nonlattice typ’éln the former, the monomer (:1~N)’ respective|ym is the monomer mass,
effects of unbalanced charge and temperature were examingtkthe temperaturey the normalization lengttwhich is close
and found to be in reasonable agreement with the singlein value to the bond length of the monomer paiendv the
chain theory. The latter study, which examined the dynamifriction constant. The Coulomb fordg g, which is an elec-
cal process and equilibrium properties, was the first to showrostatic long-range force, is obtained by summing over all
the existence of a dense globular state at low temperatuf®e possible monomer pairs,

under the nonlattice model. It also demonstrated a hysteresis 2,2,
that the volume(i.e., the gyration radiysof the polyam- FLR(ri):; m?ij, ©)
il

pholyte undergoes when the temperature changes slowly.

This is the result of cooperation between the Coulomb andvhereZ; is a charge stateZ{=*1), € the electrical permit-
short-range attraction forces. The effect of an applied electriVity, andF;; a unit vector along the liner(—r;). In Eq.(1),

field on the stretching properties of polyampholytes was? harmonic spring force of entropic nature is adopted to ac-

studied quite recently with a MD simulatibh(note that this  count for the connection of two adjacent monomers. The
effect is sequence specific thermal forceF,;, that exerts random kicks on the monomers

is generated with the use of random numbers with a Gauss-

Owing to these experimental and theoretical studies, OUn distribution in each time step. The strength of the thermal

understandlng_ of pquampholyt«_as_ has grea_ltly advaﬁce(i(icks is controlled in such a way that the average kinetic
From a numerical point of view, it is worthwhile extending energy of the monomer equals R4T, in balance with the
the research from single-chain to multichain cases in order tg,omentum absorption by the imm(;bile solv&htEnergy

know precisely how the results for the single-chain polyam-pits are hereafter used in which the temperafustands for
pholytes are related to the case of multichainkBT, with kg the Boltzmann constant.

polyampholytes; which is the usual case for experiments |t should be noted that, with the use of normalized vari-

with aqueous solutions. Specifically, we are interested in thables(with tildes),

dynamics of chain association and dissociation, stability of

collapsed complexes, and occurrence of a glass transition.

Other interesting points are to quantify the precise effect othe set of equations, Eq&l)—(3), are written explicitly by

charge sequence, molecular weight, and that of added salt aneans of two nondimensional parameters,

the properties of the polyampholytes. The present paper is

devoted to numerical studies of these issues of isolatea- i _ Fr(Ti)— i(z*r. T —Ti_)+Fn—&, (5)
LR\E anT i i+1 i—1 th i

r=af, v=awoy¥, t=o,'T, (4)

tainer bound polyampholytes by means of molecular dy- dt
namics simulations. Further study of multichain polyam-

pholytes in the periodic system is described in a separate
papet® with the use of the Ewald sum meth&d’ d

In this study, we adopt model polyampholytes that are h the electrostati i Bnte?/ caT and
comprised of various numbers of equal length chains, eac/ ee?r?cg; anesgcn%of a/|c Co;ﬂg:g COE‘? 4#':? eg? m??’z
of which contains between 16 and 64 charged monomers. — V9, @p~ \FTToE €

. 15 the plasma frequency withy~1/2a" 3 an averagéposi-
These are the randomly copolymerized polyampholytesﬂve) charge density. If we assume the £iHonomer in pure

whose charge sequences are randomized across the chaing,\pé/ter and at room temperature, i.e~80 anda~2 A, the

shuffling the already charge-assigned monomers. We imposg,,jomb energy prevails over thermal enerfy; 3.5, and

the condition that the sum of all the charges of the polyam-wpwgﬁ>< 10251 (wglwo_l ps). Each monomer has a
pholyte is null.(Counterions are not introduced, except for rigid sphere that the other monomer cannot penetrate into; it

salt ions in Sec. IV.In addition to the polyampholytes made s elastically reflected upon entering the distance called the
of random copolymerization, we also performed a series oéxclusion radius.,. The stiffness of the chains in our simu-
runs with alternate sequences in order to delineate the influation yields v/a®= (/6)(a.y/a)~0.004-0.065 for a,
ence of the sequences. These results are described in Sec. H0.2a—0.53, where v=(4/3)(a./2)? is the exclusion

=

1 ZiZ;
=V, FR)=-—2 ——=h. (6)
4 ] |ri_rj|

|

—
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FIG. 2. Time history of various quantities for the polyampholyte depicted in
Fig. 1: the average elastic energy per monoigy,, the Coulomb energy
per monomer normalized by the base thermal endrgy/T,, the average
bond length of connected monomeks(®, the system gyration radius in-
cluding all the monomer&g ¢, the average gyration radius of the chains
Ry1, and thex-component velocity/, of an individual monomer.

chain is not neutral, having typically a charge of order
+eyNy, whereN; is the number of monomers on a chain.

lll. MULTICHAIN POLYAMPHOLYTES IN PURE
SOLVENTS

A. Time evolution of multichain polyampholytes

A typical time evolution of a multichain polyampholyte
is shown by the bird’s-eye view snapshots of Fig. 1. Here,
the polyampholyte is composed of eight flexible chains of
FIG. 1. Time evolution of a randomly copolymerized multichain polyam- 32-mers Wlth an exclusion ra‘?“us at=0.5a. The tem-
pholyte composed of eight 32-mer chains, for temperalufg,=1/2, at  Perature isT/To=1/2, whereT, is the base temperature for
times(a) wpt=0, (b) w,t=300, and(c) w,t=600. The monomers are con- which the coupling constant becomes unity, i.dlg
fined in a spheri(;gl domain of _radilR= 2la. The +_and. show the _=e2/eaT0:1. The initial configuration of a small droplet
gz?uc;moirtshgfnagz|3x1ee?ir;d ?:eg..ast;\fe charges, respectively, and the echusm&pandS to the separated chains in Figp) hfter a timereq

