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Rotational and translational diffusion of fluorocarbon tracer spheres in semidilute
xanthan solutions
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We report an experimental study of rotational and translational diffusion and sedimentation of colloidal
tracer spheres in semidilute solutions of the nonadsorbing semiflexible polymer xanthan. The tracers are
optically anisotropic, permitting depolarized dynamic light scattering measurements without interference from
the polymer background. The xanthan solutions behave rheologically like model semidilute polymeric solu-
tions with long-lived entanglements. On the time scale of tracer motion the xanthan solutions are predomi-
nantly elastic. The generalized Stokes-Einstein relation describing the polymer solution as a continuous viscous
fluid therefore severely overestimates the tracer hindrance. Instead, effective medium theory, describing the
polymer solution as a homogeneous Brinkman fluid with a hydrodynamic screening length equal to the
concentration-dependent static correlation length, is in excellent agreement with the tracer sedimentation and
rotational diffusion coefficients. Rotational diffusion, however, is at the same time in good agreement with a
simple model of a rotating sphere in a concentric spherical depletion cavity. Translational diffusion is faster
than predicted for a Brinkman fluid, likely due to polymer depletion.
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[. INTRODUCTION XanthomonasXanthan has been the subject of many physi-
cochemical studies, partly because of its widespread use as a
The retardation of particle transport in entangled polymethickener and stabilizer of water-based industrial and con-
solutions and gels plays a key role in a wide range of techsumer product$16]. In agueous electrolyte solutions, xan-
nological and biological processes. Accordingly, the topicthan molecules form double helices with a persistence length
has attracted much experimental and theoretical attentio®f 120 nm[17—-20. It has been established that xanthan so-
Most work has focused on tieanslationaldiffusion of trac-  lutions in 0.M aqueous NaCl are excellent model systems
ers, commonly measured with dynamic light scattefibg7] for semlfle_X|bIe wormlike polymers in a good_solvent. At
(DLS). Though various theoretical models for translationalConcentrations:, above the overlap concentratiajj , and
diffusion of tracers in polymer matrices have been proposedPr sufficiently large molecular weight, the interactions be-
[8—10], the mechanisms of retardation are still incompletely™een the polymer chains are dominated by topological en-
understood. In contrast, experimenfall] and theoretical tanglementls. In this work we will chus on this entangled
work [12,13 on therotational diffusion of colloidal spheri- regime, using a large molecular weight x_antha_m sample (4
cal tracers in polymer solutions is scarce. Rotational diffu-~ 10° g/mol) with a contour length of 2m, i.e., eight Kuhn

sion of spherical tracers is a local dynamic process that i tatistical segments per chain, at concentratiopsup 1o

. . .
less sensitive to sterical hindrance than translational diffus 0cy - The xanthan solutions are optically transparent and

sion. Differences between the translational and rotational viso0t 0PiC and therefore do not interfere with the DDLS mea-

cous drag on a spherical tracer in a polymer matrix Coulolsurements. The exper_iments are carried out under cond.itions
thus be used to probe the solution microstruc{dss where double-layer mteracuon; between the negat_wely
. ) . harged polymer and tracer particles are screened. The inves-

In this paper we present measurements of the rotationgj, iions are restricted to tracer and polymer concentrations
and translational diffusion coefficients of spherical tracer,para phase separation is absent. At larger colloid and poly-
colloids in semidilute solutions of the semiflexible polyelec- nar concentrations the mixtures phase separate due to
trolyte xanthan. The tracers, which are made of a ﬂuorocardepletion-induced attractions between the traf2td.
bon polymer, are optically anisotropic, permitting depolar-  one aim of this work is to compare the friction factors for
ized dynamic Ilg_ht scatterlng(DDLS) measurements  otational and translational diffusion of the spherical tracers
[11,14,13. DDLS yields rotational and translational diffu- i entangled xanthan solutions. In the absence of polymer,

sion coefficients of the tracer in a single experiment withoutp o friction factors are the Stokes drag coefficiefjfand -
the complications inherent to DLS of contributions from the[zz] The translational drag}, is proportional to the trager
polymer background. The xanthan polymer is a microbial rt.icle radiusa 0

T»

polysaccharide secreted by the plant pathogenic bacteriur%a
f5=6777/oaT, 1)

* Author to whom correspondence should be addressed. Email aavhile the rotational drady, is proportional to the particle
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fgzgﬁnoag, (2) treatment of xanthan solutions removes aggregates
[26,28,29. Heating was done in the presence ofNd.NaCl

where 7, is the solvent viscosity. We investigate how the to make sure that the conformation of xanthan is an ordered
rotational and translational drag coefficients are affected bglouble-helix. At NaCl concentrations below 3vnthe xan-
hydrodynamic interactions of the tracer particle with the surthan conformation is a disordered flexible coil due to mutual
rounding polymer solution. Apart from tracer diffusion, we repulsions between the charged side ch@#®. The maxi-
also measure the friction on a sedimenting tracer. In the agTum temperature is chosen below the characteristic melting
sence of polymer, sedimentation is governed by the sam&mperaturdy, (~100 °Q where the xanthan double-helix is
translational drag coefficierit, as the translational diffusion disrupted[26,30-33. Cooling belowTp, is known to result
coefficient. In a polymer solution, however, the friction fac- IN the formation of a weakly cross-linked network of par-
tors for sedimentation and translational diffusion are ofterfially double-stranded xanthd83]. o
different[23—25. The reason is that hydrodynamic and di- The double-helices _have a hydrodynamlc diameter of 2.2
rect interactions of the tracer particle with the polymers gen"M In aqueous solution and a weight-averaged contour
erally leads to a frequency dependence of the friction. SincN9th Lc=2um (the molar mafsl\/lElper unit. contour
sedimentation and translational diffusion take place on enl€ngth[28,31,34,3pis 1940 gmol “nm ). The persistence
tirely different length and time scales, the drag on a tracer inendth of double-helical xanthan as deduced from light scat-
a polymer solution may differ for the two transport pro- {€fing, viscosity and sedimentation measurements was re-
cesses. ported to be in the rangg=100-150 nm[28,31,34,3%

