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Depletion Interaction Mediated by a Polydisperse Polymer Studied
with Total Internal Reflection Microscopy
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Total internal reflection microscopy (TIRM) was applied to measure depletion forces between a charged colloidal
sphere and a charged solid wall induced by dextran, a nonionic nonadsorbing polydisperse polysaccharide. The
polymer size polydispersity is shown to greatly influence the depletion potential. Using the theory for the depletion
interaction due to ideal polydisperse polymer chains, we could accurately describe the experimental data with a
single adjustable parameter.

|. Introduction

The depletion interaction between colloidal particles due to R@
nonadsorbing polymers has been studied thoroughly for more
than fifty years. Understanding depletion phenomena is relevant
for many reasons. First, it helps to get to know when and why :
phase separation occurs in mixtures of polymers and coll&ids. Qp :
Furthermore, depletion-induced phase separation makes it :

possible to concentrate colloidal dispersions in a convenient
way 24 In addition, if the colloids and/or polymers are poly- Q/\ ;

s é%

disperse, depletion-induced phase separation can be used for
size fractionation of the componeritBesides these practical :
reasons, depletion studies provide an accessible way of “tuning”
the range of the interaction between colloidal particles by varying fb i
the diameter of the added nonadsorbing macromolecules, and
adjusting the strength of the attraction by changing the con-
centration of polymers. Colloidpolymer mixtures are therefore ;
model fluids for studying the properties of liquids, as well as @ é:
crystallization and gelation phenomefd. g
The mechanism that is responsible for the depletion interaction
was first explained by Asakura and Oosa\and independently

\ Voverlap

i 11,12 ; Figure 1. Schematic picture of the depletion zones near two parallel
by Vi, It can be understood by regarding two parallel plates plates in a solution of nonadsorbing polymer chains. The depletion

ata distancé 'mmerse.d ina solution of .nonadsorbmg.nomom.c layers are indicated by short dashes. For overlapping depletion layers,
polymers, as depicted in Figure 1. There is a concentration gradienishown as hatched area, the osmotic pressure is unbalanced, leading
in the average equilibrium polymesegment concentration to a net osmotic force that pushes the plates together.

profiles when going from the bulk (the maximum segment

concentration) to the plate surface (where the concentration is|ayer with a thickness, indicated by the dashed lines along the
;ero).Acommon S|mpI|f|cat|or]to caIcu]ate the depletion potentlal plate in Figure 1. Outside this layer the polymer concentration
is to replace the concentration profiles with a step function. equals the bulk polymer concentration. The concentration gradient

gze g?r:n%frtsgnit:ﬁt::t?g::oen Sg;g gg?:'ztznogtzcjag:;'ggvlig due to the depletion layer results in an osmotic pressure gradient.
poly a ' P For a single plate this osmotic pressure gradient is balanced.

(1) Poon, W. C. KJ. Phys.: Condens. Matte002 14, R859-R880. However, if the depletion layers of two plates overlap, the osmotic
(2) Tuinier, R.; Rieger, J.; de Kruif, C. Q\dv. Colloid Interface Sci2003 pressurell,, becomes unbalanced leading to a net osmotic force
103 13l that pushes the plates together. In this case, for ideal polymers,

(3) Tuinier, R.; de Kruif, C. GJ. Chem. Phys1999 110, 9296-9304. . . : :

(4) Tuinier, R.; ten Grotenhuis, E.; Holt, C.; Timmins, P. A.; de Kruif, C. G.  the depletion interaction per unit area equals the product of the
Ph>(’55)~ BRi%e ﬁelnggj g%lﬁ)‘i‘g‘lgg?f-ace Scil991 147, 474-478. overlap volumeVoveriap= 20 — h (indicated by the hatched area

~(6) Promislow, J. H. E. Structural Evolution in Magnetorheological Fluids: 1N Figure 1), and the osmotic pressuf,. Thus, the depletion

K'”(‘;t)'clfhzrr‘r? E”?\lfgelggz-lhzng-SthSS_'Sﬁuit:;f%deUhgggﬂle%ggkys Re potential between two parallel plates can be written as
E 2004 69, 011503. T T Y o

(8) Pham, K. N.; Puertas, A. M.; Bergenholtz, J.; Egelhaaf, S. U.; Moussaid,
A.; Pusey, P. N.; Schofield, A. B.; Cates, M. E.; Fuchs, M.; Poon, W. C. K. ¢ —
Science2002 296, 104-106. depl,plates

(9) Poon, W. C. K.; Pirie, A. D.; Pusey, P. Raraday Discuss1995 101,
65-76.

8(1’; anﬁg&ahsf;vori?s/ivga'cil|gize|rr?fe'r)fg)ézlgsc‘i¥1§§i1824?54_0192—54?2'2 A large amount of the theoretical work on depletion forces and

(12) Vrij, A. Pure Appl. Chem1976 48, 471-483. the resulting phase behavior are based on expressions for the

—I1,[26 — h] for0<h<2$ (1)
0 forh > 20
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pair interaction potential® Nowadays it is possible to measure
pair interaction potentials directly using optical tweeZérs,
atomic force microscopy (AFMY®17 and total internal reflec-
tion microscopy (TIRM).8-23 Major advantages of the TIRM

Kleshchanok et al.

