2510 Langmuir2007,23, 2510-2516

Effect of Pore Size on Adsorption of a Polyelectrolyte to Porous Glass
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The adsorption of quaternized poly(vinylpyridine) (QPVP) on controlled pore glass (CPG) size, over the ionic
strength range 0.0010.5 M was found to display nonmonotonic behavior as a function of pore size. Both adsorption
kinetics and ionic strength effects deviated dramatically from behavior typical of adsorption on flat surfaces when
the ratio of the pore radiuB, to the polymer hydrodynamic radilg, became smaller than ca. 2. lonic strength
enhancement of adsorption for small pore sizes was observed at much higher salt concentrations than is typical for
polycation adsorption on flat surfaces. The amount of polymer adsorbed per unit surface arealof,glagss5 M
NacCl, exhibited a shallow maximum By/R, ~ 5. Since the value dfa for small pore size CPG is strongly depressed
by the large surface area, an alternative and more interesting observation is that the amount of polymer adsorbed per
gram of CPGJI'y, displays a strong maximum whé® is equal to or slightly smaller thaR,. The efficiency with
which QPVP binds anionic micelles to (negatively charged) CPG (grams of surfactant/grams of QPVP) increases
strongly with diminishing pore size, indicating that the configuration of polycation bound to small pores favors micelle
binding. Since the micelles are larger than small pores, the results indicate thaRyhkeR,, adsorbed polycation
molecules reside only partially within the pore. The results of this study are supported by simulations of polyelectrolytes
within cylindrical cavities.

Introduction additives which by adsorbing on porous pulp fibers improve

Broad interest in the adsorption of polyelectrolytes onto drainage and fines retention during the formation of fibrousthat.
oppositely charged surfaces has been stimulated over the lasExperiments have focused on polycation adsorption on external
decades by its relevance to many areas, including scale inhibition fiber surfaces as well as adsorption within the fiber walls and
and flocculation and stabilizatidhwith numerous applications  have explored the dependence of the adsorbed amounts on surface
in paper making, water treatment, personal care products, andcharge density, ionic strength, and polymer properties that
foods. The subject has most recently been thrust into the limelightinfluence the affinity:! These studies concluded that initial rapid
by the explosion of interest, both fundamental and applied, in adsorption is followed by slower penetration into the interior
polyelectrolyte multilayers 7 which are typically supported by  walls resulting in swelling and reconformation of the polymer
charged surfaces. In contrast with studlies the adsorption of  on the fiber surfacé?

neutral polymers infon confined porous surfaces, nearly all  |ntermediate between the complex surface topology of fibers
experimental and theoretical studies on polyelectrolyte adsorptionand flat surfaces should be porous surfaces with defined geometry,
addre_ss ideal flat su_rfaces or model colloids with uniform and pyt studies of polyelectrolyte adsorption on such surfaces are
spherically symmetrical surfaces. _ remarkably few. Since many of the surfaces relevant to
One field in which surface rugosity has not been neglected is gpplications are not flat, polyelectrolyte adsorption onto charged
pulp and paper making, where a pronounced effort has beenfractal surfaces should be of general interest. However, such
made to investigate polycation adsorption on complex surface phenomena present a challenge to the superb techniques that
topography particularly for fibers with nonconfined porous haye developed for polyelectrolyte-modified planar surfices
surfaceg. In paper making, polycations are widely used as anq aiso representa problematic application for the rich theoretical
* To whom the correspondence should be addressed. Mishael: e-mail, “_terature so far developed.*” We present here fo_r the first
mishael@agri.huji.ac.il. Dubin: tel, 1-413-577-4167; fax, 1-413-577-0099; time to the best of our knowledge a systematic study of
e-mail, dubin@chem.umass.edu. polyelectrolyte adsorption on a nonplanar substrate well-
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160 - o CPG was washed fdl h in 1%sodium dodecyl sulfate (SDS),
140 4 pH 9.5, NaOH solution, and then rinsed with Milli-Q water and
120 @ dried at 50°C overnight. Poly(4-vinylpyridine) quaternized with
1004 - methyliodide (QPVP) “Reilline 450 quat”, nominal molecular weight
60 e 700k, was from Reilly Industries (Indianapolis, IN). SDS was

purchased from Fisher Scientific (FairLawn NJ). Triton X-100

%01 (TX100) and acetonitrile were from Aldrich (Milwaukee, WI).

surface area (m2/g)