An interpretation of the diffusion and sedimentation re-With one report[36] suggesting a much smaller valup
sults requires a knowledge of the dynamics of the entangled 65 hm. The number of Kuhn statistical segmemg
xanthan solutions, since the dynamics of the tracer particleS Lc/2d per chain, using the consensus valye 120 nm,
are coupled to the polymer dynamics. Accordingly, we ex-equals 8 o) the xanthan chamg are semn‘le>§|ble. The radius
tensively characterize the xanthan solution dynamics irPf gyrationRy is 264 nm according to the Bernddoty for-
terms of the rheological response to steady and oscillator§?ula[37] for wormlike polymers. The BenbDoty expres-
shear. It is shown that the xanthan solutions behave rhe@ion assumes that the chains are stiff enougf/¢<aq/D)
logically like model semidilute polymeric solutions with for excluded volume effects to be negligibly small, which is
long-lived entanglements. Since the lifetime of the transientrue for xanthan[38]. The overlap concentratiorcy
entanglements as determined from oscillatory shear measure=3M/(NaA7R;) is about 0.008 wt%. The maximum con-
ments is longer than the rotational and translational diffusiorcentration of 0.219 wt% used is far below the onset of ne-
times of the tracers, the measured tracer diffusion coeffimatic ordering(>0.5 wt%. Polymer concentrations, in
cients are short-time guantities. On the time scale of traceunits of weight percent were converted to volume fractigns
diffusion the xanthan background is essentially static, so thesing the known specific volum@.62 g/crﬁ) of xanthan in
tracer mobility is affected only by hydrodynamic interactions0.1M aqueous Nadl31,39,4Q. The maximum volume frac-
and not by the tortuosity of the polymer network. Accord- tion used is 0.0014.
ingly, the data are analyzed in terms of theoretical models for
hydrodynamic hindrance of particle transport. Additionally, B. Rheological characterization of xanthan solutions
the diffusion and sedimentation coefficients are compared
with the inverse low-shear viscosity of the xanthan solutions
to test whether the Stokes relations in Eds.and(2) can be
generalized to tracer diffusion in polymer solutions.

Rheological experiments were performed with a
tontrolled-stress Paar Physica MCR 300 rheometer, using a
cone-plate geometry with a diameter of 50 mm, a cone angle
of 1°, and a truncation of 5Lm. Steady-shear experiments
were carried out using shear ratgsfrom 102 to 50 s'%.
There was no hysteresis between increasing and decreasing
A. Xanthan solutions shear rate ramps. The zero-shear-limiting viscosgity nor-
malized by the solvent viscosityy= 0.866 mPas), was de-

Xgnt_han IS a _poly.mer built of five-sugar repeatmg_unltstermined by extrapolation of the flow curvese= 0. Oscil-
consisting of a dimerigs-D-glucose backbone segment iden- latory shear experiments were done at frequensibstween

tical to that of cellulose, with a charged three-sugar sidelofg and 100 rad/s, using a constant straibetween 0.05
chain attached to every second backbone glucose. The d 7d 05 The appliéd strain varied with, being choéen

grees of pyruvyl and acetyl substitutialc. and S, of the mall enough to remain in the linear viscoelastic regime and

ggs\/(:hg:g: \;?;%g'ti;th;?& Z?tﬁ?-c:\]/ecrznilctjlon;bl\/e\/c?urasre arge enough to give a torque of at least 10 NN m. The ob-
y 9 9 servable is the complex shear modul®& =G’ +iG”,

Vl%%htzl\%:: ie}rf)tehga m;)tloc[:i(s]s)ol\fjvtlitgn ‘isgfor's ;g%‘%yf diS_Which has an elastic component, the storage modGus
' ' prep y and a dissipative viscous component, the loss mod@lus

solving xanthan powder in water containing .INaCl, to
screen double-layer repulsions, and ®rof the antimicro-
bial agent sodium azide (NaN The solution was heated
under continuous magnetic stirring until the solution tem-
perature reached 85 °C, at which point heating was stopped Optically anisotropic tracer spheres were fluorocarbon
and the solution was slowly cooled and stirred for 15 h. HeaPFA particles prepared by dispersion copolymerization of

Il. EXPERIMENTAL METHODS

C. Depolarized dynamic light scattering (DDLS)
measurements
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tetrafluoroethylene with perfluoromethylvinylether in water, was stopped, and placed on a heavy marble table, to prevent
in the presence of an anionic perfluorinated surfadtdhl.  vibrations, in a temperature controlled roof24 °C). The

The particles were kindly donated by Ausimont S.p(#i- sedimentation coefficiergwas obtained as the slojén/dt,

lano, Italy). The particles bear a negative surface charge dudivided by the gravitational constang=9.80665 m/s.

to adsorbed fluorinated surfactant and to carboxyl end groupSedimentation coefficients were normalized by the vajie

of the polymer chains generated by the decomposition of theeasured in absence of xanthan. The experimegtaalue
initiator [41]. Their internal structure is believed to be an of 1408% (corresponding to an apparent sphere radius of 69
irregular packing of crystallites formed by folded ribbons of nm) deviates significantly from the theoretical valug,
polymer chains with a chain folding length of the order of 50 =25289 S, following from the Stokes velocity

nm, dispersed in an amorphous matrix. The number of crys- )
tallites N is too small N~10-30) to result in a complete S _ZaTAP
randomization of the direction of the polarizability axes. The " 9y,
effective optical anisotropy of the polycrystalline particles is

only reduced by a factor of ordéi*> compared to the an- sing a density difference between particle and solvent of
isotropy of a monocrystalline polytetrafluoroethylene partcheAp: 1140 kg/m. This discrepancy may be partly due to re-
of the same sizp41]. The particles have a mass dengityof  isive tracer-tracer interactions. Other factors may also be
2.14 g/mi[42]. In water, the PFA particles are stable up t0mportant, such as a sedimentation potential, generated by
NaCl concentrations of at least 100m The hydrodynamic  gedimenting charged particl¢d3]. Here we also note the
radius in water as derived from the translational diffusion;equction of the effective mass of sedimenting charged col-
coefficient Dy is ap,s=93nm according to DLS and |ojds, even at a high ionic strength, observed by Piatz.
appLst= 92 nm according to DDLS. The hydrodynamic ra- [44]. (The possibility of an electric field counteracting grav-
diusapp.s, in water from the rotational diffusion coefficient ity has been demonstrated by simulatidd$] and is also