The paper is organized as follows: in section Il we first give
a simple theoretical prediction of the conditions under which the
depletion interaction between a colloidal particle and a wall is
measurable with TIRM, followed by a brief review of the theory

technique relative to other direct methods for studying deple- of depletion effects mediated by ideal polydisperse polymers,
tion interactions are its extreme sensitivity and its ability to whereas in section Il we present our experimental system and
investigate the interactions of a single, freely moving, Brownian TIRM-equipment. Experimental findings are reported and
particle. The technique allows us to detect potential variations comparisons of theory and experiment are discussed in section
on the order okgT and beyond. Several measurements were V. Finally, we give short conclusions in section V.

performed with TIRM on interactions between a sphere and a
wall due to different charged depletants (polyelectrolytes,
cationic micelles and charged nano-silica parti¢fe¥)2+23 as

well as nonadsorbing uncharged polym&% Some of s Measurable with TIRM. In agueous solutions a colloidal
these results are controversial. For example, Pagac'étal sphere that is denser than water sediments toward the bottom
not detected any significant depletion interaction between a wall of the container. If their surfaces are like charged, the particle
silica sphere and a glass plate in a solution of nonchargedill experience an electrostatic repulsion from the wall at distance
poly(ethylene oxide) (PEO) whereas theoretical results for h which now is the closest distance between the wall and the
ideal chaind' predict a strong depletion attraction with a contact - sphere surface. The superposition of gravitation and electrostatic

[I. Theory
II.A. Conditions under Which the Depletion Interaction

value of a few hundreégT under the experimental conditions
Pagac et al applied. Differently, Rudhardt ef%ivere able to

repulsion leads to an interaction potentiah(h), which has a
shallow minimum at a separation distamge.. Due to Brownian

measure depletion interaction due to the same polymer undermgtion, however, the particle position will not be fixed at this

conditions where the depletion forces are significantly weaker
and the predicted contact value is close-t@0 ksT. These

equilibrium distance. It will rather sample a distribution of heights,
p(h), which is related by Boltzmann’s equation to the interaction

controversies might be evoked by the fact that Pagac’s measurepgtential guo(h):

ments were performed under conditions, under which it is not
possible to detect depletion forces with TIRM. Therefore, a simple
theoretical framework is required to estimate the correct
experimental conditions (polymer concentration, particle size
and Debye screening length) enabling depletion studies with
TIRM.

Another essential issue that has not attracted significant
attention in theories and simulations is polydispersity. Because

of the kinetics of polymerization, all synthetic and most natural

(except for several proteins and viruses) polymers have a finite

molar mass distribution. However, in most studies polymers are

treated as being monodisperse and incorporation of the size.

polydispersity of polymers has gained very limited attention in
theories for (polymer-induced) depletion. So far, polydisperse
polymers were mainly simplified as polydisperse sphéte¥.

A first extension toward polydisperse ideal chains was done by
Tuinier and Petukho¥ Here we compare their theory with our

data on the depletion force induced by polydisperse polymers,

as obtained with TIRM.

(13) Gast, A. P.; Hall, C. K.; Russel, W. B. Colloid Interface Sci1983 96,
251-267.

(14) Verma, R.; Crocker, J. C.; Lubensky, T. C.; Yodh, AM&cromolecules
200Q 33, 177-186.

(15) Milling, A.; Biggs, S.J. Colloid Interface Sci1995 170, 604—606.

(16) Piech, M.; Walz, J. YJ. Colloid Interface Sci2002 253 117—129.

(17) Wijting, W. K.; Knoben, W.; Besseling, N. A. M.; Leermakers, F. A. M.;
Cohen-Stuart, M. APhys. Chem. Chem. Phy2004 6, 4432-4439.

(18) Odiachi, P. C.; Prieve, D. Colloids Surf. A1999 146, 315-328.

(19) Pagac, E. S.; Tilton, R. D.; Prieve, D.IGingmuirl998 14, 5106-5112.

(20) Rudhardt, D.; Bechinger, C.; Leiderer, R.Phys.: Condens. Matter
1999 11, 10073-10078.

(21) Sharma, A.; Tan, S. N.; Walz, J. ¥. Colloid Interface Sci1997, 191,
236—246.

(22) Sharma, A.; Walz, J. Yd. Chem. Soc., Faraday TrarE996 92, 4997
5004.

(23) Sober, D. L.; Walz, J. YLangmuir1995 11, 2352-2356.

(24) Bringer, A.; Eisenriegler, E.; Schlesener, F.; HankeEAr. Phys. J. B
1999 11, 101-119.

(25) Piech, M.; Walz, J. YJ. Colloid Interface Sci200Q 225 134-146.

(26) Chu, X. L.; Nikolov, A. D.; Wasan, D. TLangmuir1996 12, 5004
5010.

(27) Goulding, D.; Hansen, J.-Rlol. Phys.2001, 99, 865-874.