401 R Milli-Q water was used throughout this study.
20 4 TR . Dynamic Light Scattering (DLS). Solutions of TX100/SDS (20
0 , : . ; ; ‘ mM total surfactant concentration, SDS mole fractior 0.35 and
0 50 100 150 200 20 300 0.5 M NaCl) and QPVP (5 g/L) (pk 9.5 and 0.0£0.5 M NacCl)

pore diameter (nm)

were prepared. DLS measurements were made after sample filtration
Figure 1. CPG surface area as a function of CPG pore diameter. (0.2,m) using a Malvern Instruments (Southborough, MA) Zetasizer
Nanosystem. Mean apparent translational diffusion coefficients were
Recently, polyelectrolytes adsorbed on porous materials determined by fitting the autocorrelation functions using the program
(typically polycations on porous glass) have been used for “generalmodes”, similarto CONTIN, and the apparent hydrodynamic
separations of proteifs 2 and trace metaR In our previous radii were calculated from Stokes law aR,2= 12.4 nm for the
study, controlled pore glass (CP&)olycation composites were ~ Polymer and 24 nm for the micelles (0.5 M NaCl).
used toimmobilize micelles in order to remove organic pollutants _ QPP Adsorption on CPG. To follow adsorption kinetics, 5
from water?? In the course of that study, we observed somewhat mL of QPVP (5 or 10 g/L)in 0.5 M NaCl adjusted to pH 9.5 was

. . . . added to 0.375 g of CPG, CPG7.5, -8.8, and -285 and rocked for
surprisingly, strong adsorption of polycation on CPG with mean 5, At times varying between 1 min and 2 h, 0.1 mL aliquots were

pore diameter (R;) almost half the polycation hydrodynamic  cqjiected after CPG settling, and QPVP concentrations were
diameter (R,). Other atypical results were very slow adsorption determined by UV (256 nm) via a standard calibration curve. For
kinetics, linear adsorption isotherms, and high adsorption at high equilibrium studies, 4 mL of QPVP (0-320 g/L) in NaCl (0.0+4
ionic strength. These results point to an incomplete understandingM) adjusted to pH 9.5 was added to 0.3 g of CPG and rocked
of polyelectrolyte adsorption on oppositely charged nonplanar for 4 days. The concentration of QPVP in the supernatant was
surfaces, with particular focus on the effects of the key variables: determined after centrifugation (3000 rpm, 20 min) and again
pore size, polymer dimensions, ionic strength, and polymer after washing with 4 mL of Milli-Q water. The amount of QPVP

concentration. In order to probe the effects of the aforementioned 22;%12?5 d(lic;e'él;(te)ggt?gnagtf?;;vaaghnt%?epserrelﬂci:vseuolrff?gni?Pw?g(rsi il
variables on both the kinetics and equilibria of adsorption, we y d 9

examined the adsprption Of_ quatern!zed poly(vinylpyridine) Micelle Adsorption on CPG—QPVP. Four milliliters of TX100/
(QPVP) on CPG with pore sizes ranging from 7.5 to 285 nm. gps (anjonic surfactant mole fractivf= [SDS]/([SDS}H [TX100])

The experimental results, taken together with modeling, show = ¢.35) at 20 mM total surfactant concentration, in pH 9.5, 0.5 M
that polyelectrolyte adsorption occursR¥R, < 1 by partial NaCl, was added to CPG to which QPVP had been adsorbed. The
confinement of the chain with the interesting results of both samples were rocked overnight and centrifuged (3000 rpm 0.5 h),
increased adsorption, and, in our case, enhanced micelle uptakeand the concentration of TX100 in the supernatant was measured
Inthis regard, micelleswell-characterized with respectto charge by UV (224 nm). An additional measurement was madeafé mL

and size-may serve as models for other nanoparticles that are deionized (DI) water rinse, and the sum of the results for supernatant
amenable to polyelectrolyte anchoring to charged surfaces. Thesé?_';(‘ic;g‘s_l?hwas user(]j to det(tjarmlnel thle tot?]l quanltlty of refrnoyal:l)lle
findings suggest that the judicious choic&gR, could maximize - This was then used to calculate the total mass of micelle

the efficiency of polyelectrolyte-mediated binding, e.g., maximize B?euvr:gugssstﬂ(rjrrgnég no change in Y upon adsorption, as indicated by

the amount of protein bound per mass of substrate in applications’  7aia_potential MeasurementsUntreated CPGA49 or CPG49 with

such as enzyme immobilizatigh?3-24 different levels of adsorbed QPVP<E g/L added) or CPG49 treated
first with QPVP (5 g/L) and then with mixed micelles (as described
Materials and Methods above) was rinsed and oven-dried overnight. The modified CPG

was resuspended in 0.1 M NaCl and the mobility/zeta potential
measured using a Malvern Instruments (Southborough, MA) Zetasizer
Nanosystem. The rate of settling did not preclude stable or
reproducible measurements.

