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ABSTRACT: We performed molecular dynamics simulations of dilute and semidilute polyelectrolyte solutions
without hydrodynamic interactions to study Rouse dynamics of polyelectrolytes. Polyelectrolyte solutions are
modeled by an ensemble of beagpring chains of charged Lennard-Jones particles with explicit counterions.
The simulations were performed for partially and fully charged polymers with the number of monbinvers
25—373. We show that the simulations of the Rouse dynamics give qualitatively similar results to the experimentally
observed dynamics of polyelectrolyte solutions. Our simulations showed that the chain relaxation time depends
nonmonotonically on polymer concentration. In dilute solutions, this relaxation time exhibits very strong dependence
on the chain degree of polymerization~ N2. The chain relaxation time decreases with increasing polymer
concentration of dilute solutions. This decrease in the chain relaxation time is due to chain contraction induced
by counterion condensation. In the semidilute solution regime the chain relaxation time decreases with polymer
concentration ag~2 In this concentration range the chain relaxation time follows the usual Rouse scaling
dependence on the chain degree of polymerization,N2. At high polymer concentrations the chain relaxation

time begins to increase with increasing polymer concentration. The crossover polymer concentration to the new
scaling regime does not depend on the chain degree of polymerization, indicating that the increase in the chain
relaxation time is due to the increase of the effective monomeric friction coefficient. The analysis of the spectrum
and of the relaxation times of Rouse modes confirms the existence of the single correlationélewdibh
describes both static and dynamic properties of semidilute solutions.

1. Introduction coupling of electrostatic interactions with conformational trans-
formations of charged macromolecules. The unusually wide
Fuoss law regime supports the conjecture that the entanglements
(topological constraints created by surrounding chainis)
polyelectrolyte solutions begin to restrict chain motion deep in
Hﬁe semidilute solution regime. The crossover to entangled

Polyelectrolytes are polymers with ionizable groups. Ex-
amples of charged polymers include biopolymers such as DNA
and RNA, and synthetic polymers such as poly(styrene-
sulfonate), poly(acrylic acids), and poly(methacrylic acids). In

polar solvents, these groups dissociate releasing counterions an .
leaving uncompensated charges on the polymer backbones Thgolyelectrolyte solutions occurs-3l decades above the overlap
' ' concentratiorc*.89 Note that in solutions of neutral polymers

presence of the long-range electrostatic interactions betweenthis crossover takes place closer to the chain overlap concentra-
ionized groups results in unique dynamic properties of poly- P P

electrolyte solutions that are qualitatively different from their tion at approximately m : _
neutral counterparts:® The modern theories of polyelectrolyte dynamics were

The well-known feature of polyelectrolyte solutions is the Successful in explaining the origin Ofl(tflez unusual dynamic
concentration dependence of the solution viscosity called the Properties of polyellﬁgrolyte solutioA8:'%"12 Unfortunately,
Fuoss law (see, for review, ref 2). The viscosity of polyelec- experimental daf& alone cannot provide a detailed test

trolyte solutions is proportional to the square root of polymer ©f the microscopic foundations of these models. Computer
concentration in the wide concentration range, while the Simulations*™ play an important role in our understanding
viscosity of uncharged polymers in a good solvent scales linearly (€ static properties of polyelectrolyte solutions by providing a
with polymer concentration in a dilute solution regime or as V&luable insight into molecular origin of the phenomena and
cl3 in a semidilute solution regime. Furthermore, in this by direct te§t|ng the assumptions of the theqretlcal quels.
concentration range the chain relaxation time decreases withtnderstanding of molecular processes controlling dynamics of
increasing polymer concentration indicating that the stress Polyelectrolyte solutions, e.g., flow properties of DNA solutions
relaxation in polyelectrolyte solutions speeds up as they becomein Microfluidic devices, dynamics of spreading of polyelectrolyte
denser. The physical origin of this unique behavior is the solutions over su.rfa.ces, k|net|c§ of assembly Of. multilayered
polyelectrolyte thin film3°3233will have far reaching conse-
guences in different branches of natural sciences ranging from
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that the Rouse model of polyelectrolytes is useful for under- The fluctuations of the chain size around its average vRlue
standing the dynamics of real polyelectrolyte solutions. In real are on the order dfN¥2 and can be neglected for long enough
solutions, there is strong hydrodynamic coupling between chains. Thus, a polyelectrolyte chain can be viewed as a rodlike
sections of moving object due to hydrodynamics interactions polymer of lengthR.. (Here we will present a scaling consid-
on the length scales shorter than hydrodynamic screening lengtheration of the chain dynamics which neglects nonuniform chain
For a fractal object consisting &f monomeric units and having  stretching (see, for details, ref 2).)

sizeR ~ N”, where 17 is the object’s fractal dimension, the A polyelectrolyte chain diffuses a distance on the order of
characteristic Zimm relaxation time scales with the object size, its size during the time interval proportional to the chain
R, and numberN, of monomers in it asz 0 R® ~ N¥. The relaxation timer.