(28) Sear, R. P.; Frenkel, Phys. Re. E. 1997, 55, 1677-1681.

(29) Walz, J. Y.J. Colloid Interface Sci1996 178 505-513.

(30) Warren, P. BLangmuir 1997, 13, 4588-4594.

(31) Tuinier, R.; Petukhov, A. VWWacromol. Theory SimuR002 11, 975~
984.

—p(h
p(h) =A exr{%p) (2)
whereA is a constant normalizing the integrated distribution to

unity.

The particle height fluctuations resulting from the thermal
motion can be directly observed by TIRM. This technique exploits
the properties of the evanescent wave which is formed when a
laser beam undergoes total reflection at an optical intefaéé.

To calculate the total interaction between a sphere and a plate
in a polymer solution, we assume three contributions to the
potential which are gravitational energss(h), electrostatic
repulsion¢ei(h), and depletionpgep(h). When the separation
distance is larger than the range of the van der Waals attraction,
the latter is negligible. Thus, in the superposition approximation
we write:

Poh) = () + Puep(h) + D6(h) 3)
In the linear PoissonBoltzmann regime the electrostatic pair
interaction between two like charged plates immersed in
electrolyte solution with a dielectric constantreadg®

¢e|,p|ate£h)
KsT

This holds for constant Stern potential of the plates,that is
given by their surface charge density,asyo = oleegrc, where
«~1is the Debye screening length, which is related to the
electrolyte concentration of the solutiogy, by ¥« [nm] =
0'304\/C_el [mol/L]3 for 1—1 electrolytes in water. To compare
predicted interaction potentials with the experimental TIRM data,
we calculated potentials between a curved surface (sphere) and
a plate by means of the Derjaguin approximatién:

= 2¢geg x explrch) 4)

(32) Bike, S. G.Cur. Opin. Colloid Interface Sci200Q 5, 144—150.

(33) Prieve, D. CAdv. Colloid Interface Sci1999 82, 93—125.

(34) Walz, J. Y.Cur. Opin. Colloid Interface Scil997, 2, 600-606.

(35) Israelachvili, J. Nintermolecular and Surface Forcegand ed.; Academic
Press: London, 1991.
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¢sphereplate(h) = _Zﬂaj:o¢p|ale_p|ate(h') dh’ (5)

which holds if the radius of the sphei,is large as compared

to the range of the potential. Because the ranges of the electrostatic
repulsion and depletion-induced attraction are smaller than 100

nm in our experiments and the radius of the sphere we used is

close to 3um, this approximation is justified for our measure-

ments. Thus, the electrostatic potential between a charged sphere et s clc*
and a charged plate reads: 101 / —0
¢ (h) s o0s
', Cg, high Y
% = Amacye .’ exp«h) = Bexp(«h) (6) v e =010
0 50 100 150
Itis not required to determine the amplitugef the exponential h/ nm
in eq 6 explicitly, because itis relatedhﬂqin byxhﬁ1in =In(xB/G) Figure 2. Total interaction potentialdgo(h), between a charged
in the absence of depletion forc®he gravitational contribution ~ 5.7umdiameter particle and a charged wall at various Debye lengths.
to the total potential is given by The curves were calculated using eq 3, 6, 7, and 10 for a solution
containing polymer chains with a radius of gyration of 44 nm. The
h) = Gh 7 polymer concentrations of the solutions are indicated in the legend.
po(h) = @)

whereG = (4/3)ra®Apg is the buoyancy-corrected net weight radius of gyratiorR; of the polymer as* = 3M/47R;*Na. As

of the sphere, with\p the particles excess mass density gnd ~ follows from eq 10 at fixed size ratia/R,, an increase of the
the acceleration of gravity. Because we can independently measur&°lYMer concentratiory, leads to a proportional increase of the

h) andae(h), the depletion potenti h) can be calculated ~ Magnitude of the attraction between the plate and the sphere. A
;’;(S(rn)the ﬁga)surequfh) seepeq 3_%%( ) decrease of the size rat@R, at fixed polymer concentration

Applying the Derjaguin approximation for eq 1 gives the leads to a decrease of the contact potential and an increase of

following expression for the depletion attraction between a sphere € range of attraction. Thus, it is possible to *tune” the range
and a plate: of the depletion interaction by varyiriy of the macromolecules;

the interaction strength can be varied by changing the polymer

Pepl,sphereplatd) = concentration.