Dg is 95 nm. confirmed by recent theorf46].) Normalizing s by s, re-

The short-time translational and rotational diffusion coef-moves the effect of any tracer-tracer interactions, provided
ficients,D§ andDj, of the PFA tracer spherésolume frac-  that these interactions are not modified in the presence of
tion 0.002 in xanthan solutions were measured with depo-polymer.
larized dynamic light scattering. Tracer concentrations were
low enough to prevent multiple scattering, preclude tracer-
tracer interactions, and avoid sphere clustering due to deple-
tion attraction[21]. DDLS measurements were performed at A. Steady-shear rheology of xanthan solutions
giygésuzgge:'gggéﬁ? aawg?/ggﬁggmaggq 4%5,1&;'02232 Figure IA) shows repr_esentative flow curves for xanthan
power of 400 mW. The incident beam \(/)vas Iinéarly polarizedsomtlonS Wlth. concentrations, petyveen 0.038 a_nq 0.219
! . L . i wt %. All solutions were shear thinning above a critical shear
in the vertical direction using a Glan-Taylor polarizer. The

horizontal (yy) and vertical (yy) polarized scattered inten- rate y that steadily decreased from 65 to 0.34 swith

sities were selected with a Glan-Thompson polarizer pIace@(;r?ﬁ;ngc%}i'rggc'gat::no% 1&2?26;5.“’6. slﬁr]vgng;)%s)vgﬁrsgghe
in front of the photomultiplier. Intensity autocorrelation poly y ' 9 Ye

- : : o . -
functions(IACFs) were accumulated with a 128 channel cor- exhibit a power-law behaviop oy, typical of semidilute

relator (Malvern 7032 CE at seven angles between 30° polymeric solution_s, with a shear-thinning indexthat in-
and 120°, corresponding to wave vectorsk creases monotonically from 0 at,=0 to 0.7 atc,

=47ngsin(d2)/\, in the range (0.84—2.810" m™L. The =0.219wt% [Fig. 1(B)]. The reduced low-shear-limiting
normalsized IACFs were fitted to the second order cumulant'S¢0S'Y ”L/.”O in the .Nevytonlan region at _vanlshlng shear
expressiorg; (k,t) = A+ B exp('t+Ct?), wherel represents {ﬁte (—0) Its ptl_otted Im t':r:g.dzi'lo\)t as a_functtl)orr of :ne xan-
the decay rate an@ accounts for polydispersity in particle an concentra IOEP' n e dilute regime, below the over:
size and optical properties. A plot df(k)=12D"+ 2Dk’ lap concentratiorey , the viscosity of a polymeric solution
versusk? has a slope R and an intercept I2;. DDLS follows [47:

data for xanthan concentratioreg>0.148 wt% were ex- nspZ(ﬂL/no—l)/sz[ﬂ]+k'[ﬂ]ch, (4
cluded, sincd” was no longer linear ik?, most likely due to
the occurrence of depletion-induced phase separg#ibh

: ()

IIl. RESULTS

with specific viscosityzs,, intrinsic viscosity[ »] and Hug-
) ) ) gins coefficienk’. The specific viscosity is linear icy, up to
D. Sedimentation velocity measurements C,~0.035 Wt %, with intercepf 5] = 3012+ 2546 ml/g and

The sedimentation coefficients of PFA tracer spheres Huggins coefficienk’ =4+ 1 [dotted line in Fig. 2B)]. Ca-
(volume fraction 0.00Qin xanthan solutions with concentra- pronet al.[26,48 reported »]=7150 ml/g anck’ =0.6 for
tionsc,=<0.1 wt % were measured under gravity by monitor-xanthan supplied by the same compaBKW-Biosystems
ing the traveling distancé of the interface separating the However, these authors dissolved xanthan in water in the
lower colloid-containing xanthan phase and the upper cleaabsence of salt at 4 °C, a procedure that presumably gives a
xanthan supernatant. Mixtures were homogenized by vigordifferent solution microstructure with more aggregates than
ous shaking, defining time=0 as the moment when shaking the procedure used here. For xanthan with a molecular
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FIG. 1. Steady-shear measurements on aqueous xanthan solu 000 002 004 006 008 010
tions containing 0. NaCl and 2 nM NaN;. (A) Apparent vis- c_[wt%]
p

cosity () vs shear raté for various xanthan concentrationg,
as indicated.(B) Shear-thinning indexm(c,), quantifying the

asymptotic power-law shear-thinning behavige 3™ FIG. 2. (A) Reduced low-shear viscosity /7, of aqueous xan-

than solutions as a function of the xanthan concentratjpnOpen
circles represent reduced low-frequency-limiting dynamic viscosity
weight of 4x 10° g/mol one expects from the experimentally »'(w=0)/5,. Dotted lines represent asymptotic power-law fits
known [18,31] [5]-M relationship, [ 7]=5.3x 10* ml/g, I mocy® %t for ¢,=0.1 Wt %. The inset graph is a log-log rep-
while k” is known[49] to lie in the range of 0.30—0.40 for resentation of the same dat8) Specific viscosityzs, vs ¢, , with
polymers in good solvents. For concentratiorg/c; =1 fits to Eq.(4) in the regimec,<c; (dotted ling and to Eq.(5) in

— 10 the overlap of individual polymer coils is the dominant the rangec,=(1-10); (solid line).

type of intermolecular interaction and the viscosity is de-
scribed by the Martin equation linking due to hydrogen bonding or hydrophobic interac-
tions. Since in this work the scaling of, /7, with ¢, is
entirely consistent with purely topological entanglements be-
tween chains, we believe that cross-linking is absent.

nsp=[ nlexpk[ n]c,}, (5
wherek in practice often equals’. Fitting Eq.(5) to the data
in the rangec,=0.035-0.08 wt % solid line in Fig. 2C)]
gives[ #]=6247+1079 ml/g anck=0.46+0.04. Abovec, Figure 3A) shows the frequency dependencies of the lin-
= 10c§ the dominant intermolecular interaction is the topo-ear viscoelastic storage and loss mod@li,andG”, of xan-
logical constraint that polymers cannot cross each othethan solutions withc,=0.073 and 0.219 wt%. The moduli
[50,51. Various scaling theories for long entangled chainsincrease appreciably as, is raised. The xanthan solutions
predict 7, / mocy with «=3.5[52]. Indeed, /7, exhibits  are viscoelastic, being predominantly viscous at low frequen-
a power-law behavior foc,= 11c’g , With k=3.2=0.1[inset  cies (G">G’) and predominantly elastic at high frequencies
of Fig. 2(A)], in agreement with previous experimental find- (G’ >G"). At low frequencies the loss moduli approach the
ings [18,29,53,54 (k=3-3.7). Larger exponents of 5—-8 scalingG”«w characteristic of Newtonian polymeric solu-
have occasionally been found for large molecular weightions without significant entanglemer|#s5]. The frequency
xanthan [18,33, which was ascribed to transient cross-w. whereG’ and G” cross decreases from 63 rad/scgt