Monte Carlo Free Energy EstimatesMonte Carlo simulations
f a single polyelectrolyte chain in a nanopore were performed in
e canonical ensemble using the Metropolis algorithm. The chain
consisted oN = 100 segments of average segment lergti.5
nm and was enclosed in a square box with side200 nm. Periodic
boundary conditions were used, and interactions were truncated using
the minimum image convention. Chain connectivity was modeled
using harmonic springs. Electrostatic monomeronomer interac-
tions are taken into account via an effective potential of interaction
Vine(r). Interactions between polyelectrolyte monomers and the

Materials. CPGs with mean pore diameters of 7.5, 8.1, 11.5, 24,
49, and 285 nm (henceforth designated as CPG7.5, etc.) and
corresponding surface areas of 153, 180, 120, 80, 44, and?8y2 m
were purchased from Millipore (Lincoln Park, NJ). All particle sizes
are 200/400 mesh, with the sole exception of CPG7.5 (100/200
mesh); results presented below suggest that mesh size does nq
strongly influence adsorption per unit surface area. Figure 1 shows
the correlation between surface area and pore size. Fitting of this
curve shows that the area is proportional to the 2.2 power of the
radius which is consistent with a fractal character (neither anidealized
spherical nor cylindrical cavity) and with other studies of CPG.
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The parametet is needed for free energy estimates as discussed 80 T T T T T T
below. The value used for the stretching elastic constantagn —~ A o . N
= 10 KT/nn?. For the effective monomemonomer potential of g 97 o o croe ]
interaction we use the Deby¢llickel expression, plus a term to 3, 0] o ° ]
account for purely steric repulsion 2 o
20 Raa a a a A I A
Viel) Qo €XPEKT)  DRy12 04 : : : : : :
=l () @ 515 : 5
. _ _ . 153a8 & & A & E
wherelg = €2ekT= 0.7 nmis the Bjerrum lengtlejs the elementary “e
chargeg is the permittivity of the aqueous solvent, dakds thermall E’ 1.0 & CPG285 7
energy. The Debye screening lengthid = (87lgng) 2, wherens Z 051 ]
is the number density of excess added monovalent electrolyte. B - e e - "
The monomer radius iR = 1.0 nm, and the monomer (point) 005 20 20 o0 20 100 120
chargemo= 1.0is in units of elementary charge$iere we consider time (min)
only the steric repulsion between monomers and the nanopore surface,
for which we use Figure 2. QPVP (10 g/L) adsorption at pH 9.5 and 0.5 M NaCl,
" as a function of time on CPG&I() and CPG285 4). QPVP
ericn ] O ¢+ Y)Y <R, adsorption expressed as (A) mg/g CPG and (B) idlRG.
cont (1) = 2 112 112 3
Vsterir.(1+ (X + y2) /Lbox) (X2+ y2) = Rp

with our results, Grull et &.reported almost instantaneous
whereR, = 10 nm is the pore radius and the monomer position is adsorption of poly(ethylene oxide) on CPG89 and considerably
r = (x,y,2). This particular form, withVseric = 10 kT, was found to slower adsorption on CPG8 (20 h). In these cases we can assume
be efficient in the thermodynamic integration procedure for that CPG with pore diameters80 nm are essentially nonporous.
determining free energies. The free eneryfy of transferring a Assuming that the initial adsorption is diffusion-limitétthe
single chain from a bulk solution to the nanopore is related to polymer reaches porous and nonporous surfaces at the same rate,
experimentally observable partition coefficieRtm a dilute system 1,1 yorous surfaces evidently provide kinetic obstacles to ultimate
P = exp(—AF/KT) 4) equilibr_ium contacts. _
Previously we noted the adsorption of QPVP wifR, =
Free energies are computed using thermodynamic integration ~ 0.60 and suggested a bound configuration with partial confinement
of the chain within the poré&? The segmental adsorption energy
(Fouk ~ Fpord ST leads to an overall gain in free energy that can compensate for
T = Di_ Voo + %913 ®) the unfavorable loss of chain entropy and the unfavorable con-
- tribution of intrapolymer repulsion. This entropically unfavorable
Switching on the confinement potential reduces the translational dUasi-compressed configuration could be compensated by the
entropy of the chain, and this contribution should not be included €nhanced electrostatic interaction between the pore cavity and
in AF the entrapped polycationic segments. The process by which the
polymer chain attains this particular configuration could also
AF = (Fpuk = Fpord = KTIN(Vyo/ Viord (6) explain the slow kinetics of QPVP adsorption RyR, < 1. In