Rouse relaxation time of a similar objéé tr 0 RPN ~ N1,

By comparing the expressions for Zimm and Rouse relaxation [AR(7)’ [~ [lResz Dt 3
times, one can immediately see that they are proportional to

each other when the fractal dimension of the object is ere, For the Rouse dynamics the chain translational friction

1, which corresponds to a rodlike object. This is indeed the coefficient is equal to the monomer friction coeffici€attimes
case for a polyelectrolyte chain in a dilute solution. (Note that the number of monomers on the polymer backbdh&y =
there are additional logarithmic corrections to ttescaling of N&o. Using the Einstein’s relation between the chain’s diffusion
relaxation time appearing in the relaxation time of a rod as well and friction coefficientsD = ksT/(N&o), we can evaluate Rouse

as due to nonuniform stretching of a polyelectrolyte cligf. relaxation time as follows
The similarities between Rouse and Zimm models of a poly-
electrolyte chain is due to the fact that both electrostatic and R0 ENR? 22/ 13
ici i - ich i i N ——~——— ~T(UL)N 4
hydrodynamic interactions are long-range which is manifested TR D KT 7o

in strong coupling between monomer motion. It turns out that
the incorporation of electrostatic interactions into Rouse dynam- 115 this simple calculation shows that in dilute solutions the
ics provides qualitatively correct description of the chain rejaxation time of the Rouse polyelectrolyte chain increases with
relaxation. The addition of hydrodynamic interactions will not degree of polymerizatior, asN3. Note that the translational
lead to qualitatively new results but rather to logarithmic re|axation time and the rotational relaxation time have identical
corrections to the Rouse model. This is a unique feature of scaling dependences on the system parameters.
polyelectrolyte solutions. , , It is interesting to point out that the Rouse relaxation time of
In the following sections, we present scaling analysis of the 5 hq\yelectrolyte chain is different from the chain’s relaxation
Rouse dynamics in dilute and semidilute polyelectrolyte solu- ime in the presence of the hydrodynamic interactions (the so-
tions and compare its predictions with the results of our cqjed Zimm chain’s dynamics) by a logarithmic factor. For a
molecular dynamics simulations, theoretical predictions for the ,yqjike polymer with length Rand thicknes®&NY2 the friction
Zimm model and experimental data. coefficient in the presence of the hydrodynamic interactions is
. on the order of; ~ £)Rd/(b IN(R/DNY?).7 This results in the
2. Scallng Model _ ) _ ] _ following expression for the Zimm chain’s relaxation time
2.1. Dilute Solutions. In dilute solutions the intrachain

electrostatic interactions dominate over the interchain ones. -L—Ouf*ZN:”

These intrachain interactions result in stretching of polyelec- T, ERTENEY (5)
i i isi In((uf.2)*NY?)

trolyte chains. A polyelectrolyte chain can be envisioned as an

array of the electrostatic blobs with si& and number of ) ) ]
monomergge. (Here, for simplicity, we will assum@-solvent ~ Comparing expressions for the Rouse (eq 4) and Zimm (eq 5)
conditions for the polymer backbone. Changing the solvent 'elaxation times, one can see that the Zimm relaxation time has
quality for the polymer backbone will not change dependence slightly stronger depe_ndence_ on the fraction of |o_n|zed groups
of the chain relaxation time on the chain degree of polymeri- f+ @nd value of the interaction parameterthan its Rouse
zation and polymer concentration.) The statistics of the chain counterpart, but both times have the same leatlingepend-

at the length scales smaller than the electrostatic blob size is€nces (both are proportional k). Note that in the long chain
Gaussian leading to the following relation between the elec- limit the polyelectrolyte with hydrodynamic interactions relaxes
trostatic blob sizeDe, number of monomers in ige, and the faster, 7z < g, due to additional logarithmic factor in the

fraction of the ionized groups on the polymer backbbrie-%12 ~ denominator of the eq 5. o .
In dilute solutions the chain relaxation time decreases with