B. Oscillatory shear rheology of xanthan solutions
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=0.073wt% to 3 rad/s at,=0.219 wt%. The crossover C. Tracer diffusion and sedimentation in xanthan solutions

frequencyw, corresponds to a characteristic relaxation time Figure 5 shows the reduced short-time rotational and
7.= llw. associated with the lifetime of the entanglements.i,ansiational diffusion coefficients. andH', of PFA tracer
For timest< 7. the polymer solution behaves as a transientgpperes in xanthan solutions as a function of the xanthan
gel with principally elastic response, while for long times concentrationc,. The absence of a strong decline of the
> 7 the entanglements relax on a time scale smaller than thgitsion coefficients on addition of xanthan indicates that
time scale of oscillation and the polymer solution is predomi-y anihan does not adsorb onto the PFA tracers. The rotational
nantly viscous. As shown in Fig.(B), 7c increases from 16 iffysion coefficient is particularly sensitive to any adsorp-
to 300 ms on going from 0.073 t0 0.219 wt% xanthan. o effects due to the strong dependence of the friction fac-
Interestingly, the frequency dependence of the absolulgy on the tracer radiua; [Eq. (2)]. We note in addition that
magnitude of the linear viscoelastic complex viscosity, all intensity autocorrelation functions were single exponen-

|7*|= (G )2+ (G w ©) tial and decayed to zero.

Rotational and translational tracer diffusion are slowed to
is virtually identical to the shear rate dependence of thd€ Same extent by the polymer matrix, reaching circa 50%
steady shear viscosity(vy), in accordance with the empiri-

of their infinite dilution values at the highest xanthan con-
cal Cox-Merz rulg56] (see Fig. 4 Apparently the response centration used0.15 wt%. The c, dependencies are fairly
of the solutions to steady shear is governed by the same

relaxation processes as the response to oscillatory shear. Pre 100¢
vious rheological studies of xanthan solutions have likewise
found the Cox-Merz rule to be fairly accurdt&?7], except in 0.00 0.02 0‘?4 0'?6

L0

cases where the chains associated by non-covalent interac
tions to form weak gel-like networ$4]. Figure 4 therefore
supports our belief that the xanthan chains are not cross-
linked but only temporarily congested by topological en-
tanglements.

v[s7]
T T T T T f/f
0
14 o . 4
o Qeo
% o
@
PO *
In*| 013 @ T o 1
My 0,
[Pa s] o s o {[Pas]
vy w Yy A s,
0.01{ e o 0200 23 A
A A 0125 e
v v 0073 ¢ mm@@.o v
e o 0038 0%.0
0.01 0.1 1 10 100 FIG. 5. Reduced rotational and translational diffusion coeffi-
o [rad/s] cients,H, andH., and reduced sedimentation coefficiang, of

PFA tracer spheres in xanthan solutions as a function of the xanthan

FIG. 4. Experimental test of the empirical Cox-Merz rule, stat- concentratiorc,. Crosses represent the inverse reduced low-shear

ing that the steady-shear viscosiffy) (open symbolsis identical ~ Viscosity 7o/ 7. . Plus signs represent the inverse reduced dynamic
to the complex viscosity 7* (w)| (closed symbols for xanthan  Viscosity, 7o/ 7e;, measured atv=67 rad/s. Lines are fits to the
solutions with various concentrations as indicated. stretched exponential, E7). The upperX axis shows the volume
percentage of xanthan, calculated fropias explained in Sec. Il A.
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well described by the stretched exponential fdsolid lineg  trary polymer concentration or tracer particle size. There are,
@)75(a) 3 , however, a number of transport theories treating the limit of
fo /1% (cp) =exp—acy), (7)  a strongly entangled network of immobilized polymers. At
short times tracer diffusion in entangled polymer networks is
retarded by hydrodynamic interactiotsee Sec. IV B while
at intermediate and long times diffusion is additionally im-
peded by steric hindrangebstruction effects[8,10,61,66.
he appropriate theory with which to compare measured dif-
sion coefficients depends on the experimental time scales
Lexpt andtfaxpt on which tracer diffusion is measured, and on
the characteristic timer,,5, for relaxation of the transient
meshes of the semidilute host polymer solution.

with f(®) and @ the friction coefficients in the absence and
presence of polymer, respectivelg €[r,t]). The stretched
exponential form generally correlates well with experimental
data on tracer diffusiof3,58—6Q and sedimentatiof23—
25,61-63, though consensus on the magnitude and physicqg
interpretation of the fitting parametets and v is lacking.
The exponenty, for instance, typically varies between 0.5
and 1. The match of Eq.7) with data for many different

systems is not surprising given the flexibility of this fitting The experimental time le for me g trac tation
function. For the rotational drag the best fit values are v xpenm IMme scale Tor measuring tracer rotation,

