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We propose a theory of the dynamics of polymers in dilute solution, in which the popular Zimm and Rouse
models are just the limiting cases of an infinitely large and small draining parameter. The equation of motion
for the polymer segments (beads) is solved together with Brinkman’s equation for the solvent velocity that
takes into account the presence of other polymer coils in the solution. The equation for the polymer normal
modes is obtained and the relevant time correlation functions are found. A tendency to the time-dependent
hydrodynamic screening is demonstrated on the diffusion of the polymers as well as on the relaxation of their
internal modes. With the growing concentration of the coils in the solution, they both show a transition to the
exactly Rouse behaviour. The shear viscosity of the solution, the Huggins coefficient and other quantities are
calculated and shown to be notably different from the known results.
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1. Introduction

Interest in dilute polymer solutions arises primarily from their importance in the characteriza-
tion of polymers, their interaction with solvent and from a fundamental interest in understanding
macromolecular response to hydrodynamic forces, free from the complications of intermolecular
entanglements. Despite five decades of investigations, these issues are not entirely understood. So,
there is a systematic discrepancy between the dynamic scattering data and the theory [1-3]. The
existing theories give different results for the viscosity of dilute polymer solutions (see, e.g., [4,5]
and the citations therein), the observed monomer motion in single polymer chains cannot be ex-
plained by the available theories [6], the time dependence of hydrodynamic screening in solutions
has not been explained [7], etc. For other problems we refer the reader to the recent review [8].
The aim of this work was to contribute to the solution of some of these problems by developing
a phenomenological bead-spring theory of diffusion of an individual “test” polymer and the relax-
ation of its internal modes in the solution of unentangled polymers. Our approach differs from the
traditional ones in several main points. Firstly, the joint Rouse-Zimm theory is exploited [9]. In
the literature, following de Gennes [10], it is assumed that at 6 conditions, the Zimm modes with
the dispersion of relaxation times 7,7 ~ p~3/2 | where p is the mode number, at low frequencies,
should always dominate the Rouse modes with 7,r ~ p~2: we show that these both contributions
to the polymer characteristics should be taken into account. Next, the internal modes are distri-
buted discretely (the assumption of their continuous distribution with respect to p is true only in
a restricted time domain and often leads to incorrect interpretation of experimental data [11]. The
formalism from our theory with the time-dependent hydrodynamics of polymers has been adopted
[9,12] and, finally, the Brinkman’s theory [13,14] for the flow in porous media is used in order to take
into account the effect of other coils on the test polymer. The presented theory has the following
limitations. The considered time scales are t > T = R?p/n, where R is the hydrodynamic radius
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of the polymer, p is the density and 7 is the viscosity of the solvent. This means that the effects
of hydrodynamic memory (or the viscous aftereffect) are neglected [9,12,15]. The distribution of
the coils in solution is considered to be stationary (this is justified at least for the times ¢ < 7p;
the choice of this time scale is possible since always 7, < 7p, where 7p = R? /D is the character-
istic time of the coil diffusion with the diffusion coefficient D). Our theory is also restricted to
solvents [4]; generalizations to other cases require the knowledge of the equilibrium distribution of
the segments when the exclude volume interactions are taken into account. As already mentioned,
only solutions of unentangled polymers are considered. We are thus limited to the concentrations
of the chains ¢ < 1/[n], where [n] is the intrinsic viscosity and ¢ is the number of polymers per
unit volume [8]. In spite of all these restrictions and other ones, like those that we do not consider,
i. e., the internal viscosity of polymers and the self-entanglements (the importance and even the
reality of these interactions are uncertain [8]), we believe that the results of our theory could be of
interest. In particular, we have found new expressions for the quantities describing the behaviour
of flexible polymers in solution, such as the diffusion coefficient of the coil, the relaxation times of
the internal modes, the viscosity of the solution, and the Huggins coefficient. These quantities have
been obtained from a generalized Rouse-Zimm equation for the position vectors of the polymer
segments and the Oseen tensor describing the velocity field of the solvent due to perturbation. Fi-
nally, our theory describes in a simple manner the hydrodynamic screening, i.e. the concentration
and time-dependent transition between the Zimm and (as distinct from the previous theories) the
exact Rouse behaviour of the polymer.

2. The Rouse-Zimm-Brinkman theory of polymer dynamics

We choose one coil as a “test” polymer. The equation of motion of its nth segment is
d®7 (1)
de?