) ) ) summary we propose that polycation adsorption includes rapid
Trial moves consist of local moves (small translations of monomer iffysion-controlled binding to the surface followed by slow
positions), reptation moves, as well as large translations and rmationsreorganization with partial pore penetration

of the entire chain. Single runs consisted of MC cycles on .
equilibrated initial configurations. For a single free energy estimate Concerning the largdFa (mg of QPVP/r) of CPG285 than

we typically used 25 single runs, for values/obetween 0 and 1. of CPG8 , Grull et al® studied the adsorption of poly(ethylene
oxide) infon CPG and stated that the confinement of chains in

Results and Discussion small pores limits the maximal loops and tail size, leading to a

. : lue of 'a much lower for confined cases. However, as
Kinetics of Adsorption for Small (Ry/Rn < 1) and Large value A S
(Rp/Rn >10) PoresThe time dependengef(lzo min) of QPVP mentioned qbovel,‘w (mg of QPVP/g of CPG) emphasizes the
adsorption on CPG8 and CPG2851as(mg of QPVP/m) is large capacity of the §ma|| pore size glass. L
shown in Figure 2B. Figure 2A preseris as mg of QPVP/g Equilibrium Adsqrptlon Isotherms. Adsorption isotherms
of CPG to emphasize the large capacity of the small pore size of QPVP (0-209/L in0.5MNaCl, p_H 9:5) on CPG7BLCPGS,
glass. CPG49, and CPG250 are shown in Figure 3 as the dependence
For CPG8,I'x approaches its equilibrium value after 48 h of I'a on the concentration of free QPVP. Adsorption isotherms
(results not shown) as was also observed for CP&Shbich an for CPG49 _and CPG285 behave typically, reaching a plateau at
equilibration time is substantially longer than those typical for saturation, in contrast to the data for the small pore sizes. These

polycations on negatively charged surfaces. Equilibrium times 9!asses also sho;/(\)/ small initial slopes, indicating lower QPVP
of a few minutes have been reported for the adsorption of affinity. Shin et al*® have discussed how a reduction in contacts

QPVP:27 and cationic polyacrylamid& on nonporous silica _be_tV\_/e_en poneIectronte segments and _silica leadsto a d_ecrease
and for the adsorption on carboxymethylated cellulosic pulp of In initial slope of the isotherm with a shift of plateau to higher
3,6-ionene® On the other hand, adsorption kinetics on CPG285 polymer concentrations; the isotherms for CPG7.5 and CPG8

are similar to those reported for nonporous surfaces. In agreemen?ho‘,’v an extreme example of this effect, which arises here from
partial exclusion. Plotting'a should remove any effect due to

(26) Hoogeveen, N. G.; Stuart, M. A. C.; Fleer, GJJColloid Interface Sci.

1996 182 133-145. (29) Waagberg, L.; Oedberg, L.; Lindstroem, T.; AksbergCRlloids Surf.
(27) Sukhishvili, S. A.; Granick, SI. Chem. Phys1998 109 6861-6868. 1988 31, 119-124.
(28) Oedberg, L.; Sandberg, S.; Welin-Klintstroem, S.; ArwinLingmuir (30) Shin, Y.; Roberts, J. E.; Santore, M. Macromolecule2002 35, 4090—

1995 11, 2621-2625. 4095.
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VRS O CPG 265 Figure 5. Schematic representation of hypothetical steps in the
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0
0»00‘ 1T 2 3 4 5 6 7 8 9 10 adsorption of polyelectrolyte into an oppositely charged pore either
larger (above) or smaller (below) than the PE: A, compression of

[QPVP] (/L) the polyelectrolyte to a conformation with a radius of gyratign
Figure 3. Adsorption isotherm of QPVP (0.5 M NaCl, pH 9.5) on < R,; B, insertion of the compressed polyion into a hypothetical
CPG with pore diameters of 7.5, 8, 49, and 285 nm. discharged pore; C, recharging of the pore; D, reconfiguration of the
polycation in response to the intrapore potential. Lower set shows
2.5 T T T hypothetical steps leading to partial confinement.
L --0---CPG7.5
20l T o ~A--CcPG49 | ] indicate that attractive interactions between polycations and the
O CPG28s surface are on average more short range in the case of the planar
and more highly charged bare silica.
o« 107 O ] The ionic strength dependence is very differentRar< R,
% AL as shown by the results in Figure 4 for CPG7.5. For an intuitive
£ 1.0 ,.’A"'f’-..,' Brd ] explanation, we begin by viewing polyelectrolyte adsorption
= A %5 within such a pore according to the hypothetical sequence of
0.5 1 events for the adsorption of a single polyion chain, represented
A g by the upper five images in Figure 5. Step A represents contraction
I g of the chain to dimensions small enough to be accommodated
o'ﬂE_3 0.01 o1 ] 10 by the pore and involves both intrapolyion segment repulsions
' NaCl (M) and loss of chain configuration entropy. Step B corresponds to