« ~300w,*. There is a large void among the chains. The
relative positions of the chains continue to fluctuate due to
volume of the monomer. The chosen stiffness well represent@ndom thermal kicks in the Langevin fluid. Some of the
those values obtained by laboratory experiments, a3 chains remain entangled for a period of time and then are
<0.2 for most flexible monomers, and/a®~0.003 for ~Separated for another period of time, as seen in Figs.ahd
double helix DNA®8 1(c). The above relaxation time corresponds-gg~ 30 ps for

Other parameters that control the properties of polyamthe CH monomer in pure watere(=80).
pholytes are the charge sequences, the molecular weight, and Figure 2 shows the time history of several quantities for
the number of chains that comprise the polyampholytesthe run depicted in Fig. 1. The average spring energy per
These parameters are systematically changed in the simulElonomer,Wg,=(3T/2a%)((Ar(?)?), in the top-left panel
tion runs in Secs. Ill and IV. The step of time integration is 2djusts itself and levels off to the equilibrium value B/2
At=0.01w';l, which is adequate to resolve the fastest mo_vv_hich_ _equals the average kinetic energy. This manifests eq-
tions. The standard parametegg=0.5a and»=0.030,, are uipartition of the oscillation energy. The middle-left panel

used unless otherwise specified. shows the Coulomb energy per monomégg, normalized
In the following sections, we deal with the multichain by the base thermal energy, defined as
polyampholytes that are confined within a spherical shell of 1 Zizje2
radiusR=21a, which is filled with a Langevin fluid(Refer q)ES:N E 2o (7)
ioj>i i j

to Ref. 15 for multichain polyampholytes in the periodic sys-
tem) The monomers hitting the boundary surface are reA large change in the Coulomb energy takes place in the
flected elastically, but the electric field is not distorted thereinitial transient stage because local charge rearrangement oc-
Except for the alternate sequences in Sec. lll, the polyameurs for which the deviatiomCDES~e2/erij is relatively
pholytes used in the following sections consist of randomlylarge. Subsequent changes are due to the global relaxation of
copolymerized quenched chains of six 32-mers, with thehe conformations, which are inversely proportional to the
constraint of overall charge neutrality. Thus, an individualsize of the polyampholyte and small in magnitude. The bond
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length between the connected monomars® remains al-
most constant although they are loosely connected by har-
monic springs.

The top-right panel depicts thgystemgyration radius
Rg,sys that includes all the monomers of the polyampholyte,
and the middle-right panel shows the average of the gyration
radii of the chaingxy, . These radii are defined, respectively,
as

1 N 1/2
Rg,sys:(ﬁ le (rj_<r>)2> , 8
1 NN , 1/2
Ra=f 2, | ;2 ()7 ©

whereN is the number of all the monomers, ahd is the
number of chains, i.eN=192, N.=6, andN,;=32. As ear-

lier noted, individual chains have a small net charge under X
random copolymerization. The system gyration radius in- Y
creases toR; qs-12a on the time scalery~ 300w, t
. . ' . . Z
which is the value allowed for a system whose radius is (c)

limited to R=21a. The diffusion speed of the chains can be
deduced by gr=dR; s,s/dt. It becomes~0.12aw, in the
early timet<50w;1, which is about one third that of the
thermal speed ,= (3/4#T")Y? (I'=T,/T). Except for this
early stage, the diffusion speedVg;;~0.02aw, on average,
which is about 5% that of the thermal speed. X

As stated above, the slow changes in the Coulomb en-
ergy and the system gyration radius occur simultaneously.

On the other hand, the average gyration radius of the chairfdG. 3. Typical relaxed conformations of eight 32-mer polyampholyte at
oscillates around the valugy,~4a. The velocityV, of an ~ ©@st=600, for temperaturesa) T/To=1, (b) T/To=1/4, and(c) T/To
N . . s =1/8. A gradual morphological change occurs from the one-phase state
|nd|_\/|dqal monomer eXhlbl_tS_ amplltUde OS_C”IatlonS WhoseWith separated chains @) to the segregated phase with a collapsed and
period is longer than the friction time~ 1. This should cor-  dense globule ofc) aroundT/To~0.3. The monomers are confined in a
respond to large structure fluctuations of the polyampholytespherical domain of radiu= 21a, and the exclusion radius of the mono-
since fast oscillations without energy sustainment arener isac=0.5a.

damped and wiped out in a Langevin fluid.

The temperature variation of the typical relaxed confor-
mations of the multichain polyampholyte is shown in Fig. 3
for three temperaturesa) T/Ty=1, (b) T/Ty=1/4, and(c)
T/T,=1/8. All the plots are drawn on the same scale, with

Y

We note here that freezing is much easier to achieve on
the lattice than in any off-lattice systems. The final state of
the folding process with the use of the lattice mod a

. . . small size appears to be well defined due to such quantiza-
the size of the negative monome(doty prorated. At high tion that the energy gap between adjacent levels near the

temperature, €., cada), the polyampholyte_ |s_made up of energy minimum is set a little too large to allow for thermal
elongated coils whose mass centers distribute homoger