=3+1 andv=0.85+0.07, while for the translational drag “expt with DDLS is independent of scqtterlng a}ngle and
the best fit values are=6+ 1 andv=1.16+0.04. For com-  €dual totg,,=1/D. In contrast, the experimental time scale
parison we mention that Jamiesenal. [53] found an expo-  fOr tracer translatiort,.,,=1/D¢k?, is length scale dependent
nent»=0.5 for DLS data on translational diffusion of latex and set by the inverse wave vector, which in this work varied
tracer spheresat=100 nm) in xanthan solutionsM(=2.2  betweerk, i, =35 andk;,;,=120 nm. In the limit of a rapidly
X 10f g/mol). In contrast to this work, however, their results fluctuating polymer solution with smatt;,,, one will gen-
were obtained in the absence of NaCl, where the conformaerally measure long-time tracer diffusion, unless the experi-
tion of xanthan is disordered and more flexible than in themental time scales are very small. In the opposite limit of a
presence of OXl NaCl. cross-linked polymer network with,,,— one will always
Figure 5 also displays the, dependence of the normal- measure the short-time rotational diffusion coefficiebi,
ized sedimentation coefficiests, of the PFA tracer spheres since the neighborhood of the tracer is unchanging. Transla-
in xanthan solutions. Interestingly, the friction coefficient tional diffusion is, however, still frequency dependent. At
f(cp) is considerably larger for tracer sedimentation than forshort times one measur&s,, which is only affected by hy-
tracer diffusion. Atc,=0.1wt%, for instances/sy=0.22  drodynamic interactions, while at long times one measures
while H{~H.~0.65. Thec, dependence of the reduced drag D} , which is influenced by the tortuosity of the network and
s/sy=fo/f is again well described by the stretched exponenvanishes when the tracer is trapped.
tial expressioEqg. (7)], with best fit valuesa=13*=1 and We propose that a good choice for the typical polymer
v=0.94+0.06. relaxation timer,,a IS the experimentally observable cross-
The Stokes friction factors of tracer spheres in pure solover time 7,=1/w., where G'=G" [see Fig. 8B)]. This
vent are proportional to the solvent viscosijy, as specified time is a model-independent measure of the lifetime of the
in Egs. (1) and (2). A much investigated issue transient entanglements. At times,y, t:axpt<7-c the tracers
[16,24,60,64,6bis whether the Stokes relations can be gensperform rotational or translational diffusion in a predomi-
eralized for tracers in polymer solutions, by replaciggby ~ nantly elastic polymer network, while at timesg,, tfgxpt
the low-shear viscosity, : > 7. all polymer modes have decayed and the tracers sample
@5 a viscous environment. In Fig(&) we compare the experi-
fo /1% (cp)=no/ mL(Cp). (8  mental timesty,, for rotation and ti,, n=ky2/DL and

— . _ =k 2 /D! for translation with the crossover time .
The crosses in Fig. 5 represent the inverse low-shear wscof"”t'max kma/Ds e

H t
ity 7o/ n,_ of the xanthan solutions. Clearly, the macroscopic S SeeNTe 1S always.largle ' that{?xpt gndtexpt. We cor)clude
J ) ; . - “that the measured diffusion coefficients are short-time quan-
solution viscosityn, / 79 grossly overestimates the effective ities (D' DY, affected by hvdrodvnamic interactions with
viscosity ne=Tf/fy experienced by the PFA tracers. The de—th (I Dy, work ?’ X\ 3(; . th . tal
viation grows continuously with increasing, to a factor daiapzfrgr:cfr; nae}e\:,\(ljo\:vithoﬂ yc.irogcrc:;r:i]g t);;eor?ese%eet:g?::p aar-
Hemy / no~Hgn, [ 7o of 160 atc,=0.15wt% for rotational b ydrody P

. ) 3 ticle transport in semidilute polymer solutions, in Sec. IV C.
and translational diffusion, and a factef /sy7y of 22 at P poly

cp=0.1wt% for sedimentation. Similarly large deviations

were found by Jamiesoet al. [53] for the translational dif- B. Hydrodynamic interactions in semidilute polymer solutions

fusion coefficient of polystyrene spheres of radias While the static properties of semidilute solutions of
=100 nm in xanthan solutions with a molecular weight of (flexible) polymers in good solvents are fairly well under-
2.2x 1P g/mol. stood [50], a consistent theoretical description of the dy-
namic properties of semidilute polymer solutions is lacking.
IV. DISCUSSION In particular there is no general agreement regarding the
range of the hydrodynamic interactiofisls) and the impor-
A. Diffusion time scales tance of entanglements_

There is no single consistent theory that treats tracer dif- [n dilute polymer solutions, His are described by the
fusion and sedimentation in polymer solutions for an arbi-Oseen tensof67] Ty, whose trace decays as one over the
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100¢ 100¢ FIG. 6. Comparison between
0.00 0.02 004 006 0.08 0.00 0.02 0.04 006 0.08 typical length and time scales of

the host polymer solution and the
tracer particle(A) Concentration
dependence of the tracer rotation
time 7¢,=1/Dg and translation
times  tgomi=kn/Ds  and
texprmarKma/Ds: cOmpared with
the crossover time, of the xan-
than solutions(B) Concentration
dependence of the static correla-
tion length ¢ of semidilute xan-

T y r . - . . than solutions, compared with the
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distancer between two polymer segments. It has been conpresence of other chains decreases the range of the monomer
jectured that HIs between segments of a polymer chain ipair correlations:

semidilute polymer solutions are screened to a short range by

intervening polymer chaing68—79. It is usually assumed £=Ry(cylcy) ™7, 9)

that His are screened out completely at distances greater than

the hydrodynamic screening leng#ly, . Screened HlIs be- with exponent3=0.75 in a good solvent ang=0.5 in a
tween two chain segments are then described by an exponetieta solvent[50]. Experimentally, £(c,) for xanthan in

tial decay,T=T,exp(-r/&,). Screening of His is known to 0.1IM aqueous NaCl was showW85] to follow Eq. (9) with
occur for Darcy flow through a porous medium, which is 8=0.75. As shown in Fig. @), the mesh size of the xanthan
composed of fixed frictional obstacl§g6]. The conceptual solutions decreases from 264 nm c%t=0.008 wt% to 28
difficulty with hydrodynamic screening in semidilute poly- nm atc,=0.15 wt%.

mer solutions for some authors seems to be that the frictional According to the theory of de Genngg0], the screening
obstacles are not fixed. It is therefore sometimes argued th&ngth for excluded volume interactions is identi¢apart
hydrodynamic screening in polymer solutions is abg@it-  from an unknown constant prefactdo the hydrodynamic
81] or incompletd 82,83. Freed and Perici84] showed that screening length£,=¢. This prediction is supported by
in solutions of phantom polymer chains hydrodynamiccomputer simulation86] and experimental da{&2,87,88,
screening is indeed absent because these freely intersectingrich suggest thag,, /£€~1. Our experimental data likewise
chains are free to instantaneously follow tperturbed fluid  support that, /€~ 1, as demonstrated in Sec. IV C. Ahlrichs
flow. They proposed, however, that topogical interactionset al.[86] proposed that the latter identity arises because the
(entanglemenjsbetween chains, which prevent them from obstacles that produce the Darcy-type frictional resistance
passing through each other, impede the ability of the chainare the blobs, i.e., chain portions between successive en-
to drift freely with the solvent and therefore produce hydro-tanglement points. After the time needed for a blob to move
dynamic screening. De Genng&] showed that modeling a its own size& a polymer chain will, on average, feel the
semidilute polymer solution as an elastic temporary gel in aonstraints of the temporary polymer network and is unable
solvent leads to hydrodynamic screening. to follow the flow.