insertion into a hypothetical uncharged pore and is equivalent
Figure 4. QPVP adsorption on CPG7.5, CPG49, and CPG285from to the steric exclusion effect measured in size-exclusion chro-
0.001 b 4 M NaCl. matography. These two steps, which we refer to as “compression”
and “confinement”, respectively, are both energetically unfavor-
able. In step C, charges are returned to the pore and allowed to
interact with the polyion withoutinducing conformational change.

s In the final step D, the included chain is allowed to rearrange
QPVP onto CPG &, = 7.5, 49, and 285 nm) was measured at nqer the influence of the pore potential. The favorable

pH 9.5 over the ionic strength range 0:04 M NaCl, with the electrostatic interaction energies of steps C and D termed
results shownin Figure 4. Manystud|eshavereportedamammum.adsomtion“ and “reconfiguration”, respectively, more than

in TequWith respect td for adsorption on flat surfac&s 3tand compensate for A and B. These processes have diffdrent

A e ; .
on wood fibers:* This maximum is generally accounted for by - yenendencies and hence, in combination, may lead to an overall
different behawor in low and high salt reg|£ne-_s. In the_ﬂrst CaSe, nonuniform dependence of adsorption on ionic strength. A similar
corresponding to large Debye lengths®, interchain and  p,ihetical sequence culminating in a partially confined polyion,

intrachain repulsions that would tend to reduce coverage are gnresented by the lower set ofimages, will be invoked in further
screened by added salt leading to a slight increasEein discussion of results for the caB&/R, < 1

Subsequent increase Inscreens more short-range favorable e aqdition of salt makes step A more favorable: screening
interactions between polymer segments and the charged surfacggces intrapolymer repulsion such that compression costs less.
and therefor&eq,decreases (for recent reviews on polyelectrolye 5 higher coverage, a further favorable effect comes from

adsorption see refs 14 and 32). Consistent with these competingsqeening the interpolymer repulsions. Screening has no effect
effegsts, Granick et al. observed a maximuni at 1 M for 3.5 on step B, for which the energy is simply the typical size-exclusion
x 10°MW QPVP on bare silicaat pH 9.2. This resultis different effect, and data obtained by size-exclusion chromatography on

from that of our most closely related system, CPG285 which cpg e|sewhefgjustify the result for cylindrical pore geometry,
shows no ionic strength enhancement of adsorption. Since ionic;

strength enhancement of adsorption arises from reduction inl'e'

repulsions among near by adsorbed chains, this suggests that *12

even the modest curvature of 140 nmradius pores tends to increase AG = —RTIn[l - = (7)

the distance between adsorbed chains. It should be noted that Ry

distances between chains influence the equilibrium values in ) ) )

Figure 4, while the initial slopes of the isotherms of Figure 3 Where Ry* is now the hydration radius of the compressed
reflect single-molecule uptake. The onset of adsorption sup- polycation. Since steps C and D both become less favorable with

pression at~1~ 3 nm here, in contrast to 0.3 nminref 25, could increase inl, the favorable effect of for the adsorption of a
single chain comes from amelioration of step A alone. A very

the smaller patrticle size of CPG7.5, so that the difference between
the two glasses can be attributed to the differences in pore size
Effect of lonic Strength. Equilibrium adsorption from 5 g/L

(31) Hansupalak, N.; Santore, M. Mangmuir2003 19, 7423-7426.
(32) Netz, R. R.; Andelman, CPhys. Rep2003 380, 1—95. (33) Dubin, P. L.; Speck, C. M.; Kaplan, JAnal. Chem1988 60, 895-900.
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important point, supported by results to be presented later, is that 12 ¢
the identical scenario can be applied to partial confinement of
the chain, as depicted in the lower set of images of Figure 5.
Just how much more favorable is step A at high salt than at
low salt? Since the early work of Casa¥san confined ideal
polymers, many authors have addressed the impact of confinement
on uncharged polymef Scaling theor§f provides simple order-
of-magnitude estimates that may also be used for polyelectrolytes.
In the limit of strong confinement, the confined polymer may 3
be viewed as a sequence of “blobs” of davith a confinement
free energy of approximatelT per blob. The average segment 0 ,
number density, increases rapidly with decreasing pore radius. 0.001 0.01 01 1
Assuming that the blobs have full excluded volume

