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Static and Dynamic Forces between Adsorbed Polyelectrolyte Layers (Quaternized
Poly-4-vinylpyridine)
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Static forces (a combination of steric and electrostatic interactions) and dynamic shear forces (resulting from
interactions between polymer chains) were measured between quaternized poly-4-vinylpyridine layers (QPVP)
adsorbed onto mica from 1 mM borate buffer with or without added 0.25 M NaCl. At the polyelectrolyte
concentration chosen, 0.4 mg mi_extended layers were formed at all adsorption conditions. The adsorbed
amount of 98% quaternized poly-4-vinylpyridine was lower at low ionic strength than of 14% quaternized,
and increased with added salt. Layers formed by one-step adsorption showed a predominantly elastic response
to small-amplitude oscillatory shear in the frequency range-01B® Hz. In the case of two-step adsorption,

the confined layers allowed viscous dissipation of similar magnitude as the elastic, which suggests that additional
chains adsorbing at high salt concentration onto a preformed layer had fewer segments in contact with the
solid surface.

Introduction charged polyelectrolyte adsorbed from low solution concentra-
tion initially increases with increasing salt concentration due
to screening of the repulsion between segments, and forms a
progressively more extended layer.?11.12.18.21,24,.25,233 py.
perimentally, it has been foultd!21°:33that the time needed

for equilibration after changing the adsorption conditions can
be very long due to the slow rearrangement of long chains with
many strongly adsorbed segments. This leads to difficulties in

Polyelectrolytes (charged polymers) are commonly used to
control the stability of colloidal dispersions in agueous systems,
for example in paper-making and in water-based paints. The
adsorption of polyelectrolytes on surfaces, which has been
studied extensively both experimentail§? and theoreticallyl 3!
is primarily the result of electrostatic attraction that leads to an

entropically favored replacement of small, adsorbed counterionsOI termining th iibri ¢ i t diff t conditi
with charged segments of the macromolecule. It is also etermining the equilibrium conformation at difierent conditions.

influenced by van der Waals forces. In this study, we will not  One distinguishes between \{vealizplgl%ezlfzc}rzolytes, where the
be concerned with the specific lock-and-key interactions that Charge density depends on the'#12.15.20.24.27, %dlssoglflztlcgg
are prominent in some biological systems. Due to desorption Of Polyacids and polybases), and strong polyelectralytés.2*
of hydrated small cations from many solid surfaces into aqueous @t contain permanent charges in aqueous solution. We have
solution32 negatively charged surfaces are abundant in nature. Studied @ strong polyelectrolyte system, 14% and 98% quater-
The adsorption of cationic polyelectrolytes is therefore of large NiZ€d Poly-4-vinylpyridine, adsorbed on mica from 0.4 mgThL
practical importance. aqueous solution at high pH and varying electrolyte concentra-
The different conformations of polyelectrolyte chains in tON. Our emphasis was (i) to compare (see (ii) later) layer
solution and on a surface result from a balance between elastidhickness, extension, and interfacial rheology at different charge
(stretching) energy and conformational entropy. In addition to d€nsity, and (i) to study effects of adsorption history when the
these usual considerations for neutral polymer chains, there ard@Yers were adsorbed from a higher solution concentration than

.. . . I 1 i ,14,17,20
additional electrostatic interactions between segniénts The In most previous studies of polyelectrolytes on nficg:
details of how to describe this contribution have proven difficult | "€ @dsorbed amount is compared to recent experiments on the

and controversial to quantify. Typically, highly charged poly- adsorptiorllscil; ;?ese polymers on oxidized silicon at similar
electrolytes adsorbing at low concentration from low ionic Cconditions;®+*=*and to a study on 98% quaternized poly-4-
strength solution form very flat layers on oppositely charged V'“V'Py“g'”e adsorbed on mica from 0.005 and 1.0 mghL
surface$5-12151731and the adsorbed amount is not strongly solution33 The interaction forces measured on approach and
sensitive to the chain length. In the absence of other interactions,S€Paration of two adsorbed layers are compared to studies on

an increased concentration of counterions would compete with Other strong cationic polyelectrolytes with high charge density

the polyelectrolyte for adsorption sites and cause a decrease irft |0W concentration of added salt and significantly lower

the adsorbed amout.However, in the presence of van der Polyelectrolyte concentration than in our systerfis;'-"2%and

oo . . 1 i 13
Waals or specific surface attractions, the amount of highly 0 Studies of partially charged ones (£96.0%;'° and 30%°)
at concentrations lower than or comparable to in our systems.

