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The behavior of randomly charged polyampholytes against a wide range of the Coulomb coupling parameter
I' (the ratio of the Coulomb energy to thermal energystudied with the use of molecular dynamics simula-
tions. Neutral polyampholyte collapses 1, where large volume changes are due to multichain effects.
Charged chains reptate significantly in a globule. Polyampholyte with widely extensible bonds condenses to a
cubic crystal forI'>1, while that with finitely extensible bonds remains in an imperfectly ordered glass
structure. Non-neutral polyampholyte whose charge offset exc@¢dsbehaves as polyelectrolyte: it consists
of nonoverlapped chains fdi>1, and shrinks to the noncharged polymer regimelferl (N is the number
of charged monomeysCondensed counterions on polyampholyte screen the electric field, making non-neutral
polyampholyte close to the neutral one. Added salt of comparable charge density as that of the polyampholyte
further compactifies it. However, the addition of more salt results in the weakening of the polyampholyte
nature and reentrant swelling of non-neutral polyampholyte.

PACS numbegps): 61.25.Hq, 36.20.Ey, 64.60.Cn, 52.25.Wz

I. INTRODUCTION pholytes and a self-avoiding stretched coil for strongly non-
neutral polyampholytes. In our earlier worl& 7], statistical

Condensation and swelling driven by changes in temperaand dynamical properties of polyampholytes for both the
ture and ionic strength are important subjects for multichairsingle-chain[6] and multichain[7] cases were investigated
polyampholytes, which are heterogeneous polymers consistith the molecular dynamics simulations in the full three-
ing of linked monomers of both positive and negativedimensional spacgonlattice model Another molecular dy--
chargeg1]. Since polyampholytes show a strong tendency oft@mics S|'mulat|on was done tp examlne'the effeg:t of appll'ed
self-neutralization without the help of counterions unlike léctric field on the stretching behavior of single-chain
polyelectrolytes, they will provide much physically interest- Polyampholyte{8]. _
ing information and applications, including thermodynamical In the previous studies of polyampholytes by molecular
and dynamical properties, internal structure of globules, theifynarnICS simulation6,7], a very compact and dense globu-

stability, and phase transition between liquid and crysta ar state was dlscovered for the nonlattice model. It was
: . . shown that the attractive nature of the Coulomb forces for
states. These evidences will clarify the roles of the long

o : . . ‘the globally neutral polyampholyte originates from the for-
range Coulombic |nteract|o_ns in z_iconstramed heterogeneoqﬁaﬂon of complexes of positive and negative monomers
charged system of three dimensions. B chaing. A multichain polyampholyte showed a generally
For the case of polyampholytes with movable positive andqer degree of compaction than its single-chain counterpart
negative monomers, the Coulombic interactions exert bothyecayse of the creation of large void space among the chains
repulsive and attractive forces of the same order. The forme[|7]_ For the neutral multichain system in a salt-free solution,
arises from unbalanced charges, and is predominant fqhermodynamic stability of the globule at low temperatures
strongly non-neutral polyampholytes, which are close toggainst thermal agitations was proven numerically and theo-
polyelectrolytes of one or the other sign. The latter arisesetically. Also, salt ions were demonstrated to disintegrate a
from biased charge density fluctuations due to the formatioollapsed globule of neutral polyampholyte by migrating in-
of charge complexes of positive and negative monomers. Reside and screening the electric field; such dynamical pro-
sultant interactions between oppositely charged segments oésses, including oscillations of the volume and relaxation
polyampholyte are attractive. The statistical properties of theime, were so far adequately studied only by molecular dy-
single-chain polyampholytes were studied in the frameworkhamics simulation§7].
of the Debye-Hukel theory[2], and the Flory-type free- Experimentally, the swelling behavior of polyampholyte
energy theory3]. The importance of multichain effects and polymers and gels was studied by changing the salt concen-
the occurrence of precipitation due to the pairing of oppo-ration over several orders of magnitude at fixed temperature
sitely charged chains in the semidilute and dense regimes §9—11]. There it was shown that globally neutral polyam-
polyampholyte solution were pointed out, which showedpholytes occupy small volumes at low salt concentration, and
limitation of the single-chain theories in realistic applicationsswell monotonically with the addition of salt. By contrast,
[4]. non-neutral polyampholytes are swollen at low salt concen-
An early numerical study of single-chain polyampholytestration, and they shrink to the same volume as that of the
was performed by the Monte Carlo simulations on a latticeneutral ones at high salt concentration.
model[5]. It found a collapsed globule for neutral polyam-  The condensation and phase transition of a giant charged
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particle system were studied for dusty plasnjag&-14, Also, the behavior of non-neutral polyampholytes with
ionic colloids[15,16], and polyelectrolytes with counterions and without salt and counterions is studied. Even a non-
[17,18. In the two-dimensional geometry, a plasma crystalneutral polyampholyte forms charge complexes clumps
having Wigner-Seitz cells was obtained at a large Coulomij4]) if the global charge offset is less thal’?. Otherwise, it
coupling parameter. The three-dimensional studies of ioniés swollen atI’>1 due to Coulombic repulsions, which
colloids obtained the phase diagram of liquid and cubic crysshrinks monotonically to the volume similar to that of the
tals of the bcc, fce, and hpc types depending on the condironcharged polymers di~1. The volumetric changes of
tions and parameters. The low-temperature behavior of norslightly non-neutral polyampholytes are reentrant, first
neutral polyampholytes was previously studied by the Monteshrinking and then swelling with the change in the Coulomb
Carlo simulations[5]. These simulations considered only coupling parameter. A polarized cloud of coexisting counte-
single-chain cases and adopted the lattice model, which beions is shown to surround and neutralize unbalanced
comes inaccurate due to the restricted number of neighboringharges of polyampholyte, which screens the electric field.
sites at low temperatures. For this reason, numerical studigdowever, the polyampholyte chains remain separated at all
with the use of the off-lattice model are appropriate, as in thevalues of the coupling parameter. In the presence of counte-
Monte Carlo and molecular dynamics studies of the stronglyions and salt whose charge density is comparable to that of
coupled systempl2,14,16—18% polyampholyte, the non-neutral polyampholyte is more com-
The screening role of counterions and salt may be guessegghct than in the salt-free solution, i.e., when it is screened by
by the case of dilute electrolytes at rather high temperaturecounterions only. Fol'>1, all the chains aggregate to-
The electrostatic potential may be approximated by theyether. At fixed value of the coupling parameter, on the other
Yukawa potential ¢~ (1/r)exp(=r/\g). Here, Ag(ng) hand, the volume of highly non-neutral polyampholyte
=[ekgT/4me?(Z2ns+2Z%no)1*? is the Debye screening changes in a reentrant fashion with the salt ionic strength.
length in the presence of counterions and salt ianhe We would like to make some remarks about the word
dielectric constant of the solverk the Boltzmann constant, “temperature” and its relation with the Coulomb coupling
T the temperatureg the unit chargeng and Zs the number  parameter. We note that the more general parameter is the
density and valence of salt ions, ang and Z the number Coulomb coupling parameter rather than temperature. In real
density and valence of polyampholytéHowever, the experiments, itis not possible to change the temperature over
Debye-Hickel theory without charge correlation effects is @ wide range for a single polyampholyte, since the solvent
not applicable to dense, low-temperature electrolji®&, as may freeze or vaporize beyond certain temperatures. None-
will be mentioned in Sec. IVB This reduces the electro- theless, there is more than one way to change the Coulomb
static energy by a factor\g/\p)2~1/(1+22ns/Z?n,), ~ coupling parameterl'=e’Z? eaksT, either by using
wherehp=\4(0). TheCoulomb coupling parameter, which Polyampholytes that are comprised of monomers of different
is the ratio of the electrostatic energy to thermal energy, VvalenceZ or a solvent of other dielectric constarisThus,
we can have access to different regime$'ef T, /T in sepa-
5 5 rate experiments, where
I'=Z%e“/eakgT, (1
To=2Z%€?/ eakg 2