. - : i luctuations. In this regard, off-lattice models like molecular
neously in the finite domain. As the temperature is lowere ynamic simulations have obvious advantages compared to
o that .Of casdb), therc_a occurs a change from a Pne'phasqa_ttice models to study a thermally fluctuating state adopted
staFe W'th sca.ttered (.:O'IS to a segregated pha_se with globulesy the chains. On the other hand, the very concept of freez-
their life in pairs is still short and mostly theyI|\_/e separately.ing needs careful formulation and definition for any off-
When the temperature is further lowered as in d@sethe lattice systems
chains form a compact globule that cannot be distinguishecfjl '
from the one consisting of a single continuous chain. NoteB
that the globule keeps a spherical shape having a nearly fixed
radius and a distinct surface, with not a single monomer  Figure 4 highlights the effect of the Coulomb force by
straying outside. As will be mentioned later, the monomerdisplaying side by side the results for charged and non-
in a compact globule of Fig.(8) continue to vibrate under charged polymers. Each data point in the fig(aed also in
thermal agitations from surrounding medium. These evithe following figures with the same format, viz., Figs. 5-8,
dences indicate that the compact globule is inglassstate, 11 and 12 is an average over 20 independent runs with
which is virtually a natural state of the low temperature polyampholytes of different charge sequen¢esdom but
polyampholyte® irrespective of the boundary conditions of overall charge neutralijyand initial conformations. In panels
the domain. (8 and(b) of Fig. 4, the system and average gyration radii

Statistical properties of multichain polyampholytes
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TABLE I. Top: The fraction of spatially nearest monomer pairs having

TTTTT T T T TTTTIT
e o 0 o ) § [} (a) equal-sign charge&enoted by+ +/——) and opposite sign charges-(
10! = 3 § 3 —/—+), and the average distande between such pairs, for randomly
S C § 3 copolymerized multichain polyampholytésix 32-mer$ of overall charge
% C 5 $ _ neutrality. Bottom: The fraction of equal/opposite-sign monomers, and the
Q:“ - - average number of monomers that are located within a sphere of radius
o ® Non-charged Ar<1l.5a.
O Charged polymer
00 b1 TITy (++/—=) (+—/—+) Ar""D ArtF7) N(Ar<1.5a)
TTTTIT T T T TTTTIT (b)
S0 7 1.00 47% 53% 1.67 1.61
R EE: g 0.50 44% 56% 171 149
3 - 53 . 0.25 36% 64% 146 124
= 0.125 31% 69% 124 097
1.00 44% 56% 1.15
0.50 41% 59% 1.19
1.0 NN | [ R 025 40% 60% 183
" TTTTT T T T T TTTTT (C) 0.125 43% 57% 3.40
2 L _
$ %
AT W - .
T~ = § =
i~ - ceed b i 7
<, - N ture defined by the conditiofi=1 is T, /T,~0.17 for the
= O e mer . standard parameters. This coincides with the observed tem-
10-1 b L1111 perature in the molecular dynamics simulations at which the
0.1 10 one-phase statéseparated chaihgeplaces the segregated
T/Ty phasgglobulg. On the other hand, the noncharged polymers

FIG. 4. Effect of the Coulomb force on structure formation of polyam- are soluble{<1, for the entire temperature range shown in
pholytes, as seen in differences between the noncharged polymers afibe figure. These features are consistent with the theory of
charged polymers of random copolymerization. The polymers are composeghyltichain ponamphonte%l.
of six 32-mers, and the panels shaa the system gyration radiugy, sy The attractive nature of the Coulomb force for polyam-
including all the monomergb) the average gyration radius of the chains . .
Rg1, and(c) the filling indexNE Ry, /Ry s s Which indicates chain overlap- pholytes is alsg f?“”d In Tat?|e I'. At low temper'atuTbTo
ping, whereN, is the number of chains. <1/4, the possibility of opposite-sign charges being the near-
est monomer pairgnot necessarily the connected monomer
pairg is significantly larger than that of equal-sign charges.
are shown, respectively, as functions of temperature. Heréjlso, the distance between monomers of opposite-sign
the polymers are comprised of six 32-mers. For the noneharges is smaller than that with equal-sign charges, which
charged polymers, neither of the two gyration reljis,sor  implies the formation of loose complexes of positive and
Ry1 depends on temperature. Insensitivity of the gyrationnegative monomers. At high temperaturél,=1, the dif-
radii of individual chains on temperature is expected for theference between the charge pairs is small, which is consistent
entropic elasticity adopted in E¢l). The charged polymers with the similarity of charged and noncharged polymers at a
here are quenched polyampholytes of random copolymerizasimilar temperature shown in Fig. 4. When we look at a
tion, for which deviations from the noncharged polymers aresphere of radius 1&bcentered on a monomer, the average
evident in the low temperature reginf®®To<1 where the number of surrounding monomers having different sign
Coulomb energy much exceeds the thermal energy. An erratharges is always larger than that with equal-sign charges, as
bar shows the extent in which 60% of the data points existshown in the bottom part of Table I.
On the other hand, differences are small at high temperature. Figure 5 shows the effect of chain stiffness on the size of
The figure clearly shows that the Coulomb force is attractivgpolyampholytes. The size of a flexible polyampholyte is al-
on average for randomly copolymerized polyampholytesways larger than that of a stiff one at a given temperature,
(Qualitatively similar results are found also in the periodicexcept at high temperature where the system gyration radius
systemt’) approaches the limit set by the domain size. The system gy-
Figure 4c) depictsthe filling indexthat indicates the ration radius is an increasing function of temperature:
degree of chain overlapping or entanglement, defined as Ry ¢, T%" for flexible chains, andRyq,ecTH* for stiff
(=N¥R_, /R (10) chains. These_(_jependences for multichain polyamph_olytes
¢ TgliTg,syst are more sensitive than the scahl?igoch’3 for single-chain
The criterion that the polyampholyte resides in a segregatepolyampholytes? This is attributed to the growth of a large
phase and is non-soluble with respect to the solvent is givemoid space among the chains.
by the condition= 1. This corresponds to close overlapping As the multichain effect of polyampholytes preferen-
of the chains and the network formation. In the oppositetially affects their global size, the filling index for the stiff
condition,< 1, the polyampholyte is considered to be trans-chains becomes larger than that for the flexible chains. The
parent for the light scattering experiments and soluble to theritical temperature for chain overlapping to occur shifts
solvent. The filling index for the polyampholyte in Figic4  from T, /Ty~0.17 for the flexible chains td, /Ty~0.33
is larger than unity at low temperature. The critical temperafor the stiff chains.
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T UL (a) proportional to the gyration radiuRy, in the one-phase
10! | e®e0® state. The contribution of the global conformationdg is
3 o e ° 3 small, but is nevertheless decisive for the large-scale struc-
2 C . o° ] ture formation.
8 T 6 o O 7 Very interestingly, the slope of the curve of the Coulomb
i o Llenible Chains energy in Fig. 6a) changes suddenly aroufdT,~0.18 for
10° Looin Lo the polyampholytes of flexible chains, and aroumdr,
o [T T () ~0.30 for t_hose of stiff chains. This leads to a jump i_n t_he
L ) ee® - hee_lt capacityCqo = dPes/dT at those t_e_mperatures, _|nd|-_
3 BN e®,°° | cating occurrence of a phase transition for multichain
ng, 6060 ° polyampholytes. This transition, which is considered to be a
B 7 glass transitionoccurs at the temperatufg where the mor-
phological change between the one-phase state and the seg-
10 Ll v regated phase takes place.
. _| TTTT T T T T TTTIT ] (C) The phase transition is also identified in FigbﬁWhiCh
E ; g S\O\n shows the time deviation of the monomer distance,
& 10 2 ‘.\.:Q\ § >
ceg’ E *2_9'—8 E A”:mzl Jz>| 5r|]/<r”> (11)
Z - & Eexible Chains n Here, or;; is the time deviation of the monomer distange
10-t L [ AT between thei-th and j-th monomers. The summation is
01 /T 10 made over all possible pairs betwedmmonomers. The ratio
0