The concentration dependence of the hydrodynamic
screening length has also been a subject of considerable dis- o e -
cussion [69—72,75. According to the phenomenological C. Hydrodynamic hindrance of trager diffusion in semidilute
theory of de Gennef70] for flexible polymers in a good polymer solutions
solvent, &, is identical to the static correlation lengéhto Hydrodynamic models for tracer particle transport in se-
within a numerical factor. The static correlation length rep-midilute polymer solutions generally assume a hydrody-
resents the range of the monomer-monomer correlation funaxamic screening of the flow induced by the diffusing tracer
tion, i.e. the screening length of the excluded volume inter{89—92. A notable exception is the heuristic scaling theory
actions between polymer segmen&]. On length scales of Phillies and co-worker§78—81], who argued that hydro-
below &, excluded volume interactions swell the chains sodynamic screening in polymer solutions is absent and poly-
the chains are self-avoiding walks. On length scales greatemer entanglements are unimportant.
than & excluded volume interactions are screened, so the Phillies and co-workers derived scaling theories for self-
overall chain on this scale can be thought of as a randortranslationa[78—-81 and rotationa[79] diffusion of flexible
walk of blobs or renormalized monomers of radifisThe linear polymer chains in dilute and semidilute solutions. A
correlation length can also be thought of as the mesh size afiretched exponentiad, dependence of the polymer self-
the transient polymer network, being proportional to thediffusion coefficients of the form of Eq7) was derived by
mean distance between entanglement pdi@ The corre- an extrapolation of dilute solution HI, obtained by the
lation length decreases with polymer concentration, since themethod of reflections, to larger concentrations using a self-
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similarity assumption[78—80 or renormalization group 1004
theory[81]. The scaling prefactow in Eq. (7) was found to 0.00 0.02 0.04 0.06 0.08
depend on the strength of the HI, while the scaling exponent T T T T
v was found to range between 0.5 and 1 depending on the 1.0+

polymer molecular weight and the solvent quality, which k

control the extent of chain contraction. Based on experimen- 0.8-'2"-.

tal evidence that polymer self-diffusion and tracer sphere dif-
fusion in polymer solutions are described by the same
stretched exponential expressi¢h8,93, Phillies and co-
workers proposed that the same physical mechanism applies
whatever the architecture of the tra¢exible chain or rigid 0.4-
sphere. This statement is, however, disproved by recent ex-
perimental results for tracers of varying architecture im-
mersed in the same matrp60]. The rheological data re-
ported in Sec. lll A indicate that in our experimental system
entanglements are important, so we do expect hydrodynamic
screening to be present. Accordingly, we will compare our
data with effective medium predictions for tracer diffusion
assuming screened Hls. FIG. 7. Comparison of experimental data for reduced tracer ro-
Effective medium theories treat the polymer solution as dational HY) and translational ) diffusion and sedimentation
homogeneous Brinkman fluid with hydrodynamic screening(S/So) c_oefﬂcnen_ts_of PFA tracer spheres in xgnthan solutlpns with
length &, . Altenberger and Tirrel[89,90 and Cukier[91] theqret_lcal p_redl_ctlo_ns for 'Franslatlonéﬂ(_)tted line and rotational
represented the polymers as points of hydrodynamic resi¢Selid line diffusion in a Brinkman mediun13]
tance and predicted stretched exponemtiadependencies of ) o o . ) )
the form Hixexp(—A/&,), where £yec,” is the hydrody- rotational diffusion coefficient of a tracer in a Brinkman fluid
namic screening length. The exponentan take values be- WasS calculated in the same manner by Solomentsev and
tween 0.5 and 0.75 depending on the chain stifiness and tHghderson[13], who obtained
solvent quality. The exponential prefactArwas not speci-

s, 06

0.2

fied. Phillips[92] and Solomentsev and Anders(d8] used a 1+ar/vk
somewhat different approach to calculate the hydrodynamic = > (13
resistance of a homogeneous Brinkman medium with a hy- 1J”"‘T/\/E’L l/3(aT/\/E)

draulic (or Darcy permeability k=§f|. The permeability

measures the resistance of the polymer network to a fluidh comparison of Eqs(12) and(13) reveals that the retarda-
flow. His of the tracer with the polymer solution were calcu- tion of tracer rotation is substantially less than the retardation
lated from the phenomenological Brinkman equat[@8],  of tracer translation for any value af/\k (or at/&y).

combining Darcy’s law with the creeping flow equations In Fig. 7 the effective medium predictions according to
Egs. (12) and (13), taking £&4=¢, are compared with the
- S . = sedimentation and rotational and translational diffusion coef-
V2Gi-Vp——i=0, 10 e . )
7y P k u (10 ficients of the PFA tracers in the xanthan solutions. The re-

duced sedimentation coefficiests, is in excellent agree-
Y.0-0 (11) ment with Eq.(12), while translational diffusion is much less
’ retarded than predicted by E(L.2). Unlike the translational
diffusion coefficient, the rotational diffusion coefficient is in
whereu is the average fluid velocity anglis the pressure. excellent agreement with the effective medium mofd&d.
Equations(10) and(11) were solved for the velocity field, (13)].

a.SSUming stick boundary conditions for the fluid VelOCity ONn  The effective medium theory assumes that the tracer ex-
the tracer surface. The stress tensor was then calculated fropériences a homogenous polymer solution. In reality the

u and the force on the tracer was obtained by integrating thgolymer segment density surrounding a tracer in a solution

stress over the tracer surface. The reduced short-time trangf nonadsorbing po|ymers is dep|eted over a certain distance.
lational diffusion coefficient was showid3] to equal In dilute polymer solutions the typical thicknegs of this
depletion zone is approximately equal to the polymer radius
ar 1(ar\’]™" of gyrationRy, while in semidilute solutiond =¢. WhenA
1+ —+ AN (12 is non-negligible compared to the tracer particle radigs
vk vk the tracer samples an inhomogeneous environment. In case
of the xanthan-PFA mixtures the depletion zone thickness is
If the polymer solution indeed acts as a homogeneous Brinkappreciable compared to the tracer particle radiys as
man fluid, the translational drag experienced by a sedimenseen in Fig. ). This likely explains why translational
ing tracer is expected to be equal to that experienced by @acer diffusion is less hindered than predicted by the effec-
diffusing tracer, s®/s, should likewise follow Eq(12). The tive medium theory. Apparently, tracer sedimentation is rela-
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=uy(%,R). The boundary conditions om, for a sphere ro-
tating with a constant angular velocify in an unbounded
pure fluid (5—«) are[22]