IS 2mod|f|ed as FSN_F()‘S/)‘D)ZZ()‘B/a)()‘s/)‘D)_z is the base temperature at which the electrostatic energy at
«1/ZsnT. Here,a is the unit length(usually the exclusion e distanca is equal to thermal energy. The base tempera-
radius of monomeps and Ag=T'a is the Bjerrum length. yre is higher for larger valencg or smaller dielectric con-
The Coulomb coupling parametris the most relevant pa- stante. In numerical simulations, a wide range of the Cou-
rameter to quantify the Coulombic interactions in chargedomp coupling parameter is accessible in terms of sequential
systems[6]. We should note that the large valliearises  temperature changes for one specific polyampholyte. Sec-
from the large valueZe, the small value o&T, or both. ond, the functional dependences to be shown in Secs. Il and
In this paper we will study the behavior of randomly |y are considered to be equilibrium ones. During the gradual
chargedmultichainpolyampholytes in the three-dimensional temperature change of three orders of magnitude, the equa-
volume, with the use of molecular dynamics simulations. Weijons of motion are integrated for 2000 000 MBolecular
will focus on the structure changes due to the Coulomb CoUgynamics steps.
pling parametet” (or the Bjerrum length\g), and the effect This paper will be organized as follows. In Sec. Il of this
of counterions and added salt. We will show in Secs. Ill anthaper the equations of motion, adopted parameters, and the
IV that, by increasing the Coulomb coupling paramet@r  definitions of observed quantities are presented. Condensa-
by decreasing temperatyrea globally charge-neutral tion of globally neutral polyampholytes at low temperatures
polyampholyte collapses monotonically to a compact glob('s-1) is shown in Sec. Ill. The swelling behavior of non-
ule, in which chains interpenetrate with each other andheytral polyampholytes in the presence and absence of coun-

reptate around the whole volume of the globule. Ferl, it terions and added salt is described in Sec. IV. Section V will
condenses into an ordered cubic crystal when the connectingymmarize the results of this paper.

bonds are widely extensible. For the more realistic case of

finitely extensible bonds, we obtajn a gla_ssy globule yvith an || THE EQUATIONS OF MOTION AND SIMULATION
imperfectly ordered structure, which retains substantial frus- PARAMETERS

trations. The multichain effect is found to cause much larger

volume changes of polyampholytes than the single-chain ef- The multichain polyampholytes adopted in this study con-
fect does. sist of six 32-mer chains. The initial configurations of the
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TABLE I. The charge sequences are listed for the globally neutral polyampholytes of Fig. 1, and for the
non-neutral polyampholyte of Fig. (the case of charge offséQ/eNY?=1.15. Each run uses six 32-mer
chains, as numbered froft) to (6) below; + and— represent positive and negative monomers, respectively,
and the rightmost value shows the local charge offset of each chain. The charge sequences are all at random,
except for the global charge neutrality constraint in the case of Fig. 1.

Figure 1:6Q/eNY2=0

(1) ——+++—+++—-+—F+——+—-F+——++—————— +—+— —4
2) -t —+—++—-————F++—+—F++—-————F+++—-————— -6
©) +—+—-+++—-4+———F++———+—+—+—F+—+—+—+- 0
(4) —++—-+—-+—-+—-+———F+++++—-+—F+———+++—+- +2
(5) +—+++———+———+—++++——+++—+++—+—+— +4
(6) +—-++—+——+—-+—-+—F+—-F+—F++++++—+——+ +4
Figure 7:8Q/eNY?=1.15
(1) ———+++++—+++—+—F+——F+—+—F+++—+—++—— +4
(2) +++++++—++—++—+—++++—+—+—+—++—++ +14
3) —++—-++—-+——++—-———————— +++———+++—— -6
(4) +——+—+—F+———F—++++++—+—++—++—+—+ +4
(5) +—+++—————- ++—+—F+—+++++++++————— +2
(6) -ttt ———F++———F———+++++—+—++ -2

12

chains are generated by random walks, and the charge se- 6
quence on each chain is also picked at random. When the ULJ(r):ELJ( ] (6)
global (overal) charge neutrality constraint is imposed, half
the monomers of the whole polyampholyte are assigned
positive charges and the other half negative charges. Thegéerea,; is the exclusion radius. We sef;=a and €,
given charges are then well shuffled in terms of the monomer €%/12¢a, ;. When two monomers make a close encounter
indices to realize random sequences on any part of thef distancer~a,;, they repel each other in an elastic fash-
chains. The polyampholytes thus prepared are submerged ion.
a Langevin thermostat. The dynamical motions of monomers As regards the elastic force between the monomers in Eq.
are governed by the Newton-Langevin equations of motior{3), a harmonic spring is first adopted. It can be widely ex-
[6,7], tensible. A combination ofinitely extensible bonds and im-
penetrable monomeis also used in Sec. lll to delineate the
dv; kT effect of monomer bonds in the condensation state. The ther-
mE:FLR(ri)— ?(Zri—riﬂ—rifl) mal forcesFy, that exert random kicks on the monomers in
each time integration step of Eq®) and (4) are generated
U, with the use of random numbers with a Gaussian distribu-
TR (3)  tion. The strength of the thermal kicks is controlled in such a
way that the average kinetic energy of the monomer equals
3/2kgT in balance with the momentum absorption by the
%:V_ " immobile solven{6].
dt " A series of runs are performed both for globally neutral
and non-neutral polyampholytes that have different charge