decreases gradually as the temperature increases or is rather
FIG. 5. Effect of chain stiffness, for six 32-mer polyampholytes of random Con§tant at low temperatu"é—v/To'S 0-18' for the flexible
copolymerization. The flexible chains consist of monomers with exclusionchains, andT/T,<0.30 for the stiff chains. We note that
radiusacy=0.5a, and the stiff ones hava,,=0.2a. The panels showa)  these coincide with the transition temperatiiig, which is
the system gyration radiuRy 4, (b) the average gyration radius of the defined by§=l in Fig. 5c), and that of the electrostatic
chainsRy,, and(c) the filling indexNY*Ry; /Ry oys- L2 !

’ energy in Fig. 63). The chains form a globule belol, as
inferred from Fig. ¥c), but the deviatiordr;; is appreciable

The Coulomb energy per monomer defined by &gis (20.%_30% in.comparison. W.ith the average distang).
depicted in Fig. 6) as a function of temperature. By com- Th|s feature is characterlst_|c of th.e glass phase. At the
parison of Figs. 5 and 6, the Coulomb energy is found to bémd_dle temperature, t.he. ratia; begms.to d_ecregse more
inversely proportional to an average of the gyration radii of@pidly due to dissociation of .the cha|_ns, ie., .|nflat|on of
individual chains,CDESocRgll. This is quite understandable polyampholytgs. Then, thg ratio turns into an increase for
since the major contribution to the Coulomb energy ariseé”TO?o'%’ since the deviation of the distande; grows

from the adjacent monomer pairs whose distance is nearl ue to thermal motion. For stiff chains, similar changes are
een where everything shifts to the higher temperature side.

10 " I;' CorrTT (a) C. The effect of alternate sequences

E  970-0—0 3
= e, ° O 3 It is predicted that a polyampholyte comprised of chains
= C '\o\.\c’\o ] of alternate sequences has less of a tendency to make neutral
_e‘j - ha I complexes, and thus is more easily soluble in w&ktéFo

1072 |- & Elexible chains examine such effects with alternate sequences, a series of

i Lol molecular dynamics simulations are performed, in which
each of the six 32-mer chains is composed of alternating

08 prom T () blocks of positively and negatively charged monomers. The
N - 079 %0~ . length of the blockthe number of monomers in a blgcis
\'&; —e_, \o\ - taken to be one, two, and then four.
.y IS Figure 7 shows that polyampholytes of complete alter-
g 0.1 | - nating sequence with a block length of unity—+—..)
- ] have a larger system gyration radius than those with a block
0.05 L1l '(']fl E— "1'.'0 length two and four in the Coulomb phase, for whithr
T/T) <0.4 for the flexible polyampholytefcf. Fig. 4@]. For

chains with large block lengths, we find complexes of posi-

FIG. 6. (@) Coulomb lized by the base th tive and negative blocks. The gyration radius for the alter-

- 6. (3) Coulomb energy per monomer normalized by the base thermal, 1o gaquence with a block length four is already close to
energy®gs/T, defined by Eq(7); (b) deviation of the monomer distances : . .
or;; normalized by the average monomer distaigg), for the flexible and that for the randomly copolymerized sequence described in
stiff chains in Fig. 5. Sec. |l B.
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FIG. 7. Dependence on charge sequences, depicted by three series of runsG . .
in which each of the six 32-mer chains has block size of equal-sign charge§!/G: 8- (@) Effect of the domain sizéboundary conditionon randomly
of one, two, and then four. The panels sh@kthe system gyration radius  cOPolymerized multichain polyampholytésix 32-mers, for the case with

Rg,sysv (b) the average gyration radius of the ChaRbi, and (c) the filling infinite volume and the case with finite Vqlume Of a sphere of ratus
index NéBRgl/Rg e =2la. The panels shoue) the system gyration radilg, ., (b) the aver-

age gyration radius of the chainRy;,, and (c) the filling index
NZ®*Ry1 /Ry sys. The lower two dots all/T;<0.2 for the infinite volume

. . o . case of panela) are stationary, while the higher two dots increase steadily
The average of the gyration radii of individual chains in time.