ns(M)
1 Figure 6. Monte Carlo free energy estimates for the confinement
Po™ 5 a3 (8) free energy of a polyelectrolyte coil in a nanopore as a function of
lk Rp ionic strength. The polyelectrolyte consists of 100 segments of 1.5

nm length, each carrying a single elementary charge. Pore radius is
wherelk is the polymer segment length. For strong confinement, 10 nm.
the confinement free energyG is linear in the polymer contour

lengthL axis isRy, = 23 nm, whereas the gyration radii in tRendy
directions (perpendicular to the pore axis) Rgg = Ryy = 3.4
AG (ﬁ/IK)”3 nm. Thus, at the lowest ionic strength, the polyelectrolyte coil
KT ~L a5 9) adopts a drastically stretched configuration. Asis shown in Figure
Ry 6 the confinement free energyG for this particular pore/polymer

combination is significant at all but the decrease &G with
increasing ionic strength (& for a single coil) is very significant.
At low |, AG appears to level off in Figure 6.

Clearly it would be desirable to also perform extensive
computer simulations for the steps C and D of Figure 5, but this
-2 -1 would imply lengthy simulations for a significantly larger

B parameter space. Also, for strong adsorption, the simple MC
moves that we employ here would probably not lead to proper
equilibration. Therefore, we leave such more difficult simulations
for future work and only discuss the qualitative aspects of the
remaining steps C and D. Salt decreases the favorable energy of
these steps, but at different length scales. For the first adsorption
step C, the length scale is up Rg*, but after reconfiguration
brings polycation segments close to the wall of the pore (step

-1 -12 D), the length scale applies.
AGHw« 0N, (11) In order to account for the equilibrium valuesIoin Figure

If excluded volume is neglected for relatively short chains, the 4 It IS necessary to consider not only the interactions of the
remaining electrostatic chain stiffening effect leads to an even POlyion with the pore described in the last pages but also
stronger dependence &fG 0 ns L. Clearly, the confinement interactions between nearby adsorbed chains. Thus, the addition
free energy decreases strongly with salt. Perhaps first among the?f Salt promotes adsorption at low both by facilitating
various nonideal effects to be additionally considered is the strong C0MPression and by reducing interpolyion repulsions. For smaller
increase in the local segment density with confinement. For poresPOres, thefirst effectis dominant; for the largest pore, it disappears.
with radiiO (10 nm) atlow ionic strengths, one quickly approaches 11€ length scale of the interpolyion effect is larger than the
the limit of strongly interacting polyelectrolytes (“salt-free 1€ngth scale of the compression effect. This is why the regime
regime”) where the scaling picture for polyelectrolytes with excess ©f Salt enhancement (positivéill) extends to larger values of
electrolytes breaks down. | for smaller pores (compression dominated) in Figure 4. An
In order to obtain more accurate estimates down to low jonic Unfavorable effect of salt for adsorption can begim at«* <
strengths for the confinement free energyG(for step A), we Rgl(step C), followed by a stronger salt effect at high salt when
performed preliminary Monte Carlo free energy calculations for ¥ = = X (step D). The relative importance of the various terms

a polyelectrolyte chain dfl = 100 segments of segment length A~—D is determined by parameters such as the pore and
Ik = 1.5 nm, each carrying a single elementary charge, confined polyelectrolyte charge densities and the ratio of the polyelectrolyte
within a cylindrical cavity. In the unconfined state, the gyration SiZ€ 10 the pore size. For CPG285, suppression of adsorption
radius decreases froRy = 20 to 9 nm betweeh = 0.001 M (inverse dependence bk, 0n 1) begins to takes plgce at

andl = 1. Confinement begins to play a role when polymer is 0.01 M. For CPG?7.5, the unfavorable effect of salt is only seen

confined in a pore with radiug, = 10 nm. At the lowest ionic for 1 > 1 M. This could arise from extension of positivé/dl
strength ofl = 0.001 M, the gyration radius parallel to the pore to higher salt due to more severe compression or because a higher
ionic strength is required to suppress the high potential within

wheref is the segmentsegment excluded volume. For poly-
electrolytes we replace the values of the segment length and
segment-segment excluded volume, by ionic strength dependent
effective value¥

IK,eff ~K
~ 2 -1, -5 -2
ﬂeﬁ ~ IK,ef'f Kk =~k IB (10)