Here, the inertia term is retained for numerical stability of S€quénces and initial configurations. Typical charge se-

the integration scheme against charge oscillations. The ve@uences of the chains of the polyampholytes used for the
torsr, andv, are the position and velocity of th¢h mono-  funs of Figs. 1 and 7 are tabulated in Table I. To examine the

mer (=1-N), respectivelym is the monomer masg, the effects of the Coulomb coupling Ec;;lrameter, the whole sys-
temperaturea the normalization length, and the friction €M is cooled gradually a§(t)=2""7(0.75T,). Here, the
constant. The Coulomb fordg 5, which is an electrostatic Nitial temperature of 0.7B, (or the Bjerrum length\g

long-range force, is obtained by summing over all the pos=1-32) is chosen, and the temperature is lowered until
sible monomer pairs, =97,. By immediately following the first cooling stage, the

temperature is gradually raised with the same time constant
7.7 &2 to see the asymmetry of the polyampholyte behavior against
Flr(r)=> %?ij , (5)  cooling and heating.
T €lri—rl We choose the time constant of the temperature change
70=200Qw, !, where w,=(2me?* ema’)'? is the plasma
whereZ; is the valence of théth monomer(we choosez;  frequency. It becomes,~5x10 *?sec® (about 1 psec
=*1), andf}; a unit vector along the liner(—r;). The last  for the CH, monomer witha=3 A in water (€=80). (The
term of Eq.(3) represents the short-range for¢esostly re-  relaxation time of the given polyampholyte chains was found
pulsive due to the Lennard-Jones potential, to be 7-~300wgl.) For the above parameters, the base tem-

ay

r

ay

r

+ Fth_ rymv;—
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FIG. 1. The temperature dependence of globally neutral polyampholyte with widely extensible (bbn88-mer$ is shown for the
cooling and heating stages with closed and open circles, respectarelgverage of 15 runs of different random sequenclse shown
quantities are the system gyration radius of all the monorRgrgs, the single-chain gyration radidg, ,, the filling index that indicates
chain overlapping = Ni’Snglle,SyS, the electrostatic energ¥, , the connected monomer distardig ,, and time fluctuations of mono-
mer distancedr; T, is the base temperature at which the electrostatic and thermal energies become equal.

perature becomeB,=70Z?(K). Since we use the time step 1 5
At=0.01m,;1, then, in one time intervat,, 200000 inte- Wp:ﬁz J§>:I ZiZe elri—rjl, C)
gration steps are executed.

The boundary conditions of an isolated charge system argn the time fluctuations of the monomer distances,
used in this study. The normal to the wall velocity of the
monomers hitting a boundary sphere, which is located at the
radiusr =21a, is inverted in an elastic fashion. The choice Ag=
of such boundary conditions is justified for studies of physics
processes, since it was confirmed in our previous study with . :
the periodic boundary conditionghe particle-mesh Ewald wherer;;=|r;—r;| and(r;) is a short-time average of; .
algorithm [19,20) that the swelling behavior of polyam- In the_followmg figures, viz., Flgs_. L .3’ 7. 8,9, and_ 11,
pholytes is only slightly modified compared to those for thelN€ abscissas are labeled ByT,, which is exactly the in-

112
, (10

2 <ri2j>_<rij>2
N(N—l)zi: ,2>. ( RS sys

isolated systeni21] verse of the Coulomb coupling parametEr i.e., T/T,
: _r-1 X
In order to quantify the swelling of polyampholytes, we —1.“ . (In Secs. lll and 1V, results are shown in the energy
measure the gyration radius of the systéit chaing by unit where the temperatur€ should be read akgT.) As

remarked above, although the dependences of the physical

N 112 quantities are obtained by gradual and sequential changes in
1 2 temperature, such dependences can be regarded as equilib-
Rg,sys: NZ (rj_<r>) ) (7) ) P ! P 9 a
j=1 rium ones.

wherer; is the coordinate of th¢th particle,(r) is the mass
center of monomers, ard is the number of the monomers
of polyampholyte. The gyration radius of a single chRyy

is defined by averaging the gyration radii Nf chains. We A. General temperature dependences

define the filling index by The dependence of globally charge-neutral polyam-
pholyte on temperatur@nverse of the Coulomb coupling
{=NRy1/Ry oys. (8)  parameteris shown in Fig. 1. Six quantities in the figure are
the system gyration radius of all the chains that represents
The criterion{=1 is an index for that the chains are over- the multichain effect®; ¢, the single-chain gyration radius
lapped and forming a globule; far<1 the chains are scat- Ry, the filling index that indicates chain overlappitigthe
tered across the domain. We also measure the average dalectrostatic energyV,,, the average distance of connected
tance of connected monomets_,, the electrostatic energy monomersd, ,, and the fluctuations ofall) the monomer

IIl. SWELLING BEHAVIOR OF NEUTRAL
POLYAMPHOLYTES
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distances\. Equationg7)—(10) are the definitions of these at low temperature3/T(<<0.01 is not modified. The con-
quantities. The filled and open circles correspond to values idensed globule stays in a stable state under the Coulomb
the cooling and heating stages, respectively. forces. As one expects, the chain connection makes for the
First, we state that energy equipartition is established becondensation of polyampholyte under the conditions at
tween kinetic and elastic energies of the polyampholyte'hich a neutral charged particle systéprasma of the same
Wign=Wep= 3T, during the temperature changes. For thedensity does not condense at all. Indee_d, the same density
neutral polyampholyte, both the gyration ralj; andRy s p!asma as 'ghe above polyampholyte, WhIC‘f‘] aIS(,)' represents a
decrease monotonically with a decrease in temperature. ggﬁheeﬁggg'?ﬁ :fsiwnﬁa?r;i(:ngrs,c:licg?fﬁe gglsy’an?;r?ool;qg it
globule is formed {=1) atT/T,~0.2 at which the rad|u_s of the size of the simulation domain is cut in half, i.e., eight
the polyampholyte becomes comparable to the Bjerrun?imes in density
length, Ry s,s~Ag. The macroscopic quantities such as the '
gyration radii become insensitive to temperature Toi
=<0.03, which implies that the globule is approaching the _ _ _ _ _
highest density state allowed to the system. The observation We first describe physically interesting cases of the
that the single-chain gyration radius becomes close to th&pring-beads model of a purely entropic nature. These cases
system gyration radiu®y,~ Ry« iS remarkable, since it Serve as the baseline for the more realistic cases with finitely
indicates that the chains in the globule penetrate with eacfXtensible bonds which will be treated later in this section.
other and reptate through the whole globule. This is entirely~'9ure 2 depicts the bird’s-eye view plots and the pair cor-
consistent with the physical idea that a clump of severalelation functions of neutral polyampholyte at various tem-