Rgy1 in Fig. 7(b) depends on the sequence, which is reduced

as the block size of one charge-sign becomes large in the

Coulomb phase. The filling indeg= N(l:/BRglle,sysin Fig. These results are not strange, since the globule obtained
7(c) becomes large as the block length increases from one tl@ the low temperature regime has a distinct surface without
four. Quite remarkably, in terms of the filling index, a any monomers straying outside of the globule, irrespectively
polyampholyte with alternate sequence of block length fourof the boundary conditions of the domain. This point is fur-
behaves just like one synthesized by random copolymerizgher confirmed by special long runs that continue up to 30
tion. Thus, the charge sequence affects polyampholyte propelaxation times, 15008, ", of the six 32-mer polyam-

erties significantly only if it is completely alternate. pholyte chains. The time history of the system gyration ra-
dius is shown in Fig. 9 for the temperaturgs T/Ty=1/2,

(b) T/ITg=1/4, and(c) T/Ty=1/8. The domain is limited by
a spherical wall of radiuR=21a except for the run in Fig.
The diffusion of polyampholyte chains at high tempera-9(d), for which the domain is infinite. Initial conformations
ture is blocked if the computational domain is surrounded byof highly stretched threads of randomly copolymerized
a boundary wall. This is a usual situation for polyampholyteschains with overall charge neutrality are purposely chosen, to
in a solution. On the other hand, it is physically an interest-avoid artificial trapping of the conformations in a small vol-
ing question whether the globular state at low temperatur@me.
requires a closed domain of finite volume. The conformations for the medium temperaturesr
Figure 8 compares runs with finite and infinite domains.=1/2 and 1/4, shown in Figs.(& and 9b), are the wall-
The polyampholytes here are again composed of six 32-mertabilized ones in which the monomers are reflected inward
of random copolymerizatiofoverall charge neutralijyand by the elastic wall. Without the wall, infinite diffusion of
each data point is obtained by averaging 20 independent rumsonomers takes place, and a bound state is not obtained for
with different random sequences and initial conformationsthese temperatures. We see repetition of the dissociation and
For polyampholytes in an infinite voluniélled circles, the  association processes of the chains, starting-250Qw, 1
upper two data points in Fig(& keep on growing with time and 10 000),}1 in Fig. 9b). The inflation speed is deduced
(shown with arrows However, the lower two points resid- to be dRy./dt~1.2¥ 10*3awp, whereas the collapse
ing at T/Ty=<1/8 remain there stationary in time. Moreover, speed is—2.6X 10*3awp. Thus, the association process is
the latter points superimpose quite well on the data points foabout twice as fast as the dissociation process for the me-
the finite volume. dium temperaturd/T,=1/4.

D. The effect of finite/infinite domains
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FIG. 9. Long-time history of the system gyration radiRg, for the X
randomly copolymerized polyampholytes of Fig. 8 with temperatyags Y

TITy=1/2, (b) T/Ty=1/4, and(c) and(d) T/To=1/8. The simulation do-
main through(a) and(c) is limited by a sphere of radiuR=21a, whereas
the domain for(d) is infinite.

FIG. 10. Time history of the system gyration radRg,<of a special run in
We also notice, by comparing Figs(c® and 9d), that  which the monomer charges of the randomly copolymerized polyampholyte
both of the system gyration radii for the closed and operyith tem;ztalratureT/Tozl/S of Fig. qb) are suddenly reset to zero at time
systems at low temperatui®To,=1/8 are kept small, and t=4500{p1 . The scatter ﬁlots show their conformations &) t
are not much affected by the presence of the boundary Wa|f4000wp and (b) t=5000u, "
There, the polyampholyte forms a dense globule which re-
mains stationary for timets> 500(»51. The compact glob-
ule, which has the characteristics of glass, is thus regarded as
a natural state of a low temperature polyampholyte. F=NTlog| ——~-1
The attractive nature of the Coulomb interactions is Q
again verified by the special run in Fig. 10, where the mono- = — A/eR~—AleV3
mer charges of a randomly copolymerized polyampholyte

(six 32-mer$ are suddenly reset to zero at fime Here, the coefficient is positivé\~ (€2N;)N.=e?N>0, due

.:4§00“’p1' The time history of the system gyration radl.usao the attractive nature of the Coulomb force among the
In the top f_rame_ shows that the glpbule that ha_s remalr]echains.[lnclusion of the chain free energy is desirable in Eq.

stationary is qukly destroyed, since the chains are n(le), but a free energy maximum occurring at finite volume

longer under the influence of the Coulomb force. Other\leemay not be much affected since F becomes negative infinite
the globule remains compact, as shown in Fi¢c)9The both atV=0 andV=c.] Notably, the free energy given by

spatter plots of Fig. .10 Iapele(a) and (b) depict, respec- Eq. (12) possesses a maximum at an intermediate raius
tively, the conformation with the Coulomb force inclusive If we differentiate the free enerav in terms of the radris
and that after the Coulomb force has been switched off. It is 9y

interesting that the Coulomb force is strong enough to pu%and equate it to zero, we get
the polyampholyte chains together at low temperature, with-
out aid of the boundary wall. However, chain entanglement
without actual bonds is unable to prevent the globule from
being destroyed. This reveals that the initial conformation starting with a
The stationary globular state at low temperature issmall radius compared tBy(T), or the chains initially lo-
thought to arise from enhanced stability by charge pairing, asated within that distance, collapse to a single compact glob-
shown in Table I. An increase in temperature removes thelle at low temperature. Moreover, the radius of bifurcation
pairing, and the globular state is lost by thermal agitationR=Ry(T)~a(T,/T) increases when the temperature is low-
The above process may be theoretically treated in the followered, which makes it possible for more initial conformations
ing manner. If we treat the chains to lowest order as arand chains to collapse to the globylk.is found by molecu-
assembly of charged particles without internal structureslar dynamics simulations that, by cooling homogeneous so-
then the essential part of the free energy may be approxiution of polyampholyte, multiglobule phase is first obtained.
mated by adding the Coulomb energy to the free energy ofn this case, the initial conformation includes the chains that
the ideal gag? are separated from the others for more than the distance