I\
v
©

u,=0, r—sx, (149

e

u,=ardsing, r—ar, (14b

wherer is the radial distance from the sphere surface. Due to
y (o hydrodynamic screening by the polymers the velocity field
must decay to zero at a finite value rofFor this finite value
X we simply choosear(1+ 8), which is the position of the
surface of the depletion cavity. Stick boundary conditions on
the sphere surface and on the polymers imply

FIG. 8. (A) Colloidal tracer sphere with radiws; placed in the u,=0, r—ag(l+59), (159
origin, slowly rotating with an angular velocit2. (B) Spherical
coordinates, with 6 ¢<27 the azimuthal angle from theaxis in u,=arQsind, r—ar. (15b)
the xy plane, 6= 9= the polar angle from the axis, andR the
distance from a point to the origifiC) The tangential shear stress The velocity field U,= Cyr+ (Czlrz)sini} satisfying these
TR¢\R:aT exerted by a surface elemerstr{i9) (ar sindde) on the  poundary conditions is
fluid in the ¢ direction.

r 1
tively insensitive to the local depletion-induced inhomogene- u,=Qar smﬁ(a—T 1-(1+0)7°
ities. This can be traced to the different experimental time
and length scales of a diffusion experiment and a sedimen- _ar\ (1+6)°
tation measurement. Translational diffusion is measured on +Qarsind T 1+ 6831 (16

time scales of 10% s and length scales of 10 m, while

sedimentation is monitored on macroscopic length scales ofhich can be substituted in Newton’s viscosity 1867 for
1072 m and time scales of hours to days. The time requiredhe tangential stress , [see Fig. 8)]:

for a tracer to sediment over a distanéeés much longer

(about 11 $than the lifetime of the meshg40—-100 my, ;o= ri(& 17)
while the time required for a tracer to diffuse a distagde re g\ 7 )

much shorte(~1 m9. It is therefore plausible that a sedi-

menting tracer experiences a homogeneous medium while lategration of Eq.(17) over the sphere surface yields the
diffusing tracer does not. total torqueT, on the sphere:

The good agreement of the rotational tracer diffusion co-
efficientsHY with the effective medium theory does not nec-
essarily imply that a rotating tracer experiences a homoge-
neous Brinkman medium. We will clarify this statement by ) o o
considering a simple model of a tracer particle rotating in al e expression multiplying the angular velociy is the
concentric spherical confinement that represents a depletidiction factor f. The rotational diffusion coefficienDg
cavity. This model at the same time mimics the basic idea of=kgT/f5 of the sphere centered in the depletion cavity is
hydrodynamic screening and accounts for a locally innomotherefore
geneous polymer solution.

The rotational diffusion coefficient is calculated here by r kgT
solving the Stokes equations for a tracer particle rotating in 5_877170a$
pure solvent contained in a concentric spherical depletion
cavity of radius¢é. The polymers are assumed to be com-For a very large cavity §1), Eq. (19 reduces to the fa-
pletely depleted from this cavity. This is of course a simpli-miliar ~ Stokes-Einstein-Debye  result Dg=Dg=kgT/
fication of the actual polymer segment concentration profile(swnoai)_ For semidilute solutions the depletion layer

which rises smoothly from zero at the particle surface to thehicknessA equals the static correlation lengthso the re-
bulk density far from the surface. The depletion cavity has ajuced rotational diffusion coefficient is

vqumch=(4/3)7ra$(1+ 8)3, wheredar=A is the thick-

ness of the depleted zone<®). The velocity distributioni  (1+élan)®-1

induced in the fluid by a sphere rotating about thaxis ST (1+élap)® (20)
clearly has to be symmetrical about thexis, with the fluid

moving in annuli about the axis of symmefyig. §A)]. In As shown in Fig. 9, Eq(20) is almost indistinguishable from
spherical coordinates, ¥, andR[Fig. 8B)] this implies that  the effective medium prediction E¢L3), and in good agree-
the fluid velocity componentsy andug are zero, whileu,, ment with the experimental data.

s (1+6)°
TZZBWnOaTmQ. (19

(1+6)°
(1+6)°—1

-1
} , 6=Alar. (19
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100¢ D. Stokes-Einstein scaling

0.00 0.02 0.04 006 0.08 Figure 5 shows that the macroscopic low-shear viscosity
1 7, of the polymer solutions severely overestimates the retar-
dation of tracer diffusion and sedimentation. Deviations from
Ne the generalized Stokes relatipig. (8)], usually referred to

o > as deviations from “Stokes-Einstein behavior,” are generally
0.8+ N . rationalized in terms of a scaling approach proposed by
LN Langevin and Rondele@62]. This approach employs static

- arguments, identifyin@y /¢ as the key parameter. For tracer
i sizesar<<¢ the tracer is supposed to be largely unaffected by
the polymer, probing a local viscosity close to the solvent
viscosity ny. Tracers with sizega> ¢, on the other hand,
* are supposed to probe the macroscopic viscosjty The
two limits are bridged by a scaling function af /¢, depen-
dent only on the polymer concentratiop. In line with these
d i scaling arguments, the drag on large tracer particles
0.00 0.05 0.10 0.15 [3,5,24,64,65 in semidilute (and diluté polymer solutions
c [Wt%] often agrees with the generalized Stokes_ Iew, While small
p tracers[1,2,4,6,60Q experience a smaller friction. Since the
radiusar of the PFA tracers is larger than the average mesh
FIG. 9. Comparison of the reduced rotational diffusion coeffi- Siz€ & of the xanthan solutions for xanthan concentrations
cientH' of PFA tracer spheres in xanthan solutions with the theo-Cp=>0.02 Wt % [Fig. 6B)], the Langevin-Rondelez scaling
retical prediction for a Brinkman mediufi3] and for a sphere ina approach would lead one to expect that the generalized
concentric spherical cavity with a radius equal to the hydrodynamidéStokes relation should work quite well. However, the scaling
screening lengttg,, . approach completely disregards the dynamics of the polymer
solution. As discussed in Sec. IV A, the lifetime of the poly-
The assumptions underlying E(R0) are reasonable be- mer entanglements is longer than the diffusion times of the
cause a rotating spherical tracer does not displace fluid antaacer part|eles. The tracers.therefore experience a predoml-
. . nantly elastic polymer solution. Rather than comparing the
therefore samples only its local environment when Hls are . L . r A
L Short-time diffusion coefficient®, and D, with the low-
screened from a finite distance away from the sphere. In this . . S S . .
respect Eq(20) comprises the basic idea of hydrodynamic ehear viscosity, one shog!d compare them with the *short-
. . . ; Pme,“ high-frequency-limiting viscositys., :
screening. At the same time, it accounts for the rotationa
diffusion of a tracer particle in a locally inhomogeneous
polymer solution due to depletion. Since E¢E3) and (20)
produce the same hindrance they do not justify a clear con- ) S ) ) )
clusion about the extent to which a rotating sphere experiJhis short-time Stokes-Einstein relation, like E®), still
ences a homogeneous Brinkman fluid. assumes that the tracer sees a continuous environment. The