D ~but)¥® and ~ (uf.)) 283 1 increasing polymer concentration due to counterion condensa-
€ (Ut G~ (ut) @) tion, which reduces the fraction of the charged mononfers,

. : : . on the polymer backbone.
whereu is the ratio of the Bjerrum lengti to the bond size b. 2.2. Semidilute Solutionsln semidilute solution regime the

The Bjerrum lengtfls = €/(ckeT) determines the strength of electrostatic interactions are screened at the length scales on

the electrostatic interactions and is defined as the length scale,[he order of the solution correlations lendththe average mesh
at which the Coulomb interaction between two elementary gthr 9

. > 280 19T
charges, in a dielectric medium with the dielectric constant fc')ztigffgl? tsheaT!cglleu;?/ggygliﬁgflgifsfr::t?g}elz-art?(;?\ I\?oolluE ﬁe e

is equal tothe thermal energyT. In this paper, we will present is equal to zero becausegthe chgr e of the section of the chain
a scaling analysis of the chain dynamics and will neglect d 9

numerical coefficients. The average end-to-end distance of the\év'tzgfrgzj?%?r:neézlng'r?ot:: FF%Zei:]e:g?;clt?:r?ghI:e‘t:\zggﬁQ(S;?rtglgtion
chain is estimated as the size of the stretched array of y 9 )

electrostatic blobs volumes can bt_a |gnored_|n the zeroth or_der approximation, and
the electrostatic blob size and stretching of a chain can be
estimated by taking into account only electrostatic interactions

~ ~ 2\1/3
R, ~ DeN/g, ~ b(uf.) N @) within the correlation volumé3. The electrostatic interactions
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between charged monomers on the length scales smaller tharthe chain size decreases with increasing polymer concentration
the correlation length result in stretching of the chain sections while the chain friction coefficient does not change.

within correlation blobs. At these length scales a section of  In the case of the Rouse polyelectrolyte chain with the chain’s
polyelectrolyte chain with gmonomer can be viewed as an dynamics described by the Rouse model on all length scales
array of the electrostatic blobs with siZe [ Dege/ge. The (neglecting all hydrodynamic interactions) the chain relaxation
concentration dependence of the number of monomers in atime has the same dependence on polymer concentration and
correlation volumeZ® can be obtained by imposing the close- degree of polymerization as in the case with hydrodynamic

packing condition for chain sections of sizec ~ g¢/&3. The interactions inside correlation blob (eq 10)
correlation length of semidilute polyelectrolyte solution is
i 9,12 _
estimated &’ o~ TRNIGL? ~ 1oUEA)M(et) N2 ¢ <c<c,  (11)
~ 2\—1/6 3\—1/2 —1/2
§~b(ut?) "Hcb Oc (6) Thus, in semidilute solutions both relaxation time of the Rouse

polyelectrolyte chain (see eq 11) and relaxation time of the real
This leads to the same concentration dependence of the numbepolyelectrolyte chain with Zimm dynamics inside the correlation

of monomers within a correlation volume length (see eq 10) decrease as inverse square root of polymer
concentration. However, as in dilute solutions, the relaxation
g: ~ 053 ~ (uf*2)*1/2(cb3)*1/2 ¢ 2 (7) time of the real polyelectrolyte chain has stronger dependence

on the electrostatic interaction parametief?.

. . The chain relaxation time can be estimated by monitoring
Since at length scales larger than the correlation lefgther the time correlation functioiR«(0)-Re()of the end-to-end

chains and counterions screen electrostatic interactions, the . . .
statistics of the chain are those of a Gaussian chain with theveC:.Or' AtftTﬁ tlmhe .SCa?'e _Igrger tha}nt_the E’]'aﬁﬂpn time Ioft_the
effective persistence length on the order of the correlation length fsec It(')n ot the ¢ ta:? t'n‘:‘)' ethcorre a I?nth ° dd |I:§ correr‘ﬁa :jon
&. Thus, according to the scaling model, a chain in the semidilute unction 1s expected fo be the sum ot the o ouse rmodes
salt-free polyelectrolyte solution is a random walk of correlation

blobs with siz&8912 R(OR(OU 8 1 tp’

—22—2 —2ex - fort>r§ (12)
N\1/2 21120 12/ -3\ —1/4 12 ~1/4 R PRSP R
R, ~ g(g—) ~ but)MNY(ck®) M O NV (8)

g We will use eq 12 to fit correlation function of the end-to-end
vector because polymers in our simulations were unentangled
in semidilute and concentrated polyelectrolyte solutions. In the
next section, we present the results of the tests of the predictions
of the scaling model by molecular dynamics simulations.