chains can be viewed as a little piece of concentrated polyP€ratures. The pair correlation functi@, . (r) is for the
mer solution[22]. monomer pairs of equal signs, afd, _(r) for those of the

The change in the system gyration radius in Fig. 1 is twicePPposite signs. The scattered .chains are seen to get close and
as large as that in the single-chain gyration radius. Therefor¢ondensed with a decrease in temperature, as we proceed
in terms of the volume, the multichain effect mostly prevailsffom (8 to (c). The discrete structure becomes evident in the
over the single-chain effe]. It is noted that the path of the Pair correlation functions at low temperaturgsT<0.01
system gyration radius for the cooling stage is slightly higheI >100). Namely, the polyampholyte at the temperature
than that of the heating stage at high temperatdrég, T/Ty~1/85 is only partially ordered, whereas a spatially or-
>0.1. Close inspection shows that the heating paths of man§eréd structure appears at the low temperatlivd
polyampholytes with different sequences almost overlag™ 1/170. The p_roﬂles of the pair correlation functlons are
(open circley which constitute the lower envelope of the ¢lose among different runs, which shows the establishment
cooling paths(solid circleg that deviate in the above tem- Of €quilibrium. The first peak of th& . _ function is always
perature rangéaverage values over different sequences ardside that ofG_ . . This indicates the formation of com-
depicted. We consider that the smaller system gyration ra-plexes of po_smve and negative charges, which is attributed
dius of polyampholytes in the heating stage manifests thé&0 the attractive Coulomb forces. _
dominance of attractive Coulomb forces between the oppo- A quantitative analysis of the globule of Fig(c2 shows
sitely charged complexes residing within the medium scaldhat the first and second peaks of Ge _ function are lo-
lengthr <\ .. (This point will be again considered in Fig)3. cated atr=1.07a and 2.1@, respectively. The position of
For the case of polyelectrolytes, the attractive Coulomghe first peak is about 5% less than the effective exclusion
forces were shown to appear by mediation of counteriongadiusd‘!) =26, ;=1.12a. For the bcc crystal, the posi-
[17,23. tions of the first peaks oz, and G, ., should satisfy

The fluctuations of the monomer distanckg decrease d*),/d) =2//3=1.15, and the first and second peaks of
rapidly with a decrease in temperature. In the intermediates, _ should bed® /d() = (11/3)/2=1.91. These relations
temperature range 0.088[/T,<0.03, it changes approxi- are well satisfied by the polyampholyte crystal observed in
mately linearly in temperature. At very low temperaturesFig. 2(c). The number of monomers contained in the first and
T/Ty=<0.008, the fluctuations of the monomer distancessecond peaks @&, _, averaged for the core monomelsss
scale as\g~T*2 which correspond to thermally driven har- than 1.3, ; from the gravity centérof 20 condensed glob-
monic oscillations of the monomers. Its fluctuations atules of different sequences, is 7.9 and 23.3, respectively. For
T/Ty~0.001 are reduced to a few percent that of adjacenthe bcc crystal, they should be 8 and 24, respectively. All
monomers. this information proves the formation of the cubic crystal of

The sign of the electrostatic energy is always negative fothe bcc type. This will be confirmed later in Figah
polyampholytes, indicating again the dominance of attractive From Figs. 2b) and 2c) we infer that phase transition
Coulomb forces over repulsive ones. Accordingly, the averfrom the glass to crystal states occurs between the tempera-
age electrostatic energy, to which the closest pairs of unliketures corresponding to these panels, namelyTAf,=8
sign charges make the largest contributions, becomes more10 3 (I'~130). At this temperature, the slope of time
negative with a decrease in temperature, as almost inversefjuctuations of monomer distancés; changes discontinu-
proportional to 3/2 power of the gyration radius of eachously. This transition temperature is approximately of the
chain[3,22], |Wp|~R;f/2. The relationV,/T,=—1 forthe = same order as other strongly coupled systgh2515,18.
condensed globule at low temperatures well corresponds to Next, different cases dinitely extensible bondsith im-
the close packing of monomers=a, ;. penetrable monomers are examined. So far for the cases

It is quite instructive to mention that, even if the bondsshown in Figs. 1 and 2, the elastic energy/a? became
between monomers are remov@dit), the collapsed globule small in comparison with the Coulomb energy, which re-