+ Ucoulv (12)

Ro(T)=[Vo(T)]¥*=A/eNT~al' (I'=Ty/T). (13
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FIG. 11. Dependence on the lendimolecular weight of the chains, for  FIG. 12. Dependence on the number of chains, for randomly copolymerized
randomly copolymerized polyampholytes. The number of chains is kept apolyampholytes. The total number of monomers is kept at 192, and the
six, and the panels sho@) the system gyration radilR, ., (b) the aver- panels show@) the system gyration radiuR, s, (b) the average gyration
age gyration radius of the chainRy, and (¢) the filing index  radius of the chain®g,, and(c) the filling indexN*Ry; /Ry o

NE*Ry1 /Ry, sys-

becomes 4M%2. Thus, any reasonable number of monomers

. . . . for the chains to be regarded as a polymer yields a probabil-
Ro(T).] All of these points, including the value &, are in ity that is extremely small,

good agreement with the molecular dynamics simulation re-
sults. Pais* exp —N¥?)<1. (16)

Finally, we show that the probability for the polyam- pis means that once a compact globule is formed at low
pholyte chains to escape from the compact globule is Virtugemperature, it will fall apart only after an astronomically
ally eliminated at low temperature. For low temperatures1Ong period of time.

T/Ty=<0.1, the intermonomer distance, especially that of the

positive and negative pairs, becomes very small, as shown in _

Table I. The Coulomb energy is dominated by the attractive= DePendence on molecular weight

part. Then, the leading term of the energy gap between the Figure 11 shows the effect of the lengfmolecular
globular state and the one-phase state of scattered coils v&eight M,,) of the chains on the radius of multichain

given by polyampholytes made by random copolymerization with
overall charge neutrality. In the medium temperature regime,
AE=e?N/e\p~ e3N¥2 £3/2TV2R312 (14) the system gyration radius becomes larger for smaller mo-

lecular weight, scaling roughly &, ¢,<~M,, . The aver-
o N1/ 3 age of the gyration radii of individual chairgy; behaves
v~vhere the Debye length isp=(eT/Amnee”) ™ and RNy jike that of a single-chain polyampholyt®At high tempera-
=N. Then, the probability for the globule to be destroyed byture, it scales anlNMlIZ although the radius is only a

. . . . w !
random thermal agitation is given by fraction of that of the Gaussian coil. The filling index in Fig.

11(c) shifts upward with increase in the molecular weight of
Pgis=exp(— AE/T) ~exp( — e3N%% 3/2T3/2R312) the chains. The critical temperature that separates the one-
_ 3/2n13f phase state and the segregated pha%g i9,~0.082, 0.17,
=exif — (al'/R)¥N*?]. (19 and 0.35 for the chains with 16-, 32-, and 64-mers, respec-
tively. This is well fitted by the power lawT, /To~ML04,
Here, the electrostatic coupling constént (T/T,) ~* varies  Therefore, the polyampholyte consisting of longer chains be-
inversely with the temperature. An important thing in Eq. comes more difficult to dissolve in neutral solvents.
(15) is its scaling with respect to the number of monomers  On the other hand, the dependence on the number of
N. For the typical parameters of a low temperature globulechains is present but less in extent in Fig. 12, where the
I'=8 andR/a~ 3, the argument of the exponential function number(192) of monomers is fixed, i.e., the polyampholyte
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FIG. 13. Frequency spectral analysis with the maximum entropy method for o Liin Y
the gyration radius of six 32-mer polyampholyte (af high temperature 1. I S
T/Ty=1 and(b) low temperaturel/T,=1/8. Each frame corresponds to 9 L 4 (C)
one specific chain. 2 e
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density is constant. This has the effect of maintaining the 5 r ' ]
Coulomb interaction at the same level. The system gyration = L § Spsaltions ]
radius of an eight-chain polyampholyte is slightly larger than o L
that of a four-chain polyampholyte in the temperature range 0.1 1.0
of 0.1<T/Ty<1. This is rather straightforward, since a T/Ty