Here, 7', is the position vector of the segment (a spherical bead) from the N ones constituting the

T ch e

polymer, M is the bead mass, ?‘;Lh is the force from the neighboring beads along the chain, 7)”

i
is the random force due to the motion of the molecules of solvent, and f  is the Stokes friction
force on the bead during its motion in the solvent [4,16]:

7 {d?" — (?n)] , (2.2)

fr
Th=—¢ |
where 7 denotes the velocity of the solvent in the place of the nth bead due to the motion of
other beads. The friction coefficient on the bead with radius b is & = 6wnb. This expression holds
in the case of steady flow and takes into account the hydrodynamic interaction. In a more general
case, with the hydrodynamic memory [9,12,15] the force (2) should be replaced by the Boussinesq
force and equation (1) has to be solved together with the nonstationary hydrodynamic equations
for the macroscopic velocity of the solvent. To take into account the presence of other polymers
in solution, we use the Brinkman’s work [13] (see also [14]) in which a polymer is considered as a
porous medium. In our approach, the whole solution is such a medium while the coils are obstacles
to the solvent flow. Then, in the right hand part of the Navier-Stokes equation, a term —x?nv
has to be added, where £~2 is the solvent permeability. This term has the sense of an average
value of the force acting on the liquid in the element of volume dV', provided the average number
of polymers in solution per unit volume is ¢; then x?n = cf, where f is the friction factor on one
coil. Thus, for an incompressible solvent (V" = 0)we have to solve the equation
o
Y
Here p is the pressure and @ is the density of the force from the beads of the studied polymer
acting on the solvent [16],

= -Vp+ AV —&*n7 + P. (2.3)

B@) ==Y T (T)6(T - T). (2.4)
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To solve this equation is a difficult problem since the polymer chains are mobile. However, restricti-
ng ourselves to the times much shorter than 7p, the concentration ¢ can be assumed constant. The
above equations then describe the motion of one bead in the solvent with the effective action of
other coils on the motion of the solvent flow. This problem can be transformed to that solved
already in [17] (see also [9,15]). The velocity field can be in the Fourier representation in the time
written as follows:

W (7)) = /d?'z 9 (T — T 3 (7). (2.5)
B
Here the analog of the Oseen tensor is

a8 (7) = Abap + Brarﬁr*Q, (2.6)

= o) e -y 1)y}
B = (8mpr)~! {e_y +3y[(1—e7Y) y_l}”} , (2.7)

y =rx, x> = k2—iwp/n, and the prime means the differentiation with respect to y. In the particular
case w = 0 and for permeable solvent, x = 0, equation (6) coincides with the well-known result of
Zimm [4]. Using this solution, a generalization of the Rouse-Zimm equation can be obtained from
the equation of motion [9]. The preaveraging of the Oseen tensor over the equilibrium Gaussian
distribution of the beads [4,16] gives

2

< gﬁnm>0 = 5aﬁhw (n_m)7 ?)nm Eﬁ—ﬂ,
h(n—m) = (6r°n— m|)71/2 (na)~" [1 — Vmzexp (2°) erfe(z)] . (2.8)

Here a is the mean square distance between the beads along the chain and z = xa (|n — m|/6)1/2.
Then in the continuum approximation with respect to the variable n the new Rouse-Zimm equation
reads

+ MWPTe(n) + f¥(n)

27w
LiwTY(n) = 1[3kBT8 z¥(n)

£ a? on?
N 27w N
+/ dmh®(n —m) 3]22T8;7mgm) + Mw?*T¢(m)+ f“m)]. (2.9)
0

It is solved with the help of the Fourier transformation (FT) in n, taking into account the
boundary conditions at the ends of the chain [16], 97 /On = 0 at n = 0, N: T%(n) = y¥ +
23 51 Y cos(mnp/N). The inverse FT then yields

— —
Ty = U [wEY - Mo? + K, (2.10)
where
—w w -1 W 2
2 —¢[14+2-60) NeRS] ', K, :3kBT(m> . p=0,1,2,... (2.11)

and the Oseen matrix is [9,15]