B. Condensation to crystals
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sulted in a complete reordering of charged monomers drivebonds, the Coulomb attractive forces are considered to be a
by Coulomb interactions. To see the effect of finitely exten-little weaker because charge fluctuations are canceled more
sible bonds, other runs are described below in which théocally by neighboring monomers due to the bond constraint.
largest distance between connected monomers is limited byhis is analogous to a lesser degree of compaction for mul-
the lengthaa: |1 — i+ 1| <@max- This is realized by provid- tichain polyampholyte with alternate sequen¢@$ These
ing a high bond potentidl (r) for r=aax. observations again support that uncompensated charge fluc-
Simulation results for the globally neutral polyampholyte tuations inherent from charge sequences promote compac-
with finitely extensible bonds,,,,=1.4a (six 32-merg are tion of polyampholytes.
shown in Fig. 3. The overall dependences on temperature are An imperfectly ordered structure is seen in the pair corre-
similar to those of widely extensible bonds in Fig. 1. How- lation functions of the above polyampholyte. Separated
ever, quantitative differences are present. The average bonmaks in theG, _(r) function, which are not present in Fig.
length d,_,, is smaller and the electrostatic energy is lessA(a), first appear at the temperaturéT,~ 1/40. They do not
negative than that in Fig. 1. On the contrary, the systenundergo significant changes with a decrease in temperature,
gyration radius of the polyampholyte with finitely extensible unlike the phase transition for the polyampholyte with
bonds is generally larger than that with widely extensiblewidely extensible bonds. The peaks seen at the very low
bonds, except at low temperatures. Especially, the differencemperaturel/ Ty~ 1/340 of Fig. 4b) are located at similar
of the curves of Figs. 1 and 3 for the heating stage at tempositions as those of Fig.(®, but are markedly broad and
peraturesT/T,>0.3 should be remarked, when the chainsnot well separated except for the first peak of e _(r)
start to be separated. For the case of finitely extensibléunction atr=a; ;. The number of monomers contained
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there is 6.2 on average, which is less than eight of the bcmmonomers in the cross-sectional layer of width/?3 that
crystals. Although we find the tendencies toward crystallizacontains the center of the globule. Red and green spheres
tion, the absence of a repeated structure of large scales deepresent the positively and negatively charged monomers,
fines it as a glass. respectively. A high degree of the chain reptation through
The bird’s-eye views of Fig. ® show a structure ob- the whole globule is seen, in which different chains include
served for the neutral polyampholyte with widely extensibleeach other. The condensed globule exhibits an ordered struc-
bonds at the temperatuii@ Ty~ 1/340. The left and middle ture of a square shape, where the positive and negative
columns depict, respectively, the polymer chains and monomonomers are placed in an alternate chess-board fashion.
mers of the condensed globule. The right column depicts th&equential plots of thin cross sections show that the positive

6.0 T T T T
Goi(r) I i
0.0 | | L 1 ) 1 i
6.0 T T T T T
Gi-(r) ¢
0ol FIG. 4. The bird’s-eye view plotéleft) and
00 20 40 60 the pair correlation functiongright) for the
T/CL polyampholyte with finitely extensible bonds, at
the temperaturega) T/Ty=1/21 and(b) 1/340.
o T T ] The G, (r) andG, _(r) pair correlation func-
| | tions are for the pairs of equal-sign and opposite-
G++(7’) - i sign charges, respectively.
0.0 L 1 I L }
6.0 T T T T T
Gy(r) 1 ]
0.0 L 1 L t i
0.0 20 40 6.0
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FIG. 5. (color) The bird’s-eye views ofsix) chains and corresponding monomers of a condensed globule, and the monomers in the
middle cross sectioffrom left to right) are depicted fofa) the globally neutral polyampholyte with widely extensible bonds, @jdhat
with finitely extensible bonds, both at the temperat@if@,=1/340. The chains in the left column are color codgellow color appears
twice), and the monomers with positive and negative charges are shown with red and green sphere, respectively.

and negative monomers are located on different planes thanhergy minimum, as is reflected in less negative electrostatic
are separated by approximately d(22a/v3). This infor-  energy in Fig. 3 than for the polyampholyte with widely
mation along with that of the pair correlation functions in extensible bonds.
Fig. 2 confirms that the observed globule has the structure of
the bcc crystal.

For the polyampholyte with finitely extensible bonds in
Fig. 5(b), the tendencies toward an ordered structure are hin-

dered by the bond constraint. The monomers are ordered in a he ff ¢ | h | hol
short scale, with one monomer surrounded by approximately 1 n€ effects of unbalanced charges on polyampholytes are

six monomers. But, two monomers of equal-sign charge freexamined in this section. The number of chains and mono-

quently reside at neighboring positions at which theMers per chain idl;=6 andN, =32, respectively; the num-

opposite-sign monomer is expected for the crystal of FigP€r of monomers in one polyampholyte Ne=NcN, =192.

5(a). Thus, the observed structure is deformed from a cubid "€ charge signs of the monomers are chosen randomly.
one. Since the chains repel each other by the volume excld”hUS, €ach chain has basically a net chafgg, («=1

sion of the monomers on them, the polymer chains tend t6”Nc), and the arznount of global charge offset per polyam-
make their own blobs and exclude the others, except fopholyte iséQ=ZX °,6Q,~=*eyN on average. The behav-
penetration of stretched segments. The globule here includésr of non-neutral polyampholytes in the presence of counte-

significant amount of frustrations, and is above the globalions and salt is examined in Secs. IVB and IV C.

IV. SWELLING BEHAVIOR OF NON-NEUTRAL
POLYAMPHOLYTES
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FIG. 6. The effect of globally uncompensated charges is depicted for the group of 180 non-neutral, six 32-mer polyampholytes of random
sequences. The probabilify of having global charge offseiQ (normalized byeNY?), the system gyration radilgy g, the single-chain
gyration radiusR,,, the average distance between connected monomgrs, the electrostatic energW,, and the filling index{
=NcRy 1/Ry sys are shown against charge offsets, at the temperdwifg~ 1/430.

A. Polyampholytes without counterions dition of Eq. (11), where chains in the distribution tail are

A large number(180) of polyampholytes having random ©PPOSitely charged with respect to majority of the Clr/]&the
charge sequences and different initial conformations are gen¥idth of the chain distributior is approximatelyeN').
erated. The left column of Fig. 6 shows, from top to bottom, Figure 7 depicts the typical dependence of non-neutral
the probabilityF of the polyampholytes having the global polyampholytes against temperatuFéT,=I""", which are
charge offsetsQ which is nearly Gaussian centered & sampled from the runs in Fig. 6. The global charge offsets
=0, the system gyration raditR, s, and the single-chain &Q for these runs arpsQ|/eN"?=0.0, 0.72, 0.87, 1.15, and
gyration radiusR, ;. The charge offset in the abscissas is1.73. By thef=1 criterion, we find that a complex of chains
normalized by the critical charge offs€l,=eNY2 In the (globule is formed for the neutral polyampholytéilled

right column, the bond-connected monomer distatige,, circles at low temperature3/T(<0.3 (the Bjerrum length
the electrostatic energyV,, and the filling index{ are  Ag>3a); oppositely charged chains attract each other. The
shown. system gyration radius increases monotonically with an in-