25 ! . Now, when all the contributiongpg(h), ¢ei(h), ¢dep(h)) to the
—2mall, h [20 — h]dh" for0=h =26 (8) total interaction potentiakoi(h), are known, we can calculate
0 forh > 26 it for different experimental conditions by inserting eq 6, 7, and
10 into eq 3.
In the paper of Vri}? a simplification of an ideal polymer chain In Figure 2 we demonstrate the influence of polymer and salt

by replacing it with a penetrable hard sphere (PHS) is proposed.concentration on the predicted total potential for a size ey

A PHS is a sphere that is hard for a colloidal particle, but which ~ 70 andRg = 44 nm. In the low salt concentration regime at

can freely permeate through another PHS. For the radius of ax~* = 13.0 nm without any polymer present, the equilibrium

PHS one should take the depletion thickné&sA calculation of distance of the particle from the surfade,,, exceeds two

the depletion thickness, from the segment density profile of ~ depletion thicknesses. Under these conditions the contribution

ideal chains near a flat wall made by Eisenriefflatso gived’ of the depletion interaction is not sufficient to significantly affect
the total potentialgwi(h). In this case the potential profiles do

5= 2R, 9 not perceptibly change with increasing polymer concentration.
- 7 ©) An increase of the salt concentration leads to higher screening
4 : T :
of the electrostatic repulsior; 1 = 7.6 nm, which reduces;, .
After integration of 2 — I in eq 8, usingd = 2Ry/~/z, and The total potential now deepens with increasing polymer

substituting the osmotic pressuf@,, in the dilute polymer limit concentration and the depletion interactipn should be clearly
by TT/keT = pp, = (C/c¥)(3/47R3), we acquire a simple analytical obser\(abl_e. Ateven larger salt concentratrdr_’r,z 5.6 nm, the
expression for the depletion potential between a sphere and depletion interaction has a very pronounced influencg:gth).

plate: However, it is not experimentally accessible, becaifsg is

now in a range where van der Waals attraction between the
¢dep|‘spherep,ate(h) _ sphere and the plate will dominate the potential.
T - I1.B. Depletion Interaction Mediated by Polydisperse Ideal

Chains.In section 1l.A we gave simple predictions for the total

_a C_f 3(2)2 — 3(&)(ﬂ) + §(ﬂ)2 for0 <h < 26 potential on the basis of.PHS and step funption gpproxima}tions
RyC Ry R/\Ry/  4\R, for the depletion interactions. That makes it possible to estimate

0 forh > 26 required experimental conditions for a depletion attraction
(10) measurement with TIRM. To enable a quantitative comparison

_ o between experimental TIRM data and theory, we now present
Herec, is the polymer mass concentration in g/L, the polymer exact expressions for the depletion interaction between a sphere
overlap concentratioo* is related to the molar mas4 and the and a wall due to ideal polymer chains.

(36) Eisenriegler, £J. Chem. Phys1983 79, 10521064 Asakura and Oosawécalculated the force between two plates

Isenriegler, . em. : . . . . . .

(37) Tuinier, %.; Viiegenthart, G.VAI; Lekkerkerker, H. N. \i..Chem Phys. immersed in a solution of nonadsorbing uncharged monodisperse
200Q 113 10768-10775. polymers. This was the first theory on depletion interaction due
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toideal polymer chains. Using statistical mechanics, they derived

an expression for the partition coefficieptwhich is the polymer

concentration between the plates divided by the concentration
outside the plates. The partition coefficient allows us to calculate

Kleshchanok et al.

¢dep|,spherep|ate
P P,polkaT

which is required to calculate the interaction between a sphere

= 278 [ (~popZ + 2~ 20,01) Az (17)

the osmotic pressure difference between the plates as a function, 4 5 plate due to polydisperse ideal chains. Note that the contact

of the separation distande,Integration of this force then yields

the depletion interaction potenti#27

¢dep| plategh)
S = —yh+h =25 11
ookeT v4 (11)

where the proper boundary conditiggp plaefe) = 0 was used,
recovering the depletion layer thickness per plate, 2Ry/+/;
pp is the number of polymer chains per volume.

potential between two plates in a solution of polydisperse polymers
becomes—2pp0ks Topaly for h — 0.

[ll. Experimental Section

III.LA. Samples and Preparation. Polystyrene sulfonate latex
spheres with a diameter of 5ufm (CV 9.5%) were obtained from
Interfacial Dynamics Co., USA. The particles were diluted from the
stock suspension down to a volume fraction of %dor the
experiment. The solutions were contained in a carbonized PTFE-

For two plates immersed in a solution of polydisperse polymers frame sandwiched between two microscope slides from BK-7 glass,
the same analysis was performed by Tuinier and Petukhoy, Which were received from Fischer Scientific Co., USA. The glass

also leading to eq 11, but with different polydispersity-dependen

functionsy ando. The polydisperse partition coefficientoly,
reads

S (M) (M) dM
Xpoly =

12
S5 @ (M) dv 42

which replacey in eq 11.W(M) is the weight distribution of

the polymer molar mass, which further will be called the molar

mass distribution for conviniencey(h,M) is the partition

coefficient between two plates due to polymer chains with a

molar masdM, which is given by

8 1 P’ Ry(M)?
hM) = — —exg————— 13
x(h,M) yrzp:g&..pz ex " (13)

The polydisperse depletion thicknedgoy, becomes

2 JIR(M) W(M) dM

O =2
" Vr o [fwM)au

(14)

To relate the polymer concentrati@p (in g/L) to the number
of polymer chains per volumg,, we use

» W(M)
_ CpNA 0 TdM (15)
S @ (M) dv

Pp

HereNa is Avogadro’s number and the concentratigreads
Cp = Zfy¥(M) dM, with Z being a normalization constant.