1 1+x N
he = r__ Xp = 1| —Xa, p=1,2,..., 2.12
pp mma/37Np 1 + (1 + Xp)2 P\ 3mp (2.12)
2 1 2 1 N

w2 1 -2 4+~ (1—exp ierfcw}, =/=xa. (2.13

50 e e X [ N XE,( xZerfex.,) Xw = || Txa. (213)
Using the fluctuation-dissipation theorem, the time correlation functions of the normal modes are

kgT o ReZv

$/ dw coswt P 5 -
(2=0p0) 7N J ‘—ing — Mw? + K,

Vp(t) = (Yap(0)yap(t)) = (2.14)
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2.1. Diffusion of the coil

In the stationary limit w = 0 so that x = . Then the preaveraged Oseen tensor (6) is

(Hag)o = <M>O- (2.15)

r

Thus, the quantity 1/« (for small xr only) can be considered as a screening length. For an individual
polymer we have (p = 0 in equation (14)) [9]

¥o(0) — tho(t) = Dt (2.16)

with the diffusion coefficient D = Dr + Dz (R and Z denote the well-known Rouse and Zimm
limits [4]. Now instead of equation (12) we have h, with xo = kRg (R being the gyration radius),
the diffusion coefficient depends on the concentration of the coils ¢,

D Zl)R—l—Dz(C)7 (2.17)

(Dz(0) = Dz) and consists of the Rouse (independent of the presence of other polymers) and the
Zimm contributions. The latter one can be expressed in the form

Dz(c) = Dzf(c), (2.18)

where f(c) is a “universal” function for every polymer:

3w { 2 1 9 ]
=Y |1- + — (1 — exp xgerfc . 2.19
4xo Vaxoe X3 ( PXgerfexo) (219)

f(e)

The dependence of the permeability on the concentration is estimated as follows. The friction
coefficient in the quantity x2 = cf/n from equation (3) can be determined using the Einstein
relation D = kgT'/f. In such a picture

277 ¢ 3 \"
2= — 1+ — . 2.20
T 6 Ré( +4\/§h) (2:20)

Then, the values of x and o depend on the draining parameter h = 2(3N/m)"/2b/a (if h > 1,
the dynamics is of the Zimm type, for h < 1 we deal with the Rouse polymers). The quantity
c= 47TR%C/ 3 denotes the number of polymers per volume of a sphere with the radius Rg. With

the increase of ¢ the Zimm term decreases and for large ¢ (small permeability £ when yo > 1) it
becomes ~ 1/4/c,

2kgT 1
D ~ —. 2.21
z(c) mNa? k ( )
The realistic case of small ¢ corresponds to xg = kRg < 1 when
Dz(c) = kBThgo(C) = Dz 1— iIi.RG +--- . (222)
8/

The concentration dependent correction to Dy is thus proportional to y/c and differs from other
results (compare [18] and citations there, where this correction is ~ ¢). The behaviour of a free
polymer depends on the draining parameter h. If h is large, the Zimm polymer (at ¢ = 0) with
growing ¢ should change its behavior to the diffusion with the Rouse coefficient Dg.

2.2. Dynamics of internal modes

In the stationary case (w = 0) and at zero concentration (k = 0) the diagonal elements of the
Oseen matrix are well known [4]. Now A, from equation (13) depends on ¢. The internal modes
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relax exponentially as in previous theories, 1,(t) o< exp(—|t|/7,), but their relaxation rates consist
of the Rouse contribution and the concentration-dependent Zimm part,

L _ L, (2.23)
() TR Tpz(c)’ .
where 7,r and 7,7(0) = 7,z are given in [4,16] and
11+ (14 x,)°
= 2.24
pz(c) = 5 T4y, % (2.24)
which behaves as N
= 1+ —r?a® - 2.25
rle) =y (14 e - ) (2:25)
if ¢ — 0, and (although unrealistic), as ¢ — oo one has
1 (Na2)*n
Tpz(c) 5 TpzXp = Sk T2 " (2.26)

Note that for the internal modes, the draining parameter depends on the mode number p: h(p) =
TR/ Tpz = h/\/p- The “universal” dependence of 7,7(c)/7,z(0) on X, (24) indicates that with the
growing c every polymer shows a tendency to become the Rouse one.