* Corresponding authors. Measurements of dynamic (shear) interactions as a function of
fPresent address: Department of Physical Chemistry, Abo Akademi separation distance were used to detect the extension of the
University, Porthansgatan 3-5, FIN-20500 Abo, Finland. adsorbed polyelectrolyte layers. The total electrolyte concentra-
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07030. conditions were found to strongly affect the adsorbed amount
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and the extension of the chains. The measurements of interactiora constant value after ca. 50 min at a concentration of 0.005
forces as a function of distance together with the responses ofmg mL~1,8 and that the adsorption is more rapid with increasing
strongly compressed layers to shear suggest that, on the timeconcentration (constant amount after 10 min at 0.1 mgL
scale of our experiment, different conformations of the same The solvent was either 1 mM borate buffer (Borax,,BlgD;

polyelectrolyte result from different adsorption paths. 10 H,O, EM Science (Merck)) or 1. mM borate buffer containing
0.25 M NaCl. The water used to prepare the solutions was
Experimental Section distilled and passed through a Barnstead Nanopure Il deionizing

and filtering system. After the adsorption, nonadsorbed polymer
was removed by immersing the surfaces in borate buffer or
buffer with 0.25 M NaCl (conditions matching the ones used
or adsorption) for 36-40 min. In FTIR experiments on silicon

The interaction forces and shear properties of two adsorbed
polyelectrolyte layers in aqueous solution at 26 were
measured using a surface forces apparatus (SFA), modeled aft

the “Mark II” ?EGAM and equipped with a device for oscillator_y oxide surfaces, no desorption of 48% QPVP was found when
lateral sheaf?<® The surfaces were thin sheets of muscovite |insing with buffer solution with similar ionic strength as the

mica, which were silvered on their backside and glued onto adsorption solutiod® nor did 98% QPVP desorb when the
half-cylindrical, fused silica support disks with a thermosetting adsorption solution’ was replaced with 0.1 or 0.5 M NaCl
epoxy glue, EPON 1004F (Shell). The surface separallon,  oqjution33 It is thus unlikely that the amount of adsorbed

relative to adhesive contact between the mica sheets in dry air,, o\ mer decreases significantly during the rinsing in the present
was measured by multiple beam interferometry with an accuracy experiments. This is supported by other studies where a 10%

_ 34,37 . .
of 1. 2 A, .The !ower su.rface was supported on a doqble charged copolymer was found not to desorb from mica in pure
cantilever spring with a spring constant of 930 N/m, allowing water within 12 H2 and another, fully charged cationic

the force between the surfaces to be determined by monitoring v ejectrolyte was shown to desorb to a small extent only after
the spring deflection as a function of separation. At points where ;. - <ion in dilute electrolyte solution for dass.

the gradient of the interaction force exceeds the spring constant, When removing the disks from the rinsing buffer, they were
the surfaces will spontaneously jump to the ngxt stable position. held so that a drop of the liquid remained on each s,urface while
The linear shear response of two approaching polyelectrolytethey were being mounted in the SFA, and a 0.2 mL drop of

layers in solution was studied as a function of separation at ahorate buffer (or buffer with 0.25 M NaCl, according to the
frequency of = 1.3 Hz and a displacement amplitude of a _few_ adsorption conditions) was immediately added to merge these
angstroms. Strongly compressed layers were also studied 'nopposed drops. As a result, the liquid between the QPVP layers

small-amplitude Zhear experime?ts ina freg}fjency ran.ghe of during the experiment had a similar electrolyte concentration
0.'13_130 Hz, an f"‘t a constant frequencyf ef 13 Hz W't a as the adsorption solution, but did not contain free polymer.
displacement amplitude of 3:3900 A. The shear was induced (At a concentration of 0.4 mg mi and assuming full