Similar scaling arguments can be applied to describe polymer
dynamics. The motion of different chain sections inside the
correlation blob are strongly hydrodynamically coupled just as
in dilute solutions, leading to the Zimm relaxation time of the
correlation blob to be proportional to its volumg ~ 7oZ* (up 3. Molecular Dynamics Simulations of Polyelectrolyte
to logarithmic corrections)®°.12 Solution Dynamics

The Rouse model neglects hydrodynamic interactions and
predicts the relaxation time of the section of a polyelectrolyte
chain withg: monomers inside the correlation blob

3.1. Model and Methodology?®—31A polyelectrolyte solution
was represented in our simulations by an ensembM ef 16
chains each consisting bfLennard-Jones (LJ) monomers, with
R 5 fraction f of charged monomers aride = fN counterions per

Te N 7005 ©) chain confined into a cubic simulation box of sike with
periodic boundary conditions. We have considered fully and
which is the same as the Rouse relaxation time of the partially charged polyelectrolyte chains with fraction of charged
polyelectrolyte chain with gmonomers in a dilute solution. monomerd = 1 andf = 1/2 respectively. All charged particles

Each chain consists ®/g: correlation blobs. Both electro-  were monovalent ions and, therefore, the total number of
static and hydrodynamic interactions between these blobs arecharged monomers was equal to the number of countekidhs
screened and therefore their motion in the unentangled semi-Excluded volume interactions between every pair of monomers
dilute solution regime can be described by the Rouse dynamicswere modeled by the truncated-shifted Lennard-Jones (LJ)
of correlation blobs. In the case of real polyelectrolyte solutions potential set to zero at the cutoff distange= 2.50.

with the Zimm dynamics inside the correlation length, the
12 6 12 6
4e (g) - (g) - (g) + (g) r=r,
Uy = r r e re 13)

relaxation time of the chain 3§-9.12
7, ~ TE(NIg.)° ~ To(uf)Yoch) N e <c<c,  (10) 0 r>r

C

Note that the chain relaxation time in this unentangled semidilute The parametef; controls the strength of the short-range
regime decreases with increasing polymer concentratiaz as interactions. All simulations were carried out fog = 1.5kgT

~ c~Y2pecause both the number of monomers in the correlation (kg is the Boltzmann constant afids the absolute temperature),
blob g: and the correlation blob sizgare proportional te=1/2 which corresponds to the poor solvent condition for the
This decrease of the solution relaxation time with increasing uncharged backbone. For many synthetic polyelectrolytes such
polymer concentration is unique for unentangled polyelectrolyte as NaPSS water is a poor solvent for the polymer backbone. It
solutions. Relaxation time of uncharged polymer solutions is also important to point out that for highly charged chains the
increases with polymer concentration. The reason for such solvent quality for the polymer backbone does not have a strong
unusual dependence of polyelectrolyte relaxation time is that effect on solution propertie’:3°
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The connectivity of monomers in the chains was maintained
by the finite extension nonlinear elastic (FENE) potential

U _ 1 2 r2
renell) = — 5 kRy"Inf1 — @ (14)

wherek = 7¢_; /62 is the spring constant arfgy = 20 is the
maximum bond length at which the elastic energy of the bond =
becomes infinite. The FENE potential gives only the attractive
part of the bond potential. The values of the parameters were &, ]
chosen to prevent chains from crossing each other. Q:“’ o_z-f
A truncated-shifted Lennard-Jones potential was also used V ]
to describe the pure repulsive excluded volume interactions
between any pair of counterions and between a monomer and
a counterion.

0.1 . .

le [(0)12 (0)6‘ n " 0.0 2.0x10° 4.0x10° 6.0x10°
oy I €y r=2 .
uhn={ "W/ )] ) Time [MD steps]

0 r > 21/60 . . . . .
Figure 1. Orientation correlation function of the end-to-end vector
The parametes was chosen to be the same for all monomers for the system of fully charged chaink,= 1, with the degree of
and counterions. polymerizationN = 94 at different polymer concentrations: 5106

. . o2 (olive green hexagons); 1.5 105 o2 (blue triangles); 1.5x
.The _solvent was represented. by a gontlnuum Wlth. the 10-4 o3 (green triangles): 1.5 103 o3 (black rhombs): 0005
dielectric constant. In such effective medium representation (red triangles); 0.016 2 (pink triangles); 0.0% 3 (gray circles): 0.15
of the solvent, all charged particles interact with each other via ¢~2 (dark blue squares).