2.3. Steady state viscosity and the Huggins coefficient

The shear viscosity of the solution can be calculated from the formula [4,8,16]
1 oo
n(c) =n+ §kBTcZ 7(c). (2.27)
p=1

Using equation (24), in the Rouse limit we have the familiar result [4] n(c) — n = 1N2a?bcn/6. In
the Zimm limit at small concentrations

"(C)n” = 2\/37(\/1) (2) [1+cNa2RZC (‘;’)c<g>+]

= 0.425¢ (Na?)™? [140.140¢ (Na?)** 4 -] (2.28)

where Ry is the Zimm hydrodynamic radius [4] and ¢ is the Riemann zeta function. The first term
coincides with the known result [4]. A more general expression for the viscosity, following from
equations (27) and (24), is

n(e) —n 2 2 1+ Xxp -
; N bcz ( f71+(1+xp)> : (2.29)

At very low concentrations when x, < 1 one has

n(e )77 Nz chz <1+ \if)l (2.30)

Due to the dependence on h, the difference between this and the classical result [4] can be notable.
So, for a polymer with small h, the ratio of the intrinsic viscosity [n]n = lim.—o[n(c) — n]/(nc)
at h < 1 (when the polymer is assumed to be the Rouse one) to that with h = 0 changes as a
function of h from 1 to = 0.55, at h = 0.5 being 30 per cent smaller than in the case of a pure
Rouse polymer. For a very large h, the intrinsic viscosity is [n]ps1 = 31/2/mRE((3/2) = 6.253R},.
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Considering the viscosity normalized to this expression, one can find that even for rather large h
the difference from the traditional result for the pure Zimm polymer is significant. So, at h = 10,
it represents some 25 per cent and it is still about 10 per cent even for h as large as 50.

One of the important rheological parameters of polymer solutions is the Huggins coefficient ky.
It can be determined from the general expression for the viscosity (29), using the intrinsic viscosity
[]n at zero concentration (see equation (30)):

n(e) —n

o [7ln (1 + kulnlne+---). (2.31)
We find
-2
3T —= 1 h\ 2 3 \ 1|1 B\t
kH:zﬁp_lm(”ﬁ) (HM) LX_;E(H%) ] : (2.32)

Thus, for large h (the Zimm case) one has

o Q%g (g) (2 <;> ~ 0.655. (2.33)

This value differs from the literature results, see, e.g., [4] where kg = 0.757 is given; in [19] one
finds kg = 0.6949, and in [20] the calculations give the value 0.3787. The Freed and Edwards
theory [21,22] possesses an intrinsic viscosity, which is inconsistent with the Kirkwood-Riseman
steady-state limit and gives the hydrodynamic screening even for infinitely dilute solutions (the
discussion of this issue has been already given in the paper [5]).

As h — 0 (the Rouse case), ky approaches zero as ky ~ 2mh((7/2)¢~?(2) and when h grows,
the Huggins coefficient slowly converges to the Zimm limit (33). The difference from this limit is
significant in a broad region of h, e.g., with the maximum = 1.27 of the function ky/knzimm at
h= 3, and with kH/kHZimm ~ 1.15 for h = 20.

2.4. Monomer motion

In connection with the unresolved problem of the dynamic nature of hydrodynamic screening
in polymer solutions (see Introduction), it is of special interest to consider the time-dependent
quantities describing the polymer behaviour. Among such quantities, the relaxation modulus, which
determines the shear stress at shear flows can be easily studied since it is given simply by a sum of
exponentials containing the relaxation times from equation (23) [4,8]. Here we shall briefly focus on
the simplest (but observable [6]) motion of the end monomer within a polymer coil and calculate
its mean square displacement (MSD). The MSD part due to internal modes is [4,11]

(r(6)), = %2“2 ,,21% {1 — exp ( TPEC))] : (2.34)

As already shown, with growing concentration ¢, every polymer tends to behave as a Rouse one,
which is due to the decrease of the Zimm contribution to the relaxation rates 7, L. The time
dependence of this screening is well displayed considering, e.g., the ratio of the Rouse part of
the MSD (i.e., if the polymer was the pure Rouse one, h = 0) to the total MSD in the joint
Rouse-Zimm model. This function, (r2(#))int.r/(r?(t))int, depends on the draining parameter h,
the concentration ¢, and the time. With the growing ¢, the above relation converges to unity
showing the transition to the Rouse behaviour. For example, at a concentration ¢ = 0.1 and h = 10
we have (r?(t))int,r/(r?(t))int & 0.75 at t = TR, at t = 271r the difference from the Rouse MSD
is only about 10 per cent, and at ¢ = 57 the initially Zimm polymer becomes indistinguishable
from the Rouse one. When the same relation is considered as a function of ¢ for different times,
one sees that the tendency to approach the Rouse limit with the increase of ¢ is more and more
expressed as the time growths. At long times, as expected, the polymer behaves as the Rouse one
already at small concentrations.
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3. Conclusion