by applying a sinusoidal voltage to a piezoelectric bimorph yiesqciation, the 14% and 98% QPVP in the adsorption solutions
element on a device holding the upper surface. The lateral ;b te 0.5 mM and 1.8 mM 1:1 electrolyte, respectively, to
motion is resisted by the viscoelastic fluid layer confined g tota) jonic strength). A separate series of experiments were

between the two surfaces_, and the comple>_< shear force_ can b&jone as a two-step adsorption where 98% QPVP was adsorbed
calculated from the damping and phase shift of the oscillation .t tor 1 h from borate buffer, then fdl h from borate buffer

as detected from the voltage induced in another, symmetrically with 0.25 M NaCl. These surfaces were then immersed in buffer
placed bimorph element. The response can be separated in ag);, 0'25 M Naél for 40 min. mounted as above. and the
elastic force (in phase with the drive) and a dissipative force oasurements were done in buffer with 0.25 M NaCl.

g:gfc_’f p?)??v(\e/z{el—gfi;ltﬁztldci;rl]:c\grsnceonlizzrtlzifuggr;ﬁtgﬁil{aio Since the atmosphere in the chamber of the instrument was
viscou P P ry exposed to fOs to protect the piezoelectric bimorph elements

Z?:aarn?i?p:lin;?j“g;) ihC:rf]”?ne tr;\(i)(:rlr(?]ael'ls,zse?ob;\tzeeiff;i?i%\éeeﬁggiid of the shear device from humidity, evaporation occurrgd of water

and viscous shear modul§ e andG'oy. The contact area for from the drop bgtween_ the surfaces. Efach experiment was

the thinnest films (high cor;pressiorT) .Was calculated from the therefore started immediately after mountlng the surfaces, and
discontinued after 1:52 h when an evaporation of up to 30%

?hliet:rl?:rt?irlrr?; tg?/vggt;i'?ﬁatt;% ?rfotrzetr:gt‘?l_r;ireggi?\ g'n%?)iir:;r of the drop could be seen. This change in volume affected the
’ 9 pp electrolyte concentration, mainly in the experiments were NaCl

tion” as described in ref 38. . . was used, but was too small to affect the pH of the buffer
The polyelectrolyte was poly-4-vinylpyridine (Polymer Source, solution.
Quebec), quaternized to different degrees, 14% and 98%
(determined by infrared spectroscopy), with ethyl bromide in
ethanol solutiot® The number average molecular weight before
quaternization wadl, = 34 200 g/mol (degree of polymeriza- Adsorbed Amount at Different Charge Density and Salt
tion n = 325) with a polydispersity o¥,/M, = 1.23, and after Concentration. We have studied 14% and 98% QPVP layers
quaternization thé/l, was 39 000 g/mol and 69 000 g/mol for  adsorbed from a higher solution concentration (0.4 mgHiL

Results and Discussion

the two degrees of quaternization, respectivély. than in most previous studies of polyelectrolytes on
The adsorption was done outside the SFA by immersing mica>-111417.20The final thickness of two compressed layers
support disks with mica in 0.4 mg mt quaternized poly-4- (“hard-wall” separation) varied with the charge density and with

vinylpyridine (QPVP) solution at pts 9.2 for 1-1.5 h at room the electrolyte concentration of the adsorption solution. The
temperature. The mica surface is negatively charged in the bufferadsorbed amount on each surface calculated from this thickness
solution, and positively charged QPVP segments adsorb to(assuming a density of 1.15 g/éms for uncharged PV also
replace small adsorbed cations. In addition, both charged andfor the values from ref 33) is given for each system in Table 1
uncharged segments interact with the surface through van dertogether with values from other investigatiofi$2 The com-
Waals forces. FTIR measurements suggest that on negativelypressed layers also contain solvent, so that the values given in
charged silica surfaces, the adsorbed amount of QPVP reacheJable 1 represent an upper bound for the adsorbed amount on
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TABLE 1: Adsorbed Amount of QPVP (mg/m?) from 1 mM Borate Buffer (pH = 9.2) at Different Conditions
two steps: (1) 98% QPVP