The gyration radii take small values for the null global crease in temperature, and reaches the thermal state at
charge offset, and they increase with the charge offset. Th&/T,~ 1 in which the Coulomb forces play little role. This is
system gyration radiuRy . increases rapidly at the charge the so-callecbolyampholyte regimgl0,11].
offset| Q|/Q.~ 0.5, while individual chains begin to stretch  For the very non-neutral case with9Q|/eNY?=1.73
for larger charge offsets. This again reveals that the multi{square symbojsthe chains tend to take the largest distance
chain effect dominates in magnitude over the single-chairat low temperatures due to electrostatic repulsions between
effect when temperaturéhe Coulomb coupling paramejer excess charges. At high temperatures, since the Coulomb
changes. In simpler words, the clump of several chaingorces become less important, the chains come closer and the
swells more because chains move a little further away fronsystem gyration radius is reduced to that of the aforemen-
each other, while parts of the same chain shift much less. tioned thermal state. The chains of non-neutral polyam-

The observation that the filling index becomes larger tharpholyte whose charge offset does not satisfy Ekf) are

unity, (=1, for the polyampholytes with separated at all temperaturéhe polyelectrolyte regime
1 The electrostatic energy becomes systematically less nega-
|oQ|/eN*<1/2, 1D tive for larger charge offset, indicating less attractive nature
of the Coulombic interactions.
indicates that charge complex@s clumpsg are formed only It is interesting that the temperature dependence of the

for nearly neutral polyampholytes whose charge offset satissystem gyration radius for the polyampholyte with medium
fies Eq.(11). Otherwise, the charge complexes are disintecharge offset 5Q|/eNY?=0.5~1 becomes reentrant in Fig.
grated, and the polyampholyte consists of nonoverlapped. The minimum radius occurs at an intermediate tempera-
scattered chains. This situation is consistent with the theoreture T,,, where attractive Coulomb forces slightly over-
ical analysis of Everaers, Johner, and Joapfly showing comes repulsive ones. The temperatdrg shifts to the
that pairing of chains occurs most efficiently under the conhigher side when the charge offset becomes larger, since
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FIG. 7. The typical behavior of globally non-neutral polyampholytes against temper@hereneating stageis shown: the system
gyration radiuRR <6, the single-chain gyration radid, ,, the filing index{= N%BRg,l/Rg,SVS, and the electrostatic ener§ly, . The global
charge offsets shown by filled and open circles, filled and open triangles, and squatéQdeN*?=0.0, 0.72, 0.87, 1.15, and 1.73,
respectively.

excess charge intensifies the repulsive forces and broadessnce of counterion&f. Fig. 7). The number of coexisting

the polyelectrolyte regime. The single-chain gyration radiusmonovalent counterions ¥, =76, which exactly balances
Ry.1 behaves somewhat differently. For small charge offsetsthe excess charge of each polyampholyte.

the radius increases monotonically with temperature. Only Figure 9 shows the temperature dependence of the system
for large charge offsets’Q|/eNY?=1.5, the gyration radius gyration radiusRy 5.5, the single-chain gyration radilg;

of individual chains becomes reentrant. This change ighe filling indexZ, and the electrostatic ener§ly,. The four
mostly attributed to the increase in the distance of the conseries of data points correspond to non-neutral polyam-
nected monomersl which is suppressed in ordinary

polyampholytes wit% ﬁnitely extensible bonds. 25'();”“ P
The variance of the system gyration radius among the 20.0F (a) 3
polyampholytes having the same global charge offset but 15'0§ §§§§EE§“QQQ 3
different sequences is depicted in Fig. 8. For either highly Ry.sys/a E 0000 esaegmgg 3
non-neutral or nearly neutral polyampholytes in Fig&) 8 95 10.0F R
and 8&c), the trends of the system gyration radius against 5'0§ ]
temperature are similar among those with the same charge - 3
offset, and their variances are rather small. However, large 00 e oo o
variance occurs for the polyampholytes with medium charge 25.0 —
offsets| 5Q|/eNY2~1/2 in Fig. 8b). This sequence sensitiv- S (b E
ity, where only one or two polyampholytes out of five are 20.0F ) ]
associated with the charge complex formation while others 15.0F 3
are dominated by separated chains or complexes, is observed R a E o go 3
for | 5Q|/eNY2=0.4~0.8. The sensitivity to the specific se- svef 1000 “W%‘Eszﬁfaasggﬁzg ]
guence might be of great potential importance in protein, and 50F aias aassst 3
In b|0p0|ymer ContEXt In general illll L1 II‘I:H‘“I‘TI‘IIIHI L L 1P E
00 0.001 0.01 0.1 1.0
B. The effect Of Counterlons 25'()fllll T TTTTIT T T TTTIm T T TTTIT B
Non-neutral polyampholytes of any realistic concentration 20.0E () E
in solution attract charge-neutralizing counterions, which 15.0F ]
form surrounding clouds. Here, we briefly study the effect of R, Sys/a, = TEE
counterions and that of added salt on highly non-neutral ’ 1008 gagc 3
polyampholytes whose global charge offset exceeds the criti- 5oL .,iug ]
Cal Charge OffseQC: ENllz' illll -.I.I-I.I-I:IT..I-I.TI-IIIII I EEETI E
The non-neutral polyampholytes in Secs. IVB and IVC 00 0001 o001 0.1 1.0
(six 32-mers, with finitely extensible bondsonsist of 30% T/Ty

positive monomers and 70% negative mononméts =58,
N_=134). The charged monomers are randomly distributed FiG. 8. The variance of the system gyration radius due to dif-
in a row onto six chains. The global charge offset isferent charge sequences is depicted for the group of polyampholytes

6Q/Q.= (N, —N_)/NY2~—55.We note that such highly of Fig. 7. The polyampholytes in each panel have identical global
non-neutral polyampholytes act as polyelectrolytes in the abeharge offset, which iga) | §Q|/eNY2=1.29,(b) 0.72, and(c) 0.14.
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FIG. 9. The temperature dependence of non-neutral polyampholytes in the presence of counterions is shown for the six 32-mer polyam-
pholytes with finitely extensible bonds. The four cases shown are different in random sequences. The global charge@ffshi/fs-

—5.5 (N, =58, N_=134), and the positive counteriond{, =76) exactly balance the offset charge. Depicted in the figure are the system
gyration radiusRy s, the single-chain gyration radilg, ,, the filling index{= Né’aRgvllevsys, and the electrostatic energy, .

pholytes of different random sequences. Unlike the nonnon-neutral sites of the polyampholyte, while the rest are
neutral polyampholytes without counterions in Sec. IV A, thefloating in the space among the chains. The amount of non-
system gyration radius now decreases monotonically witltondensed counterions is close 3’2, which means that
decrease in temperature. Its average values at medium aagproximatelyeNY? bare charges remain on the polyam-
low temperature3/T,=10 1~10"2 are a few times larger pholyte[cf. Eq.(11)]. We note that the Debye length is writ-
than their counterparts of the neutral polyampholytes. Theen

filling index never exceeds unity at any temperatures, indi-

cating that non-neutral polyampholytes with counterions \p/a=(aT/4me?) = (1/4nT)"?, (12
alone consist of separated globules or chains.