The behaviour of complex polymer systems that are attractive due to their unusual properties
as well as numerous applications cannot be comprehended without understanding the behaviour
of a single polymer in a liquid, its interaction with the solvent and with other polymers in dilute
solutions. Even in situations when we deal with solutions of flexible and unentangled polymers,
a number of open questions do exist and new “puzzles” appear. In our opinion, some of the
problems are only due to inappropriate use of the existing theories as well as due to a great
influence of simple “universal” laws of polymer behaviour, such as the famous k% law for the first
cumulant of the dynamic structure factor or the ¢* laws for the monomer MSD, where o = 1/2
for the Rouse polymer and 2/3 for the Zimm one. A closer look at these laws shows, however, that
their application to real situations is rather restricted and they frequently do not correspond to
experimental conditions. The model developed in the present work is not particularly new. This
model is partially known (when dealing with the single polymer diffusion) since the publication
of the work by Kirkwood and Riseman [23]. As to the internal polymer dynamics, our approach
corresponds to that by Dubois-Violette and de Gennes [10] who, however, have assumed that
the internal modes of the polymers should behave as the Zimm modes (i.e., with the dispersion
~ p3/ 2), thus neglecting the Rouse contribution, initially being present in their theory. Such a
simplification requires quantitative arguments and in many cases it is not substantiated, just like
the assumption of the continuous distribution of the internal modes; we believe that this is clearly
shown in the present work. To take into account the presence of other coils in the solution, we have
used the well-known Debye and Bueche (or Brinkman’s) theory for a porous medium. Again, this
approach has been already used in the polymer physics. However, according to our earlier results
regarding the hydrodynamic theory of the polymer dynamics, we could ultimately build a model
that is capable of predicting new results on the fundamental characteristics of polymer behaviour
in dilute solutions. Some of the quantities characterizing the polymer solutions (viscosity, Huggins
coefficient) could be verified in standard experiments (taking into account the draining parameter).
We have also proposed a description of the time dependence tending to hydrodynamic screening
in dilute polymer solutions; this effect seems to be suitable for computer simulation studies similar
to those in [7].
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O06’epHaHa Teopia Poy3a-3iMma AuHaMikv NoniMepiB y po34MHax
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OTpumaHo 11 nunnHsa 2005 p.

Mu NpONOHYEMO TEOPID0 AMHAMIKN NOoAIMEPIB y CNnabknx po3ynHax, y skii nonynspHi mogeni 3ima ta Poy3sa
€ NPOCTO rPaHNYHUN BUNaaKaMun 3 6e3MeXHO BEIMKMM Ta ManuM napamMeTpoM NPOCOYYBaHHS. PiBHAHHS
PyXy 419 CErMeHTIB nofiMepa po3B’a3yl0TbCs Pa30M 3 PIBHAHHAM BpiHkMaHa ans WBUAKOCTI PO34YUHHUKA,
IO BPAxXOBYE MPUCYTHICTb IHLWIMX NOAIMEPHUX criipanei B po34mHi. OTPUMAHO PiBHAHHSA s HOPMaJIbHUX
Mop, nofniMepa Ta 3HanAeHo BignoOBiAHI YacoBi KopensauirHi GyHKuii. TeHaeHuUis 00 3aneXHOoro Bif Yacy
riApoaAMHaMIYHOr O eKpaHyBaHHSA AEMOHCTPYETLCA Ha AN Y3ii NoNiMEpIB, a TAKOX Ha penakcauii ix BHYTpi-
LWHiX mogA, MNpu 3pocTaloyiit KOHLLEHTPALi chipanei y po34nHi BOHM o6uaea NokasyloTb Nnepexig, Ao TOYHO
noeepiHkn Poy3a. Po3paxoBaHO 3CYBHY B'A3KICTb PO34MHY, KoedilieHT Xarriida Ta iHWwi BeJIMYMHN Ta no-
Ka3aHo, WO BOHU NOMITHO BiAPI3HAIOTLCS Bifl BiAOMUX pe3yNbTaTiB.

KniouoBi cnoea: nosimepu, avHamika, cnabki pO34MHU, PEOJIOris

PACS: 36.20.Fz, 36.20.-r, 82.35.Lr, 82.37.-}, 83.80.Rs
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