In contrast to a rotating sphere, a translating sphere dodssue of the frequency dependence of the friction factor for a

displace fluid, leading to solvent backflow outside the cavity.racer in a semidilute polymer solution has hitherto not been
explicitly considered in the literature on tracer diffusion in

We also note here that modelling the cavity by an impermeé)olymer solutions
able outer sphere produces a translational friction for th For the entangled xanthan solutions the high-frequency-

off-center motion of the inner sphere which is much IargerIimitin viscosit was experimentally inaccessible since
[67] than observed in our experiments. Consequently a “lo- 9 Y 7 P y

. S . . Inertia effects permit a maximum frequency in our set-up of
cal model” of a translating particle in a spherical depletion P d Y P

cavity, analogous to Eq20), does not apply. Hence, it is not only 67 rad/s. As shown in Fig. 5, the inverse reduced dy-
: , . ) N . , - i -
clear how the effective medium theories should be modifiedé:arnlc viscosityso /775, measured at 67 rad/s still overest

ke | h | depletion | F | ates the friction experienced by the tracer particles. To
to take Into account the polymer depletion layer. For small,eagre the high-frequency-limiting viscosity of the xanthan

tracers @r<¢) in semidilute solutions of flexible polymers gqytions one could resort to torsional resonator rheometers
(ar>2qg)—where collective diffusion of the polymer [94] or micorheology techniqug®5].

meshes is much slower than the tracer diffusion time—Odijk The generalized Stokes relations assume that on the
[9] derived a depletion transport theory that takes into actength scalea; of the tracer particle, the polymer solution
count the dynamics of the reorganization of the depletiorcan be considered homogeneous. This ignores the depletion
zone as the particle diffusesdynamic depletion’). This  of polymer segments over a distanke= ¢ around the tracer
model is, however, not applicable to the PFA-xanthan soluf9,60]. WhenA is non-negligible compared @y, the tracer
tions, since the tracers are large compared to the polymeamples an inhomogeneous environment with a viscosity that
meshegcf. Fig. 6B)] and the polymers are semiflexibla(  rises from the solvent viscosity, at its surface, where,

is close tog). =0, to the bulk viscosityn, at large distances from the

$ 0.6

o H
Brinkman
----- spherical cavity

0.4

UHL=1HL =70/ 7., . (21
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surface. This will reduce the effective viscosity experiencedn the concentration regime studieclpvc; =1-18) are pre-

by the tracer relative to the generalized Stokes predictiondominantly elastic. The generalized SE relation describing
For large tracersd;>R,) in dilute nonadsorbing polymer the polymer solution as a continuous viscous fluid therefore
solutions one can correct for this effect since the depletiomverestimates the tracer hindrance by two orders of magni-
layer reorganizes fast, so the polymer segment concentratiande. Instead, effective medium theory, describing the poly-
profile near the tracer is to a good approximation equal to théner solution as a homogeneous Brinkman fluid with a hy-
equilibrium distribution[96—-98. The xanthan-colloid mix- drodynamic screening length equal to the concentration
tures are not in this limit, so no quantitative predictions ofdependent static correlation lengghis in excellent agree-
the depletion effect are available. However, sidcis 0.3—3  ment with the measured sedimentation and rotational diffu-
timesar, depletion effects are certainly expected to reducesion coefficients. Rotational diffusion, however, is at the
the friction coefficient relative to the continuum generalizedsame time well quantified by a simple model of a rotating
Stokes prediction. The effect is expected to be enhanced witkphere in a concentric spherical depletion cavity. This model

largerA/a; and a larger bulk solution viscosity. comprises the basic idea of hydrodynamic screening but also
accounts for a locally inhomogeneous polymer solution due
V. CONCLUSIONS to depletion. It is therefore unclear to what extent a rotating

. . tracer sphere experiences a homogeneous Brinkman fluid.
We presented experimental data for rotational and transryangational diffusion is faster than predicted by the effec-

lational diffusion as well as sedimentation of tracer spheregye medium theory, likely due to the locally inhomogeneous
in semidilute solutions of the semiflexible, nonadsorbingenyironment of the tracers arising from segment depletion.
polymer xanthan. The rotational and translational diffusiongr results clearly show the need for a theory that combines

coefficients of the tracer spheres have.virtually the same d‘?jepletion effects, hydrodynamic interactions, and, for inter-
pendence on the xanthan concentration, while tracer sediediate and long times, obstruction effects.

mentation is substantially more hindered in the xanthan so-
lutions.

Steady and oscillatory shear data indicate that the xanthan
solutions behave dynamically like model semidilute poly-
meric solutions with fairly long-lived topological entangle-  \We thank R.H. Tromp and C.G. de Kruif for providing
ments for concentrations, above the overlap concentration xanthan, Ausimont for providing PFA tracers, B.W.M.
of c;=0.008 wt%. The scaling of the viscosity and linear Kuipers for help with DDLS, and R. Tuinier, and H.N.W.
viscoelastic moduli with frequency, shear rate and polymetekkerkerker and T. Odijk for helpful discussions. This work
concentration is in agreement with theoretical predictions fowas financially supported by The Netherlands Organization
entangled polymers. for Scientific ResearcliNWO/Stichting Chemische Weten-

On the time scale of tracer motion the xanthan solutionschappen
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