larger number of chains means more freedom for the confor- B _ _ B
mational organization. Accordingly, the fiing index de- 1 14 S1ecof st atton oy e cose i 91 ot st oo
creases as the number of chains increases in the above te-5.; without salt ions. The polyampholyte is composed of randomly co-
perature range. polymerized six 32-mers, and the panels sti@ithe system gyration radius
However, the dependence on the number of chains beRg,sys (b) the average gyration radius of the chaRyg , and(c) the filling
comes almost invisible when the molecular weight of theMdeXNe™Rg1/Rg o
chains is kept the same. In this case, the freedom for expan-
sion due to the increase in the number of the chains may be 4
compensated by an intensified Coulomb force that com®Ve' 7=6~60w,". Only the low frequency part «f
presses the polyampholyte. <2mwv) is related to chang_es in the glopal .conformanon. At
low temperature, the oscillations are limited to a narrow
_— . o band of slow oscillations whose period is-30— 60w, *,
F. Oscillations in multichain polyampholytes . . . p
implying less freedom for conformational changes.
When we take a precise look at the motion of individual
chains, we find slow oscillations in the gyratlon .radlus andlv. POLYAMPHOLYTES IN SALT-ADDED SOLUTION
the velocity of the monomers. We note in passing that the
eigen oscillations are suppressed by the friction of a Lange- Addition of salt to a solution with precipitated polyam-
vin fluid. The slow oscillations should correspond to trans-pholytes is expected to screen the internal electric field
formation of the conformation between elongated coils and among the monomers, and to loosen the binding of the
loose globule; this is inferred by comparison of the snapshotmonomers within the globules, which causes dissolution of
(b) and(c) of Fig. 1 (the oscillatory motions are clearly seen the polyampholyté.Such effects of salt may be studied by
in a video movig. A spectral analysis of the time series dataplacing free counterions in the multichain polyampholyte
of the gyration radiusRy;; was made with the use of the system. In the following run, the polyampholyte consists of
maximum entropy methotf. The maximum entropy method six 32-mers of random copolymerization with overall charge
is a very powerful tool for spectral analysis of nonstationaryneutrality. The initial positions of the chains are sufficiently
quantities under growth or attenuatidiThe spectral peaks separated such that the mass-centers of the six chains are
are obtained with high accuracy, but the height of the peakplaced at*3.5a on thex, y, andz-axis. We introduce the
does not correspond to the power spectral dendfigure 13  same number of positive and negative counterions, with their
shows that the chains undergo slow oscillations. At highmass and charge equal to those of the chained monomers.
temperature, we see oscillations in most of the chains that afehe reflecting wall is placed at radiulR=17.5a for the
separated from each other. The period of oscillations has polyampholyte, whereas the wall is set Rt 14a for the
range in value:r~60— 100(»51. At low temperature, the counterions for the purpose of computational efficiency. This
chains lump up as a globule, and only a small nhumber ofreatment is justified since the polyampholyte is confined in
chains make oscillations whose period is longer than that ahe latter volume at low temperatures where the effect of
high temperature. added salt is most predominant.
The velocity of the sampled monomers also oscillates.  Figure 14 shows the effect of sgf612 salt ions, with
At high temperature, the frequency band is broad, extendingalf positive ions and the other half negative iprisach data
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FIG. 16. Effectiveness of added salt. The system gyration radius for the runs
in which 512 salt ions are placed in a region excluded by the globule of six
32-mer chains at the intermediate tirhe 1300ug1 (denoted by arrows

The temperature i&) T/T,=1/4 and(b) T/T,=1/8.

The density of the polyampholyte localized within the
globule isnpa~0.62a" 2 at T/T,=1/8. The salt density due
to 512 counterions iag,~512/(142)3~0.1% 3. The added
salt, whose density is a fraction of that of the polyampholyte,
is already as effective as the electrolyte solution withe,

(C) Z in its ability to loosen the globule. This density is somewhat
less than, but qualitatively in agreement with, the prediction
by Higgs and Joann¥.
The typical relaxed conformation of the polyampholyte
in the salt-added Langevin fluid is shown in Fig.(d5for
T/Ty=1/8. Small pluses and dots stand for positive and
negative salt ions, respectively. Figure ()5 shows only
chained monomers of the polyampholyte in Fig(a@5In the
Y presence of salt, a mixture of a loose globule and separated
chains is obtained, for whicli<l1. For comparison, confor-
FIG. 15. Typical relaxed conformation of randomly copolymerized polyam- mation of the polyampholyte in the pure solvent is shown in
pholyte (six 32-mer$ in salt-added solution for the run in Fig. 14 at tem- F|g 130) for the same temperature_ This dense g|obu|e isin

peratureT/To=1/8: (8) polyampholyte and salt iongb) only the polyam-  ¢1a4r contrast with the loose one in the salt-added solution.
pholyte. The positive and negative salt ions are marked wittand @,

respectively. The relaxed conformation of the salt-free polyampholyte for ~ Finally, we obtained two simulation results that reveal
the same temperature is shown(@). the subtlety of the effects of salt, especially at low tempera-
ture. First, half the numbeR56) of salt ions, each of which
carries twice more the amount of charges, have the same
point in this figure is an average over ten independent runeffect as the standard salt of basic charge. However, for very
with polyampholytes of different charge sequences and inilow temperaturesT/Ty=<0.1, half the number of salt ions
tial conformations. Evidently, the system gyration radius ofwith double the charges are less effective than the standard
polyampholytes increases by addition of salt, which affectssalt ions, due to less homogeneity of the salt ions. Here a
preferentially the low temperature regini®,T,<0.3 for the  discreteness effect in the function of salt appears.
flexible chains &.,=0.58). The average of the gyration ra- Second, when the polyampholyte chains are placed in
dii of the individual chains becomes slightly larger in the close proximity to each other before salt addition, the size of
presence of salt ions. The critical temperature at which thealt-added polyampholyte does increase but very slowly.
filling index becomes unity, (= N§’3R91/Rglsyszl, is  Figure 16 shows the system gyration radius for the runs in
T, /Ty~0.17 in a pure solvent. After addition of salt, the which 512 salt ions are added at the intermediate time
filling index is reduced to less than unity in the entire tem-= 1300»,;1 in a region not occupied by the already formed
perature range shown in Fig. @} This means dissolution globule of six 32-mers. For both the temperatures shown in
of polyampholytes due to salt addition. the figure, the globule begins to swell upon addition of salt
The above results indicate that the electric field bindingions. Some of the chains are eventually separated from the
the monomers has been screened by the salt ions. This poiglobule, and the system gyration radius approaches the value
is directly proven by the salt-free simulation where theof the salt-added case shown in Fig. 14. But, the expansion
strength of electrical permittivity in Eq(3) is increased to occurs several times slowefy ~ 2500w, ! than that for the
e=2¢q, With ¢4 the original value in the salt-free solution. case when the globule is not formed at all,~ 50&051.
The triangles in Fig. 14 depict this case with enhanced elec- These observations are uniquely explained by the ability
trical permittivity, which nicely reproduces all the results for of salt ions to penetrate among the polyampholyte chains and
512 salt ions. globules. Namely, lighter salt ions have easier and more ho-
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mogeneous access to inside the globules, with more effe@verlap and become entangled. Polyampholytes become
tiveness when the globules are less tight. The use of thmore dense when the chain stiffness or the molecular weight
continuous fluid model with enhanced electrical permittivity, of the chains is increase(Figs. 5 and 1), whereas they
i.e., nonparticle model, is thus not very accurate in thes¢ecome sparse when the number of chains is increased,
cases. though to a lesser degré€Eig. 12).