the unscreened Coulomb potential

of the end-to-end vector correlation function during the simula-

IBq_iqj (16) tion runs of the systems of fully charged chaifis; 1, with the

r degree of polymerizatioN = 94. The chain relaxation time

was evaluated by fitting the simulation data to the correlation

wherelg = €/(ckgT) is the Bjerrum lengthg is the charge  function given by eq 12. The obtained correlation times of end-
valence of theith particle equal tot1 for a positive charge  to-end vectors show identichland concentration dependences
and —1 for a negative charge. The electrostatic interactions as the diffusion times estimated from the mean-square displace-
between all charges in the simulation box and all their periodic ment of the chain center of mass.
images were computed by the smoothed particle mesh Ewald  parts a and b of Figure 2 show tNedependence of the end-
(SPME) algorithr#®~3% implemented in the DL_POLY version  tg-end vector relaxation time at different polymer concentrations
2.12 software package. for fully, f = 1, and partially,f = 1/2, charged chains. In a

The molecular dynamics (MD) simulations were performed gijyte solution regime the data points approathdependence
by the following proceduré?~3* The initial conformations of  hjle in semidilute solution regime the data are closeNf
the 16 polyelectrolyte chains in the cubic cell with periodic dependence. The crossover between the Nvdependence
boundary conditions were generated as a set of self-avoidingregimeS occurs around chain overlap concentratiorThese
walks. The counterions were placed randomly in the unoccupied \ dependences of the chain relaxation time are in an agreement
volume of the simulation box. Both dilute and semidilute \yith the predictions of the scaling model described in section
solutions of chains with the degree of polymerizatidmarying 2.
from 25 to 373 and the value of the Bjerrum lendgh= 3o, Our simulations confirm theoretical predictions that relaxation
were studied in the range of polymer concentratiof®m 1.5 time in polyelectrolyte solution decreases with polymer con-
x 1077 6% t0 0.1507% The simulations were carried out at  centration in both dilute and semidilute regimes as seen in Figure
constant temperaturd = 2e.y/(3ks) using the Langevin 3 parts a and b. In the dilute solution regime, the chain
thermostat with a coupling constant= 0.14141/z;, wherem relaxation time shows weak concentration dependence. In this
Is a particle mass (set in our simulations to unity) andsthe  concentration interval, the decrease of the chain relaxation time
characteristic LJ-time defined as; = 4/mo/ksT. Utilization is caused by the chain size reduction due to counterion
of the Langevin thermostat in our simulations corresponds to condensation on the polymer backbone. With increasing polymer
the Rouse chain dynamics. A velocity Verlet algorithm was used concentration, the entropic penalty for counterion localization
to integrate the equations of motion with a time step equal to decreases, resulting in a larger number of counterions residing
At = 0.01r;. The number of MD steps was chosen large enough in the vicinity of the polymer backbone. These counterions
to allow the mean square end-to-end distances and the meanweaken intrachain electrostatic repulsion and reduce the poly-
square radii of gyration of chains to relax to their equiliborium meric size.
values. This requirement led to the range of simulation runs In the semidilute solution regime, the chain relaxation time
between 200 000 and 8 000 000 MD steps depending on thefirst decreases with increasing polymer concentration then it
chain length and polymer concentration. begins to increase. The size of the correlation blob decreases

3.2. Results and DiscussionThe chain relaxation time in  with increasing polymer concentration leading to weaker
our simulations was estimated by monitoring both the decay of intrachain electrostatic interaction which are screened by sur-
the correlations in the orientation of the end-to-end vector (see rounding counterions. To verify the scaling relations derived
eg 12) and the time dependence of the mean-square displacemerit section 2, we replotted the simulation data corresponding to
of the chain center of mass. Figure 1 shows the time evolution the semidilute solution regime using the following universal

UCouI(r) = kBT
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Figure 2. Dependence of the chain relaxation time on the chain degree 10 10 10 10 3 10 10 10
of polymerization at different polymer concentrations: %30 *o~3 c [0' ]
(green triangles); 1.5« 1072 ¢ (black rhombs); 0.00%2 (red Fi . ; P
? ) L . ) N . . - gure 3. Concentration dependence of the chain relaxation time for
triangles); 0.01% (pink triangles); 0.09 (gray circles); 0.1% the system of fully (a) and partially (b) charged chaiNs= 25 (dark