The molar-mass-dependent radius of gyrafy(M), which
is required in eqs 13 and 14, is calculated from

R,(M) = bvM (16)

where the square root corresponds to the ideal polymer chain
regime in &-solvent3® The pre-factob depends on the segment
length and the chain architecture. Consequently, for a known

polymer molar mass distributio®/(M), it is possible to fit the

experimental depletion potentials using just one single paramete

t slides were thoroughly cleaned in an ultrasonic bath for 30 min in

C,HsOH before assembling the sample cell.

Dextran with the molar mass distributid(M), shown in Figure
3 was obtained from Pharmacosmos A/S, Denmark, and used without
further purification. The solid line in Figure 3 is a best fit of the
molar mass distribution according to a superposition of two Gaussians:

_ 2 B B (X_Xci)2
y Z exp —2 (18)

The best fit values for the paramet&;s variancew;, and mearx;

are givenin Table 1. Theaveraged radius of gyratiofRy;= 43.7

nm, and the weight-averaged molar mass of dextran in wiskgr,

= 2.7 x 10° g/mol, were obtained from static light scattering. The
measurements were performed with a commercial instrument from
ALV —Lasergesellschaft, Germany, equipped with a 15 mW HeNe
laser atlo = 632.8 nm from Coherent Inc., USA, as the light source
and an avalange diode as the detecting unit. The light scattering data
were analyzed using standard proceddfé3n the basis of,, and
[Ry2we roughly estimated* = 3M/47R*Na as 12.4 g/L. Ultrapure
Milli-Q water (resistivity better than 18.2 K cm™2; Millipore GmbH,
Germany) was used as a solvent for all experiments and cleaning
steps. Solutions of dextran were prepared by weight. All dextran
concentrations used in the measurements were lower ¢han
Therefore, it was possible to apply the ideal chain approximation.
The pH of samples was adjusted with a standardized stock solution
of 0.1 M NaOH from Aldrich, Germany. All solutions had pH

9.7 to prevent the adsorption of dextran on the particle and wall
surfaces. Under these conditions Ofroups replace polymer
molecules from the negatively charged surfaces of the latex sphere
and the glass. NaCl, ACS grade from Aldrich, Germany, was used
to achieve the required Debye length.

III.B. TIRM Measurements. The particle height fluctuations
resulting from thermal motion can be directly observed by TIRM.
For this purpose a laser beam is directed via a prism to the glass/
solution interface as sketched in Figure 4, with an incident amgle
such that it is totally reflected. The electric field of the laser beam
penetrates the interface causing an evanescent wave, the amplitude
of which decays exponentially with the distance from the interface.
A single colloidal sphere, interacting with this evanescent wave,
will scatter the light depending on its position*as

I (h) = I(h = 0) ex{ —&h} (19)

whereh is the distance from the sphere to the wall @i$ the

inverse penetration depth of the evanescent wave. Collecting intensity
changes for a sufficiently long period of time provides the probability

rdensity of separation distances, which can be converted into a potential

b. Applying the Derjaguin approximation to eq 11 through 15 gnergy profile using Boltzmann’s equation (eq 2). In a typical TIRM

yields the final expression:

(38) Doi, M.Introduction to Polymer Physic€larendon Press: Oxford, U.K.,

1996.

(39) Brown, W.Light Scattering: Principles and Delopment Clarendon
Press: Oxford, U.K., 1996.
(40) Prieve, D. C.; Walz, J. YAppl. Opt.1993 32, 1629-1641.
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Figure 3. Normalized differential weight fraction distribution of ~ Figure 4. Sketch of the evanescent wave optics. When the incident

molar massedl (M), of dextran from Pharmacosmos A/S, Denmark. angleq; is Iarger_than the critical angle, the incident beam is totally
The solid curve is a best fit according to a distribution consisting reflected at the interface and the evanescent wave penetrates into

of two Gaussians (eq 18). theflu_id.Arrpws _ofdiffer(_antlength indicateadecayofthe_evanesc_:ent
wave intensity with the distance from the surface. A colloidal particle
Table 1. Parameters Used To Fit the Experimental Molar Mass located close to the surface will scatter light from the evanescent
Distribution W(M) of Dextran, Presented in Figure 3 wave. The separation distance between the sphere surface and the
- reflecting interface is.
i 1 2
B 0.732 0.275 Debye length and different polymer concentrations. Thus, a direct
Wi 0.895 0.642 comparison between potential profiles was possible.
Xei 5.565 6.606

IV. Results and Discussion

experiment static scattering intensities are measured with a time |y A Experimental Findings. Total potentials,Agi(h),
resolution in the range of 10 ms, which translates as 80* data between a 5.%m diameter polystyrene sphere and a glass wall

poflf}:z r:ig;?ﬁjef;;?;gti:l?:ézswrgiafﬁée?ﬂ; as described onmeasured in a solution with the Debye lengtirof = 13.0 nm,
Kleshchanok et 1! We used a 15 mW HeNe laser with= 632.8 are shown in Figure 5. Solid squares show the interaction profile

nm to generate the evanescent wave. Additionally, an optical trap in the absenc_e_ of dextran. \_Ne_were able_to f.lt that curve with
was built in to prevent the colloidal particle from moving out of the (N€ Superposition of a gravitational contribution and an elec-
microscope’s observation area. For this purpose a second laser bearffostatic term. According to egs 6 and 7, and eliminagfgpom

was focused directly at the particle from above. We used a Verdi the minimum ofp(h) the relative potentialA ¢, can be obtained
V2 Laser (2 W,4o = 532 nm) with a tuneable light power output  in terms of the relative separation distaftehmin:

(Coherent Inc., USA) connected to the instrument via an optical

fiber from OZ Optics Ltd., Canada. Varying the intensity of the laser A¢ (N — hyi) G

— —1
beam allows control over the strength of the trap. The trap enabledT = @  [exp{—«(h — hy)} — 1] +
us to hold the particle while polymer/ electrolyte solutions were
replaced by pumping. To allow measurements on one particle under (h = hy) (20)

different conditions (salt and polymer concentration), we used a

pump (Ecoline VC from Ismatec Laboratoriumstechnik GmbH, As can be seen from eq 20, the weight of the partiGlecan
Germany) to gently replace the solution while the particle was trapped be directly extracted from the linear branch of the interaction
by the laser. For all experiments we applied an angle of incidence profile at largeh. The value obtained from the curve is 80 fN.
of 63.0 degl’ee, which COfreSpondS toa penetration depth of 2209|t Corresponds to a Sﬂm diameter Sphere ha\/ing an apparent
nm as calculated from the optical path. The exact knowledge of the density of 1.08 g/crh which is bigger than the expected value
penetration depth is crucial for the data analysis, because it enterg,, polystyrene latex (1.05 g/cin This discrepancy is due to the
into the conversion of intensities to separation distaftadeasible fact that the optical trap, used to prevent the lateral movement

check is the comparison of the prediction from a superposition of p icl liah h h hich mak
gravitational and electrostatic interaction with the experimental of a particle, exerts a light pressure on the sphere, which makes

potential from a particle of which the mass and the Debye length it apparently heavier. The decay length obtained by exponential
is known. regression from the potential profile at smhlis 13.6 nm. It

The experimental protocol was as follows: first a potential was agrees well with the Debye screening lengtfxof = 13.0 nm
obtained in the absence of dextan. Afterward this solution was corresponding to the electrolyte concentration of 0.55 mM used
replaced by a polymer/ electrolyte solution with the same Debye in the measurement.
length. After the measurement was performed a new solution with  Open symbols in Figure 5a show the interaction profiles
ahigher dextran concentration was added. The procedure was repeategetween the sphere and the wall in the presence of dextran, of
until all polymer concentrations were measured. At the end of the which the concentrations are indicated in the figure caption.
experiment a solution with a high salt concentration (0.1 M NaCl) Upon increasing the polymer concentration, no significant
was pumped to make the particle stick to the surface, to enable thedifference in the profiles could be detected. This is due to the

measurement of(h = 0), which is required to convert relative t that th ilibrium ration distance in the absen f
separation distances to absolute values. It was possible to use théac a Oe equ um separation distance € absence o

same particle to obtain a set of potential profiles for one particular Polymer, hy,,, under these experimental conditions does not
intersect with the range of the depletion-induced attraction. For

(41) Kleshchanok, D.; Wong, J. E.; von Klitzing, R.; Lang, PPRog. Colloid dextran used in the experimelrﬁRgQ = 43.7 nm,. which
Polym Sci.2006 133 52-57. corresponds to a range of attraction 6f2 100 nm. This range
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as predicted from eq 10 and the potential profiles deepen. The
obtained experimental results qualitatively follow our expectation
on the basis of the theoretical predictions, which were plotted
in Figure 2.

More experimental results are presented in Figure 5c using
the highest electrolyte concentration (2.9 mM). Heré= 5.6
nm and causes a further shiftla},, to even smaller distances.
The equilibrium separation distance is nby, = 27 nm. The
interaction profile A¢iot(h), in the absence of dextran, presented
by solid squares, shows a significant curvature in the attractive
part. It was not possible to fit this potential with the superposition
of a gravitational contribution and an electrostatic term. Because
the particle’s equilibrium location is very close to the wall for
«~1 = 5.6 nm, we conjecture that van der Waals attraction is
dominating the potential in this range. This fact was first
experimentally verified by Suresh and Walz using TIRMS
The solid curve in Figure 5c¢ presents the estimated total potential
including van der Waals attraction between the sphere and the
wall, which accordingly to Israelach\ifi reads as

a
¢vdW,pIate—sphere= _AHa] (21)

Here we roughly estimated the Hamaker constariias: 0.2
ksT to achieve the best match of the experimental potential. This
value corresponds very well &gy < 0.5kgT calculated by Bevan