Substituting these in (9) gives a scaling estimate for the ionic
strength dependence of the confinement free energy of poly-
electrolytes in pores with nonadsorbing walls stepsH{8) in
Figure 5

(34) Casassa, E. F.; Tagami, Macromolecule1969 14. pores of high curvature (see below) leading to retardation of the
(gg) gergoka, IP;O%- P?lym(-: Sci. ((t3><_f0;dl|996 Zéyh 89—6;)49- | Universit regime of negative /dl. CPG49 represents an intermediate
o 30) de Genres, P Scaling Conceptsin Polymer PhysiGomellUniversity  ¢ase, with a gradual transition from enhancement to suppression

(37) Odijk, T.Macromolecules1979 12, 688-693. atl > 0.3 M, corresponding ta~% < 0.3 nm.
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The increase in electrostatic potential due to the charged pore L

120 e

surface inside pores of small radius has been addressed by Lin 5 = A 1

and Deer?8 This work was elaborated on by Park efaivho 5 Hl™™ ]

included intrachain repulsion in a heuristic way. The curvature 3 . 1 o ]
. L Lo o QPVP

effect is part of term €): it favors adsorption in pores over f,; P a wicete | ]

adsorption to flat interfaces. Although the effect is most o
pronounced for pores that are narrow with respect to the screening
length (R, < 1), it might still contribute to some extent for

CPG49 and CPG7.5 and explain why for these cases there is no " e o
decrease in adsorption at high salt. The description of this and

r,, (mg/m?)
o
-
1

other effects described above is also applicable to a process in 0:6_ _' i

which only part of the polyion is confined within the pore. Such oslo " o o]

a configuration minimizes the penalty of compression while 02]0 ]
maximizing the energy gain of adsorption and is consistent with 00 . L m . “ . -

the results discussed next, when adsorbed polyionis in turn used 0 20 40 60 R fﬁm) 100 120 140 160

to facilitate binding of an object unable to enter the pore directly ’

for both electrostatic and steric reasons. Figure 7. (A) QPVP adsorption (mg/g CPG) on CPG and micelle

Micelle Binding to CPG—QPVP. In previous worké? binding (mg/g CPG) to CPGQPVP as a function of CPG pore
polycations functioned as bridges, adsorbing anionic micelles to diameter. (B) Data of part A reported as adsorption per unit surface
negatively charged glass or sand. While it might be thought that a¢@ of CPG.
polycations could induce micelle distintegration or deformation,
several observations serve to indicate the integrity of SDS/
TX-100 micelles bound to PDADMAC. (1) Micellar solubili-
zation by complexes, either in free solution or as coacervates,
is quantitatively no different from that of free micell&s(2)
Cryo.-T.EM ofthese gomplexes show micelle size unaltered (within B. CPG 49 (R, = 25 nm)
the limits of resolution) compared to polycation-free solutibn. —wm
(3) The correlation between the surface charge densities or surface
potentials measured for polycation-free micelles and the ionic
strength at the onset of binding, and its good agreement with C. CPG 285 (R, = 140 nm)
theory*? (and references cited therein), is difficult to explain if W—_
micelle structures are altered upon binding. The uptake of these
large colloidal particles onto CPEQPVP provides anindication  Figure 8. Micelle binding to QPVP adsorbed with different
of the amount and configuration of adsorbed polycations. To configurations on (A) CPG8, (B) CPG49, and (C) CPG285.
investigate correlation between adsorption of polycation and
subsequent binding of anionic micelles, we measured electro-QPVP/g of CPG), one sees a well-defined maximui,at 12
phoretic mobilities of CPG, CPEQPVP, and CP&QPVP— nm. The decrease ihy at high pore diameters can be simply
micelles. Zeta potentials obtained for bare CPG49 and for CPG49explained by the decrease in surface area, while the initial increase
brought to equilibrium with 1, 2.5, and 5 g/L QPVP wet&3, in 'y may be explained by the increase in pore accessibility. The
—13, +3, and+9.5 mV, respectively. This indicates that the balance between pore accessibility and surface area leads to the
negative potential of the CPG decreases with the adsorption ofmaximum inT'w, but it is notable that this maximum occurs
the polycation, attaining charge reversal at intermediate QPVPWhen R, = R, where steric considerations (see eq 7) would
loading, consistent with the adsorption modes suggested abovepredict obstruction of permeation. However, micelle bindig,
When anionic/nonionic micelles were added to CPG49 pre- (mg of surfactant/g of CPG) (Figure 7A), does not correlate with
equilibrated with 5 g/L QPVP, a second charge reversal was I'w and in fact decreases dramatically with increasing pore
seen, from+9.5 to —9 mV. These results confirm the im-  size. The hydrodynamic radius of the micelles is abot®8
mobilization of excess negative micelles onto a negatively chargednm.?? Such micelles cannot permeate the pores for Ryvbut
porous surface through the intermediacy of the bound polycation. must be adsorbed by polymer present outside of pores, as
However, the effects of pore size on both QPVP adsorption and Schematically represented in Figure 8.
subsequent micelle binding described below were unexpected The ratio betwee andI'w (g of surfactant/g of QPVP) is
and gave further insight into polycation configuration. ameasure of the efficiency of micelle binding by the polycation,