(dark blue squares) for the system of fully (a) and partially (b) charged na : = h :
chains. Open symbols correspond to dilute and filled symbols to gug4b|ﬁgﬁsg:;ir§|se)§)_l\l4:o (%iy(ctl)lrglfks)mom%i)(.ﬁm:k tggggégf{)aigln
semidilute solution regimes. triangles);N = 247 (blue triangles).

coordinatest/(N£)? vs ¢ (see Figure 4, parts a and b). All is manifested in an increase of the effective monomeric friction
simulation data collapsed into one universal curve. At the coefficient. We can dismiss the first explanation because if it
intermediate polymer concentration range the simulation datawas the case the crossover to the concentrated solution regime
follow c2 scaling in an agreement with theoretical predictions should occur at lower polymer concentrations for the system
for the Rouse chain dynamicg(NE&)2 ~ cl2 However, at high of partially charged chaing, ~ f 23289 This is not observed
polymer concentrations, & 0.015 forf = 1 and ¢> 0.05 for in our simulations. The crossover to the new concentration
f = 1/2, the simulation data exhibit faster thelf? increase with regime occurs at higher polymer concentration for the partially
polymer concentration. In the case of the fully charged chains, charged chain§ = 1/2 than for the fully charged ones. Thus,
the simulation data scale almost linearly with polymer concen- we can argue that the upturn in the chain relaxation time is due
tration. to the increase of the effective monomeric friction coefficient
The crossover to the new concentration regime is independentwith increasing polymer concentratiéhFor solutions of fully
of the degree of polymerization. Thus, it cannot be associatedcharged chainsf, = 1, the total concentration of counterions
with the entanglement threshold. The absence of khe  and monomers is equal to twice the polymer concentration. This
dependence of the crossover concentration leaves us with twomakes average distance between charges shorter and electrostatic
possible explanations of the slowdown of the chain dynamics. interactions stronger in comparison with the system of partially
The upturn in the chain relaxation time could be due to the charged chainsf = 1/2, and therefore, the transition occurs
crossover to concentrated solution regime in which the elec- earlier for fully charged chains.
trostatic interactions between charged monomers are completely In order to directly test the hypothesis of the concentration
screened and chain dynamics is similar to that of neutral chains.dependence of the monomeric friction coefficient we have
The crossover to the concentrated solution regioteurs aftc studied the concentration dependence of the chain diffusion
= ¢p,. The second possibility is that the system approaches acoefficientD. Note that, for the Rouse model the chain diffusion
glass transition with increasing polymer concentration which coefficient is inversely proportional to the chain degree of
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polymerizationN times the monomeric friction coefficiergb,
D = ksT/(N&o). The results of this study are shown in Figure 5,
parts a and b. The chain diffusion coefficighimonotonically
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Figure 5. Dependence of the product of the chain diffusion coefficient
and chain degree of polymerizatiblh DN on the polymer concentration
for the system of fully (a) and partially (b) charged chaiNs= 25
(dark blue black squaresN = 40 (gray circles);N = 64 (pink
triangles);N = 94 (red triangles)N = 124 (black rhombs)N = 187
(green triangles)N = 247 (blue triangles)N = 373 (olive green
hexagons).

decreases with polymer concentration. This decrease is almost

unnoticeable at very low concentrations & 1074 ¢79).
However, chain diffusion coefficient shows strong concentration
dependence at higher polymer concentratians (103 o3).

It is interesting to point out that the simulation results can be
fitted to the exponential functioBN = Dy exp(— B(2fcb?)3)
over almost entire concentration range. The paraniieequal

to 2.56 for both fractions of charged monomers and the
parameterDg is equal to 4.330%t; for the fully charged
chains,f = 1, and 5.67%_; for the partially charged chains,

f = 1/2 (see solid lines in Figure 5).

The renormalization of the monomeric friction coefficient can

be included into the Rouse model by substituting the charac-

teristic monomeric timey by the effective monomeric time
= o ?/(DN) which takes into account the variation of the
monomeric friction coefficient with polymer concentration.

Tr & T (UEDYONH ) M2 ¢ <c<c,  (17)

follows the Rouse dynamics with concentration dependent
monomeric friction coefficient.

2
TR~ teﬁggézbz(g%) ,cr <c<g, (18)

It is important to point out that the strong renormalization of
the monomeric friction coefficient could be a unique feature of
the simulations without explicit solvent. The simulations with
explicit solvent could show much weaker concentration depen-
dence of the monomeric friction coefficient.