: . : and Prievé for the glass and PS surfaces using Lifshitz theory
0 100 200 300 400 and incorporating retardation and screening by the presence of

h/ nm ionsin solution. The strong van der Waals forces clearly dominate

Figure 5. Interaction potentialh¢ioi(h), between a 5.4m diameter the attractive part of the interaction potential. As presented in
PS sphere and a glass wall. Solid squares show the interaction profilerigyre 5c, the potential profiles are not extensively influenced

in the absence of a polymer. Open symbols refer to the solutions ; ; : ;
with dextan (R, = 43.7 nm), of which the concentrations aee)( by the presence of dextran in the solution. The depletion attraction

1.4g/L, () 2.8 g/L, and ¢) 3.6 g/L. The Debye length: %, is (a) is a minor contribution tcrpto_t(h) now. _Therefore, it was not

13 nm, (b) 7.4 nm, and (c) 5.6 nm. The solid curves are the best fits POSsible to extract the depletion potential under these conditions.
in plots (a) and (b) according to eq 20; and in plot (c) the solid line ~ To summarize these observations, we experimentally verified
represents a model calculation according to eq 20 including the our predictions (section I1.A) for the conditions under which the
estimated van der Waals attraction from eq 21. depletion interaction is measurable with TIRM. They are the

following:

is smaller tharhy,, = 116 nm. Hence, the depletion interaction (@) ingthe absence of polymer, the equilibrium separation
is not measurable with TIRM under these particular experimental 4istance between a particle and a wall has to be smaller than two

conoiigions. This finding is in agreement with the work of Pagac  yepjetion thicknesses and significantly larger than the range of
etal,”where no significant attraction was found betweenasilica |, qeor Waals attractionfyay < h°.. < 26:

; min —
sphere’and a”gla.ss wal in the presence of PEO. Also there, the (b) the magnitude of the depletion interaction should be larger
sphere’s equilibrium distance from the surface was larger than

wo depletion thick than approximateliksT to make a clear difference between the
0 depletion tnicknesses. . . total interaction profiles obtained in the presence and in the
In Figure 5b we present interaction potentialsgioi(h),

d bet ticle with th d " 5.7 absence of polymer.
medasurcle € w?en a partic Ie ;’.‘” .tehsamle |ame(;er ?j t. | During the measurements in solution with the Debye screening
and a glass surtace in a 810 ution with an increased electrolyte|qqih 57 4 nm, shownin Figure 5b, we fulfilled these conditions.
concentration of 1.6 mM("t = 7.6 nm). The decreased Debye

| h Its i . d ; | f th ial IV.B. Depletion Potentials; Comparison with Theory. By
ength results in an increase Onegauve slope of the potentia subtracting the profile for zero dextran concentration from the

profile at smallh and a shift offy,,, to 58 nm. From the fit of  ,qential profiles obtained in the presence of polymer, we obtained
the potential curve in the absence of dextran, presented by theie pyre depletion interaction potentials. These depletion curves

solid squares, we obtai@ = 105 fN andx™* = 8.7 nm. The 10 hiotted as open symbols in Figure 6 for different polymer
obtained Debye screening length corresponds well to the Valueconcentrationscp.

of 7.6 nm as calculated from the used electrolyte concentration |, qur system the depletion interaction between a particle and

and the increase @ can be explained by variations of particle 5 gl presented in Figure 6 at separation distances smaller than
size and density when changing from one particle to another. 4 gepletion thicknesses is purely attractive. Contrary to earlier
After polymer is added, the total interaction potentials (OPen raport&owe did not find any repulsive contribution to the depletion

symbols) deviate from the profile in the absence of dextran. inieraction, which is agreementwith careful simulations of colloid
Their minima shift to smaller§eparat|on distances apd the Slqpepolymer mixtureds At larger distances the potential goes to
on the right side of the potential becomes steeper at intermediate
distances with increasing polymer concentration, because dextran (42) Suresh, L.; Walz, J. YJ. Colloid Interface Sci1996 183 199-213.
molecules exert a measurable depletion interaction between the (43) Suresh, L.; Walz, J. ¥J. Colloid Interface Sci1997 196 177-190.
particle and the glass surface under these conditions. The resUIting  {4e) peiis. b. &+ Lacis A A~ Linsaon. ) b.: Meilor E330hem. Phys.

attraction becomes stronger with increasing polymer concentration2001, 114, 4296-4311.
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ST @ MM dv

- 23
Ak Lw‘IJ(M) dm =3)

Because we measuré&;[andW¥(M) is known, it was possible
to determineb from eq 23. In this way we fountRy[y, = 30.9
nm for dextran. Dashed lines in Figure 6b are calculated from
eq 10 after substitution &% with (RyL. This replacement provides
a better match to the experimental data than calculations done
using the z-averaged radius of gyration. Nevertheless, the
depletion potential range and depth are still predicted too large.
Finally, we compare the experimentally measured depletion
potentials with the full result of eq 17 for the depletion interaction
due to polydisperse ideal polymers using the entire molar mass
distribution of dextrartP(M). We used eq 16, which is the scaling
law relating the molar mas$/, and the radius of gyration of
polymer, Ry, to obtain the distribution of the radii of gyration.
The square root in this equation corresponds to the ideal polymer
chain regime in @-solvent. It was shown by Koning et #that
water is very close to &-solvent for dextran. Therefore, using
Ry = bv/M is justified for our calculations. The distribution of
the radii of gyration of dextran is required in egs 13 and 14 to
calculate the polydisperse depletion thicknegsyy, and the
polydisperse partition coefficientyqy. Consequently, given the
molar mass distribution of polyme¥,(M), the pre-factob, which
depends on the segment length and the polymer chain architecture,
is the only adjustable parameter required to describe the
experimental depletion potentials. Qualitatively one would expect
Figure 6. Depletion potential between a G diameter polystyrene  the contact value of the potential and its range to increase with
sphere and a glass wall in aqueous solution with dextran, of which jncreasindand vice versa. However, for a quantitative prediction,
the concentrations ar®j 1.4 g/L, () 2.8 g/L, and ¥) 3.6 g/L. In molecular simulations would be required. We used a global