CPGS8, CPG11.5, CPG24, CPG49, and CPG285 treated withand the data in Figure 7B reveal that this ratio increases rapidly
QPVP at5g/L| =0.5M, were equilibrated with mixed micelles ~ as pore size diminishes, particularly Ry < R. The inescapable
(I = 0.5 M) with results shown in Figure 7. It is noteworthy that conclusionis that the configuration of adsorbed polycations favors
data for the different pore sizes conform to a single curve even micelle binding when pores are small compared to polymer. The
though the results were obtained from CPG with different particle mostreasonable explanation is that much of the adsorbed polymer
sizes. Expressed in the usual whyy,shows a weak maximum then remains outside of the pore as depicted in Figure 8A. Here,

A.CPG8 (Ry,=4nm)

aroundR, = 50 nm (Figure 7B). When expressedlag (mg of the penalty of compression is reduced by allowing part of the

polyelectrolyte chain to remain outside of the pore, while the rest

(38) Lin, N. P.; Deen, W. MMacromoleculest99Q 23, 2947-2955. of the chain contributes to the favorable energy of adsorption.
885(57’?) Park, P. J.; Chun, M. S.; Kim, J. Macromolecules200Q 33, 8850~ This configuration is clearly optimal in providing for subsequent
(40) Sudbeck, E. A.; Dubin, P. L.; Curran, M. E.; Skeltord, Zolloid Interface binding of anionic micelles. The ineffectiveness of QPVP-treated
SCi-41199é 142 512\/-%- . M- Dubin P L Al M- Lix Colloid CPG285 for micelle uptake is probably due to adsorption of the
mérfa)ce"giﬁgg}’ 186 4ideang. - maren, i H 0T polycation on this nearly flat surface in trains which fail to provide

(42) Zhang, H.; Ohbu, K.; Dubin, P. ILangmuir200Q 16, 9082-9086. sites for micelle adsorption (perhaps failing to achieve charge
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reversal). On the other hand, the curvature of CPG 285 poresper surface area of glass exhibits a shallow maximumRgRr
(Figure 8C), while not great enough to lead to partial confinement ~ 4, but the amount of adsorbed polymer per gram of glass
of the chain as represented in parts A and B of Figure 8, may exhibits a maximum ne&,/R,= 1. When the polycation-coated
tend to separate adsorbed chains, and the resultant diminutiorglass is used to adsorb surfactant micelles, the mass of adsorbed
in interpolyion repulsion can explain the absence of an increasesurfactant per unit mass of glass increases without limit with
in Tequwith salt for CPG285 in Figure 4. For small pores, QPVP  decreasin,, indicating that the efficiency of adsorbed polycation
adsorption per unit surface area is low, but the loading (g of for micelle uptake is largest when pores are smaller than the
QPVP/CPG) is high. Furthermore, the unique configuration of polymer;i.e., the configuration of polymer bound to small pores
QPVP on CPG with small pore diameters, in which polycation favors the absorption of large micelles. The implication that the
is partially confined within the pore, leaves an array of unconfined polycations are partially confined to pores was rationalized by

accessible segments available for binding. a model in which the favorable electrostatics of partial confine-
) ment in a small oppositely charged pore outweighs the penalty
Conclusions of polyion compression. It would be useful to generalize these

The adsorption of a po|ycation on CPG porous g|ass Changesﬁndings to other situations in which pOlycationS are used to
dramatically as the pore size is diminished and attains dimensionsPind, e.g., proteins to nonplanar surfaces.
smaller than those of the polymer; i.By/R, < 1. Specifically,
equilibrium adsorption is attained much more slowly, adsorp- ~ Acknowledgment. Support from the Isreaeli Council for
tion isotherms become linear, and the effect of ionic strength Higher Education, Bekura postdoctoral fellowship (Y.G.M.), is
on T also changes markedly. These results are in part ex- @cknowledged.
plained by simulations of polyelectrolytes confined in nonad-
sorbing cylindrical nanopores. The amount of adsorbed polymer LA062314R