Until now we have presented a detailed study of the whole
chain dynamics. It is interesting to see how well the Rouse
model describes the dynamic properties of the polyelectrolyte
chains at shorter length and time scales. To achieve this goal
we studied behavior of the amplitudes of the Rouse modes
Xp(t) defined as the cosine transform of the radius veci)

To test this hypothesis, in Figure 6, parts a and b, we plot the of the nth monomer on the polymer backbdne

dependence of the reduced chain relaxation tiffes g:52)
on the number of correlation blobs per chaifg:. This plot
confirms that our data in the concentration range above

X (0) = % Nanr(0 cos(”Wp”) (19)
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Figure 6. Dependence of the reduced chain relaxation tifte£%g:)
on the number of correlation bloldd¢/g: per chain for the system of
fully () and partially (b) charged chainbl = 25 (dark blue black
squares)N = 40 (gray circles)N = 64 (pink triangles)N = 94 (red
triangles);N = 124 (black rhombs)N = 187 (green triangles)\ =
247 (blue triangles)N = 373 (olive green hexagons).

In dilute polyelectrolyte solutions the strong intrachain elec-
trostatic interactions result in elongation of the polyelectrolyte
chain. In this concentration regime the average mean-squar
distance betweemth and mth monomers on the polymer
backbone is equal to

D 2
[ro®) — r®)°C —5 (N = m)*+ bin — m,
%

c<c* (20)

where the first term in the rhs of the eq 20 describes an
elongation of the polyelectrolyte chain into array of the

electrostatic blobs and the second term describes chain fluctua

tions around this rodlike conformation. In semidilute solution

regime for the length scales shorter than solution correlation

length &, the chain statistics is similar to the one in the dilute

solution regime. Thus, eq 20 can be used to describe mean-

square average distance between two monomers for which th
distance along the polymer backbome— m| is smaller than
the number of monomers in the correlation bgpbAt the larger
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Figure 7. Dependence of the reduced mean-square average value of
the Rouse mode amplitudes on the mode nunpbfr fully charged
chains with the degree of polymerizatibh~= 247 at different polymer
concentrations: 1.5 107 o2 (olive green hexagons); 1.5 105

073 (blue triangles); 1.5« 1074 o3 (green triangles); 1.5 1073 o3
(black rhombs); 0.00%2 (red triangles); 0.01%~2 (pink triangles);
0.05072 (gray circles); 0.1573 (dark blue squares).

length scale for the distances along polymer backhonre m|

> g the electrostatic interactions are screened and a polyelec-
trolyte chain behaves as an ideal chain with the Kuhn length
on the order of the solution correlation lengdthvith the average
mean-square distance betwesth and mth monomers being
equal to

EZ

Qro(t) — r ()~
9:

[n—mj
In—m| > g.andc > c* (21)

Using expressions in egs 20 and 21, we can calculate the mean-
square average value of the Rouse mode amplitudes in dilute
and semidilute solution regimes (see, for details, ref 7)

.4 2
2P0 (MZ/Z) 4+ D Nz, forc < c*
, (77p) (77p)
X, ()~ . [7TPg 22
p () p2sin o 5 o (22)
NZ—2 3 5 forcx <c
9 (7p) (7tp)

eIt follows from eq 22 that in a dilute solution there is an even
odd mode effect. For even modes wiil+ 2, 4, 6, ..., the first
term is exactly zero and the mode spectrum is identical to the
spectrum of the Rouse modes of an ideal polymer chain.
However, for the odd modes with = 1, 3, 5, ..., the mode
spectrum is dominated by the first term for low-frequency
modes. Thus, one should expect oscillations in the mode
spectrum with magnitude of oscillations decaying with increas-
ing the mode numbep. Figure 7 shows the spectrum of the
Rouse modes for the fully charged polyelectrolyte chain with
the degree of polymerizatidd = 247. To obtain this spectrum
from our simulations we have used the discrete Fourier

transform of the monomer coordinates

N-1

1 ap(n + 1/2)
X,(t) = N Zo r () coq——

e {

As one can see in a dilute solution regime, there are indeed
oscillations in the mode spectrum in agreement with eqc22,

(23)
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Figure 9. Dependence of the reduced mode relaxation tig{@e&2g:)
on the reduced mode numbayN for the systems of the fully charged

94 (red symbols), 124 (black symbols), 187 (green symbols) and 247 chains,f = 1, with the degree of polymerizations 124 (black), 187

(blue symbols) in semidilute solution regime at different polymer
concentrations: 1.5 1072 ¢2 (rhombs); 0.00%2 (inverted triangles);
0.015078 (triangles); 0.052 (circles); 0.1502 (blue squares).