all solutionsk~* = 7.4 nm. The curves are (a) model calculations i least lqorithm to simult Iy fit th
using eq 10 for a monodisperse polymer Wil = 43.7 nm and nonlinear least squares algorithm to simultaneously fit the curves

My = 2.7 x 10 g/mol, (b) model calculations using eq 10 for a from all dextran concentrations. The results are presented as full

-5

-101

polydisperse polymer witiRy[, = 30.9 nm andM,, = 2.7 x 1(f curves in Figure 6¢. A good agreement between the theory and
g/mol, and (c) nonlinear least-squares fits with eq 17 using the full experiment has been achieved now. The magnitudebfained
molar mass distribution of the polymer. from the fit procedure is 0.24 nikg~Y2mol~22, which lies

between the data of Nordmetéand loan et at® Our analysis

zero as expected from the theoretical predictions (eq 17). On themanifests that a satisfactory description of the depletion potential
basis of the PHS approximation for monodisperse polymers, eqis not possible using averaged values of the radius of gyration.
10 predicts a stronger depletion attraction with increasing For polymers with a broad molar mass distribution the full
macromolecule concentration; this trend is seen in Figure 6. distribution has to be incorporated into the theoretical expressions
However, there is no quantitative agreement between thefor ggep(h). This is well in line with the theoretical work of
experimental profiles and this simple theory. The dashed lines Tuinier and Petukho# who showed for a plateplate geometry
in Figure 6a were calculated from eq 10 using treveraged  that the depletion potential due to polydisperse depletants cannot
radius of gyration of dextrafiRs[d= 43.7 nm, itsweightaveraged  be described satisfactorily using an averaged valug, @fthe
molar massM,, = 2.7 x 10° g/mol, and overlap concentration, molar mass distribution has a standard deviation larger than 0.7
c* = 12.4 g/L. Here the patrticle radiua,= 2.85um was kept of the center value.
as in the experiment. It is clear that the very simple PHS model
significantly overestimates the range and depth of the depletion V. Conclusions
potenFiaI. This is plue to the. fact that the dextran used .in the  \we measured the depletion potential between a sphere and a
experiment was highly polydisperse and cannot be described as 5| in a solution of polydisperse dextran with total internal
a monodisperse chain witRy = 43.7 nm. , reflection microscopy. It was shown theoretically and experi-

_To take into account the polydispersity of dextran, first we  enially verified under which conditions the depletion interaction
simply substituted; in eq 10 with the weight-average radius  gnoyld be measurable by TIRM. We found that the particle
of gyration [Rgly. The latter depends on the molar mass gqyilibrium distance from the surface in the absence of polymer

distribution of dextrart(M) and follows from has to be shorter than twice the depletion thickness and longer
than the range of the van der Waals forcegiw < hoy, < 20.
j;WIP(M)b dm This finding explains some of the contradictions in the literature
Ry = (22) about experimentally determined depletion potentials.

S @ MM dm

(46) Koning, M. M. G.; van Eedenburg, J.; de Bruijne, D. WFlmod Colloids
and PolymersDickinson, E., Walstra, P., Eds.; Royal Sosiety of Chemistry:

Here the pre-factds, asin eq 16, depends on the segment length Caag;i?\lgeau.&, 12&33;&;1 103(.:h 1993 97, 5770-5785
. . - . orameier, . YS. e f .
and the chain architecture and can be estimated by using the (48) loan, C. E.. Aberle, T.; Burchard, Wiacromolecule@00Q 33, 5730

expression for the-averaged radius of gyration: 5739.
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At the same time the magnitude of depletion attraction must potential cannot be predicted using average valueRfdrather
be larger than approximatekgT to achieve a clear difference  the full expression for the molar mass distribution has to be
between the total interaction profiles obtained in the presenceincorporated into the equation for the calculation of the polymer
and in the absence of a polymer. By varying the solution Debye partition coefficient and the depletion thickness to achieve a
screening length, one can adjirsin’ to the desired value, and  reasonable description of the depletion potential.
upon changing the polymer concentration, one can adjust the
magnitude of the depletion attraction in the required way.
Further, we investigated the influence of the polymer mass
distribution on the depletion potential. For the widely applied
dextran with broad distribution, we show that the depletion LA061657M
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