The non-neutral polyampholyte with counterions is de-which falls within the exclusion radius except at high tem-
picted by the bird’s-eye view plot in the left column of Fig. peraturesT/Ty>1 (I'<1). The above observation shows
10. The chains are separated at the medium temperatuteat the electric field is not screened at the Debye length.
T/Ty~1/5. About 80% of the counterions are condensed o herefore, the Debye-Hikel theory is not applicable to the

FIG. 10. The bird's-eye view plotdeft) and
the pair correlation functiongright) are shown
for the non-neutral polyampholytes with counte-
rions (Fig. 9) at the temperature@) T/Ty=1/5
and(b) 1/85. TheG, ,(r) andG_ _(r) pair cor-

(b) “ 0 relation functions are for the pairs of equal-sign
| and opposite-sign charges, respectively, and the
G++(T) shaded areas show the contribution of the coun-
terions.
0.0
4.0




3814 MOTOHIKO TANAKA AND TOYOICHI TANAKA PRE 62

fl\” T TTTTmm T TTTTITT T T TTTIT 4 8‘0 TITIT T T TTITHAT LLELRALLLLY LBLBLLRRLLL
o - ]
15.0F 3 3 E

Ry sys/a 1ooF 31 Ryi/a ac} ]

E 3 20l ] FIG. 11. The temperature dependence of non-
50 F 3 ~ N )

F d L ] neutral polyampholytes in the presence of both
0.0 0.001| |||||(|)|'101| 1 |||J(|)|'|1 1t ||1|1ul|0 0.0 |(!)|'|601| ||1||(|)|A|0] L1 ||||(;|‘|1 L ||||l||.|0 Countenons and Salt IS Shown The parameters
2.0 T 0.0 - rm— T and conditions are the same as those of Fig. 9,

except for the addition of salt ionéNg, =58,
Ns_ =58, andN., =76). The charge content of

021

04 | - .
¢ 1 Wo/Th / salt and counterions equals that of the polyam-
06 T pholyte.
) 08| i
0 LU0 i Lo Lanin _10 1010 1 L1 ITIE L1t 1oL
0.001 0.01 0.1 1.0 0.001 0.01 0.1 1.0
T/Ty T/Ty

strongly coupled system witli'=1. At low temperatures blocks of non-neutral polyampholyte. The observation that
T/T¢=<0.07, counterions are absorbed by the globules. Evethe system and individual gyration radii are comparable,
at the very low temperaturg/ Ty~ 1Xx 103, the non-neutral Ry,sys~ Rg,1, @gain shows high degree of chain reptation in
polyampholyte with counterions alone stays in a multiglobu-the globule.

lar phase. This situation of redistribution of counterions be- The non-neutral polyampholyte with salt at medium tem-
tween the globule interior and surrounding solution has reperature is shown in Fig. 1), where the chains are loosely
cently been examinedi24]. Our observations are in full touching with each other. This is a marked difference from
gualitative agreement with their results. the case of Fig. 1@). The aforementioned monoglobular

The pair correlation functions in the right column of Fig. phase at the low temperatures is directly observed in Fig.
10 show both the total number of monomers viewed from thel2(b). Small droplets around the globule do not include the
monomers of polyampholyte and the contribution of thechains, but are actually aggregates of salt ions. We infer by
counteriongshaded areasThe negative monomers are more Figs. 10 and 12 that the transition from the multiglobular to
closely associated with positive iomonomers and counte- monoglobular phases occurs@i<Cp,, whereCg andCpp
rions) than with negative ones. At the low temperature de-are the charge densities of salt ions and polyampholyte, re-
picted in the bottom panels of Fig. 10, a few globules arespectively. Once a globule is formed, the monomers inside
formed(typically, two for the six 32-mer cageAll the coun-  are arranged discretely like those of neutral polyampholyte
terions are now absorbed by the globules. The shaded aremsFig. 4. However, the variance of the filling index in Fig.
of the pair correlation functions tell us that the counterionsi1 is large, showing that the tightness of the globules for
bound to the polyampholyte are not distinguishable from thenon-neutral polyampholyte varies considerably, which seems
bond-connected monomers. to be characteristic of the salted globules.

Finally, the effect of salt at the fixed temperaturérT
=0.15(the Bjerrum length\g~ 7a) is shown in Fig. 13. The
system gyration radius of non-neutral polyampholyte, with

The simulation settings here are the same as for Fig. @he global charge offset of 40%5Q/eNY?=—5.5), is de-
except for the addition of salt: the numbers of salt ameu-  picted with solid circles against the number of s&nd
tralizing) counterions ardN;, =N;_=58 andN., =76, re- counterions Each data point is an average of four runs of
spectively. The total charge of these free ions is equal to thalifferent charge sequences. 8t,,/Qpa=0.40, all the free
of the polyampholyteN= 192, whose global charge offset is ions are counterions, whef@.,; andQp, are the number of
5Q/eNY2~ —55, charged particles in salt and polyampholyte, respectively.

The screening effect of the electric field by added salt isThe open circles in the figure show the system gyration ra-
more prominent than by counterions alone, as shown in Figdius for neutral polyampholytes under the same conditions.
11. The system gyration radius now decreases with a de-or the low salt concentratior@.,/ Qpa<1, the system gy-
crease in temperature, like the neutral polympholyte showmation radius stays at the same level as that for the
in Fig. 1. It is remarkable that the monoglobular phase iscounterion-free neutral polyampholyte. This means that
realized(i.e., Z>1) at low temperature$/T,=<0.05. There, counterion condensation is not significant for the neutral
the variance of the gyration radii among the runs of differentpolyampholyte at low salt concentrations. The swelling of
charge sequences is small. The presence of salt makes nareutral polyampholyte at high salt concentration agrees with
neutral polyampholytes more compact than for counterionsur previous study7].
only. We note that the system gyration radius in Fig. 11 is It is interesting that, for non-neutral polyampholyte, the
approximately 1.3 timegor volume =2 time9 that of the  system gyration radius takes a minimum valueaf,/ Qpa
neutral polyampholyte of Fig. 1, and that the total number of=1, where about 60% of free ions are absorbed by the
monomers in the former is exactly twice that of the polyam-polyampholyte, as shown in Fig. (. That is, on top of the
pholyte of the latter. This implies that counterions and saltcounterions, the salt ions condense on the polyampholyte
ions are absorbed by the globule as if they are the buildinghains at high salt concentration. Then, upon further addition