< c¢*. In the semidilute solution regimeX (t) Capproachep—2
asymptotic in agreement with thEge/N < 1 limit of eq 22.

Analysis of the mode spectrum in semidilute solution regime,
c>c*,

X, ()~

3 2sin(%) 2 2 sin(npgs)
9: De N/, b & N
No? (7pg/N)°  N(zpg/N)*  RZ(7pg./N)?

24)

shows that one can select universal coordineXg¥t) IRA15*

and pge/N that eliminate anN dependence and collapse
simulation data for different chain degrees of polymerizations
and different polymer concentrations onto one universal plot.
(Note that in rewriting eq 24 we have used the following
relationsé ~ Deg:/ge and R £°N/ge, neglected the second
term because it is small fdD. < £.) This universal scaling

(green), and 247 (blue) in semidilute solution regime at different
polymer concentrations: 1% 1072 o2 (rhombs), 0.00%3(inverted
triangles), 0.01%~3(triangles), 0.0%3(circles), and 0.15~3(squares).

relaxation timerz, by zer allowed us to account for renormal-
ization of the mode friction coefficient with increasing polymer
concentration. There are two different scaling regimes in Figure
9. For small values of the parametag:/N the reduced mode
relaxation time decreases with increasing the mode number
asp2 These Rouse modes correspond to relaxation processes
occurring on the length scales larger than solution correlation
length&. For these length scales, the electrostatic interactions
are screened and chain dynamics is similar to the dynamics of
the ideal chain with the Kuhn length on the order of the solution
correlation lengtt. For modes with shorter wavelengfyg:/N

~ 1, the reduced chain relaxation time shows faster decrease
with the mode numbep, 7, ~ p~3 (see also eq 24). This faster
decay of the mode relaxation timg with the mode numbep
corresponds to relaxation processes of the sections of the chain
smaller than the solution correlation length Note that this
dependence of the mode relaxation timg;- p~3, on the mode
number p is a reflection of the strong elongation of the

plot is presented in Figure 8. There are two clear asymptotic polyelectrolyte chain at these length scales. Thus, the analysis
regimes in Figure 8. For small values of the normalized mode of the modes amplitudes (Figure 8) and the spectrum of the

numberpg:/N < 1, the functiorZX ,?(t) IRAE* is proportional
to p~2 while for the mode numbers withg:/N ~ 1, it scales
with the mode numbep asp 2. This is exactly what one should
expect in accordance with eq 24.

The mode relaxation time, can be obtained from the time
correlation function of the Rouse mode amplitudes,
Xp(t)-Xp(t + At)LJ In analysis of our simulation data we have
fitted the correlation function to a simple exponential function
of the following form

X ()Xt + A)O= X () Cexp(— Atr,)  (25)
In the framework of the preaveraging approximafiahe
relaxation times of the Rouse modgsare proportional to the
mode friction coefficient, and X () [l 7p O §pX ()T In this
approximation, the effect of the electrostatic interactions is
included into renormalization of the parametefs and
Xp2(t)U In order to test the validity of this approximation for

mode relaxation times (Figure 9) confirms the validity of the
preaveraging approximations for polyelectrolyte solutions, and
the existence of the single correlation len§thwhich describes
both static and dynamics properties of the semidilute polyelec-
trolyte solutions.

4. Summary

We have performed molecular dynamics simulations of
polyelectrolyte dynamics in dilute and semidilute solutions
regimes. In our simulations we used Langevin thermostat to
control system temperature. The simulations with the Langevin
thermostat correspond to the fully draining (Rouse) dynamics
of polymer chains for which the effective chain friction
coefficient is proportional to the number of monomers on the
polymer backbon&. Our simulations have shown that in the
dilute solution regime the chain relaxation time scales with the
chain degree of polymerization &. This strongN dependence
of the chain relaxation time is a manifestation of the strong

polyelectrolyte solutions, we have plotted the dependence of elongation of a polyelectrolyte chain due to intrachain electro-

the reduced mode relaxation timg/(zeg:52) on the reduced
mode numbepg:/N in Figure 9. Normalization of the mode

static interactions. The chain relaxation time decreases with
increasing polymer concentration. The decrease in the chain
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