The critical temperature that separates the one-phase
state with scattered chains and the segregated phase with a
globule is defined by the condition that the filling index be-

In this paper, the multichain effect and also that of addedcomes unity:l=1. The critical temperature is well fitted by
salt on randomly copolymerized polyampholytes have beef, /Ty«M,,, with M,, the molecular weight of the chain. A
studied. For high temperature, a container-bound one-phagmlyampholyte consisting of chains of larger molecular
state with homogeneously scattered chains is obtained due {geight is shown to be more difficult to dissolve in salt-free
confinement in the finite volum@ig. 1). Polyampholyte ex-  gglvents.
pansion occurs in about 5% of the thermal speed on average; The polyampholytes with alternating sequences of posi-
the typical expansion time is~300w, " (Fig. 2, which tjye and negative monomers generally occupy larger volume
corresponds to a few tens.of picosecor)ds fpr the @ENO-  han do the randomly copolymerized or@g. 7), because
mers in pure water. The size of a multichain polyampholytehe electric field is spatially averaged out. However, such
becomes much greater than that of a single-chain polyamsgte +s are apparent only when the block size of alternating
phplyte at high temperature,_due fo the growth of a Iargesequences is as small as two. Otherwise, the polyampholytes
void space among the chaiisig. 3. with alternating sequences behave like randomly copolymer-

At medium and low temperature, the role of the Cou-.

ized polyampholytes.

lomb force, which is attractive on average, is predominant; The si £ ool holvtes is affected by the d .
the monomers tend to associate and form loose complexes € size of polyampholytes 1S afiected by the domain

(Figs. 3 and 4 The association and dissociation processe$'2€ &t high temperature where a confining wabntainey
occur repeatedly at medium temperature, where the formafmits their diffusion, while it is not at low temperatut&ig.
process occurs a few times faster than the ldfég. 9). As 8). A glasslike cpmpact globule is a natural state of the low
temperature is loweretihich corresponds to density rising €mperature regime, as stated above. The results for polyam-
in experiments a glass transition takes place. At very low Pholytes under the periodic boundary conditirere quali-
temperature, a compact globule in the state of glass with tatively the same as those of isolatécbntainer bound
distinct round surface is formed both for the single and mulolyampholytes which were studied in this paper.
tichain polyampholytes. The entanglement of the chains Spectral analysis shows slow oscillations of the chains of
without actual bonds between the chain elements is nomultichain polyampholytes at high temperature, which cor-
enough to sustain the globule; the monomers in the globuleesponds to transformation of the conformation between
diffuse away when the Coulomb force is switched @ffg.  elongated coils and a loose globuleig. 13. At low tem-
10). perature, the oscillation of individual chains is not prominent
The stationary globular state at low temperature issince all the chains are contained in the dense globule. How-
thought to arise from enhanced stability by charge pairingsver, the chained monomers are still under thermal vibra-
(Table ). An increase in temperature removes the pairingtions, showing the glasslike nature of the globiaéso, Fig.
and the globular state is lost by thermal agitation. Althoughgpy)].
the MD simulation time is restrictive to see a real long-time Concerning the effect of added salt, the salt ions diffuse
behavior of the polyampholyte chains, an estimate of thgmong the monomers of polyampholytes and screen the in-
lifetime of a collapsed globule by Eqel2)—~(16) tells that its o5 electric field, which loosens and destroys the insoluble
life is very long, which \,NOUIC,j be dest'ro.y_ed only aﬂer @ globules at low temperatur@gig. 15. The salt, whose den-
passage of an astronomical time. The initial com‘ormaﬂonsgity reaches a fraction of that of the polyampholyte, behaves

gree :r']tgiir c:)r; ttrr];igl\?ot;llﬂi?e::?sz re(g:jllg]e _?;];herocbO;Lﬂig';g?’ like an electrolyte solution that has enhanced electrical per-
P 9 - =4 ; P y mittivity compared to a salt-free solutidifrig. 14). This be-

the compact globule to be destroyed and transformed to arr11 LC T t with theofyalthough th It con
assembly of scattered chains is estimated toPhg=exp avior 1S In agreement wi eoryaithoug € salt con-

(— AE/ksT)~exp(—N®?) [Eq. (15)], which is infinitesimally centration required for dissolution of the globule is less than
small for any realistic value for the number of monomiirs  that predicted by the theory. _
The compact globule is considered to be a natural state in the However, the effectiveness of salt is suppressed when
low temperature regime, irrespective of the boundary condithe Size of salt ions is appreciable with respect to polyam-
tion of the domain(Fig. 8. pholyte chains, or when dense globules have been formed
A good index to measure the denseness of monomers, &efore the addition of Sa(FIg 1@ The use of the continu-
the degree of chain entanglement, is the filling index, define@us fluid model with enhanced electrical permittivity is
by gzNglnglle,sys: with N, the number of chains, and shown to be inaccurate to trace such dynamical processes. In
Rq1 and Ry ¢,s the gyration radii of an individual chain and these cases, the salt ions cannot penetrate efficiently into the
the whole polyampholyte, respectively. The filling index is globules, which makes salt less effective to shield the inter-
comparable to or exceeds unity when the chains closelyal electric field that binds multichain polyampholytes.

V. SUMMARY AND CONCLUSION
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