C. The effect of added salt
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of salt, the system gyration radius increases, and the wholegime. We note also that the present molecular dynamics
behavior becomes reentrant. At the salt concentratiostudy has reproduced the reentrant behavior of non-neutral
Qsa/ Qpa~1.4, both neutral and non-neutral polyam- polyampholyte against salt ionic strength observed in the ex-

pholytes approach the non-charged polymer regime. periments of polyampholytic polymef8] and gelg10,11].
We believe that the first decrease in the system gyration
radius with increasing salt in Fig. 13 is due to better screen- V. SUMMARY

ing of excess charges, in which the polyelectrolyte nature is
superseded by that of polyampholyte, whereas the second In this paper we studied the condensation and swelling
increase in the system gyration radius is due to a transitiobehavior of randomly chargedultichainpolyampholytes in
from the polyampholyte regime to the noncharged polymethe three-dimensional volume, with the use of molecular dy-
namics simulations. We specially focused on the structure
T . T T . T changes due to the Coulomb coupling paramétererse of
the temperatuneof very wide range, and the effects of coun-
terions and added salt on non-neutral polyampholytes.
Before summarizing our results, we would like to repeat
the ways of changing the Coulomb coupling paramédter
=e?Z?/eakgT (or the Bjerrum length The change in tem-
perature, the use of polyampholyte with high valed¢cend
® 3G/ 55 the solvent of various die_Iectric constaat all serve to
00 . L c_hange the Coulomb coupling parameter. Thus, (_Jl|ffe_rent re-
“0.0 05 10 15 gimes of '=T,/T (To=2Z2e* eakg) can be studied in a
series of experiments while avoiding freezing or vaporization
Qsait/ QP4 of the solvent. In numerical simulations, a wide range of the

FIG. 13. The effect of counterions and salt at the fixed tempera-COUIOmb coupling parameter is accessible for one specific

ture T/T¢=0.15 (the Bjerrum lengtthg~7a) is shown for the six polyampholyte simply by Chainlglng temperatuegll the fig-
32-mer polyampholyte with 40% global charge offgg/eN2= ~ Ures were labeled by/To=1""".)

—5.5(solid circle3. The ordinate is the system gyration radias In Sec. Il we showed that the neutral polyampholyte col-
average of four runs of different random sequencasd Qg in  |apsed to a globule at low temperaturésX1), in which the
abscissa is the total number of free iofmunterions and sajt  Polymer chains penetrated with each other, wiggling through
normalized by that of polyampholyt®p,. All the free ions are  the whole globule. With an increase in temperature, it
positive counterions &,/ Qpa= 0.40. Shown with open circles is Swelled monotonically to the thermal state where the Cou-
the case for the neutral polyampholyte, where the free ions are halomb forces played little role. Neutral polyampholyte con-
positive and half negative. densed to an ordered structure of the bcc crystal at very low
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temperature¥'>1 (Sec. Ill B.. However, the polyampholyte about N counterions did not condense on the polyam-
with finitely extensible bonds ended up with a glassy strucpholyte but floated in the space around the polyampholyte,
ture that lacked a repeated structure in the long range. Sulslown to the temperatur€/T,=0.07. Bare charges &N"2
stantial frustrations were retained in the condensed globulgemained on the polyampholyte. Therefore, the Debye-
and such polyampholyte was above the global energy minituckel theory was not applicable to the strongly coupled
mum due to the bond constraint. system with'=1 (i.e., low temperature$/T,<1). At low

The swelling behavior of non-neutral polyampholytes wastémperatures, the counterions were completely absorbed by
examined in Sec. IV. For small global charge offset, i.e. dlobules. )
|50| < (1/2)eN2, charge complexe&lumps were formed _ The addition of salfand counterionswhose charge den-
at low temperatures, which were disintegrated at high temSity Was comparable to that of polyampholyte further com-
peratures and the polyampholyte became swolleme pactified non-neutral polyampholyte, and a monoglobular
polyampholyte regime This was consistent with theoretical P1as€ was reached at very low temperati$es. IV O. The

: : : transition from the multiglobular to monoglobular phases oc-
analysis by Everaers, Johner, and Joarywhich claimed I
that polyampholyte is subject to precipitation by the pairingcurred atCs=Cpa, WhereCs and Cp, are the densities of

of chains in the distribution tail and oppositely charged ma—sallt ions and polyampholyte, respectively. However, a fur-

jority chains. (The width of the chain distributioe N2 is ther increase in salt ionic strength weakened the polyam-

comparable to the charge offsé.) On the other hand, pholyte effect, leading to the swelling of polyampholyte.

highly non-neutral polyampholyte was swollen at low tem-Th'S reentrant behavior of non-neutral polyampholyte with

peratures due to Coulombic repulsions, and it shrank to thEnIC _strength agreed with the experiments for polyam-
volume of noncharged polymers at high temperatutbs pholytic polymers and gels.
polyelectrolyte regime

The effect of counterions and added salt was examined
also in Sec. IV. It occurred in two steps: the free ions first One of the authoréM. T.) is highly grateful to Professor
weakened the polyelectrolyte nature of non-neutral polyamA. Yu Grosberg and Professor |. Ohmine for valuable com-
pholyte which caused its collapse. However, the further adments and warm encouragements. He also appreciates the
dition of salt caused transition from the polyampholyte tofruitful discussions of salt-added polyampholytes with Pro-
noncharged polymer regimes, resulting in the swelling offessor J. F. Joanny, Professor S. J. Candau, and Professor F.
polyampholyte. Candau in Strasbourg and Professor K. Kremer, Dr. C.

Coexisting counterions condensed on unbalanced chardgéolm, and Dr. R. Everaers in Mainz. Numerical computa-
sites of non-neutral polyampholytéSec. IV B), but the tions for this work were performed on the VPP800 machine
chains remained separated at all temperatures. RemarkabBt, the Institute for Space and Aeronautical Science of Japan.
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