concentration; substrate; method 14% QPVP 98% QPVP 98% QPVP, 0.25 M Na@) 98% QPVP, 0.25 M NaCl
0.005 mg mL?; mica; SFAS 0.9
0.005 mg mL?; silicon oxide; FTIRS® 1.1 1.7
0.4 mg mL%; mica; SFA (this work) 14 0.9 4.0 2.0
1.0 mg mL%; mica; SFAS 15 2.1 1.8
1.0 mg mL%; silicon oxide; FTIR®933 4.9 (pH= 10.5) 15 2.2(2.7in 0.5 M NaCl) 2.6 (0.5 M NaCl)

mica at these conditions. The adsorbed amount was generallyof uncharged segment$.These observations are in good
slightly larger on silicon oxide than on mica. This is consistent agreement with FTIR measurements on 14% QPVP adsorbed
with earlier findings that the limiting density of charges on on silicon oxide from a buffer solution at pH 10.518 which
silicon oxide is higher so that adsorption of polyelectrolyte is showed that a lower adsorbed amount (by almost a factor 2) of
accompanied by additional ionization of SiOH groups to increase charged segments was obtained for this system than for 48%

the charge density of the silicon oxide from an estimated 2
10" m=2 at pH 9.2 and low salt concentratiéhAt this pH,
the mica has already reachét!-*?its maximum possible surface
charge density, 2.% 10 m—243

It is apparent from the data in Table 1 that (i) at low

and 98% QPVP at similar conditions.

Following similar arguments, the charge in a compressed,
adsorbed layer of 98% QPVP adsorbed from buffer is around
2.5 x 108 m~2, suggesting that the surface charge of the mica
is overcompensated. This agrees well with theoretical predic-

concentration of salt, the mass adsorbed of 14% QPVP wastions** for fully charged polyelectrolyte at low salt concentration,
approximately 1.5 times larger than the one of 98% QPVP, and and with experimental observations on 76% quaternized poly-
(ii) the mass adsorbed of 98% QPVP increased with the salt 2-vinylpyridine at varying pH and a concentration of 0.1 mg
concentration. The latter observation is consistent with screeningmL~1.2° Marra and Hait have shown that at low pH, where
of charges on the polyelectrolyte chain, causing less repulsionthe mica surface potential was about half of that in our system,
between segments. Regarding the first point, it is known that approximately 70% protonated (nonquaternized) poly-2-vinylpy-
the amount of adsorbed polyelectrolyte at low electrolyte ridine layers with a compressed (hard-wall) thickness of 12 A

concentration decreases with increasing charge deftsity.
Comparison of SFA studies of 1%,10% 3 and 30%6 charged

(i.e., an adsorbed amount of 0.7 mgjrmaused charge reversal
of the surfaces.

copolymer systems shows that the compressed film thickness Static and Dynamic Forces as a Function of Separation.

(hard-wall) decreased from about 75 A to 40 A (for polyelec-
trolyte concentrations in the range 0.05 mg mito 0.2 mg
mL~1), and for the corresponding fully charged polyelectro-
lytes?103%9the hard-wall was found at a film thickness of only
10 A (at concentrations froh®.01 mg mL1t0°0.1 mg mL2).

In a study of 76% quaternized poly-2-vinylpyridine (concentra-
tion 0.1 mg ml=1),20 a hard-wall separation of 23 A was found

The static forces (normal to the substrates) as a function of
separation distance were measured together with the corre-
sponding elastic and viscous forces resisting oscillatory lateral
shear. These forces are presented normalized by the radius of
curvature of the surface®R, to allow comparison between
different experiments. In all systems we studied, a repulsive
static force was observed as the surfaces approached one

at low pH, where also the nonquaternized segments are chargedanother. We will see that this force contains an electrostatic
as compared to 33 A at high pH. A similar trend is seen when component arising from the under- or overcompensation of the
comparing the adsorbed amounts of our 14% and 98% QPVPsurface charge, as discussed above. At small separations, an
from buffer solution (cf. Table 1). This is consistent with an attractive force appeared only between layers adsorbed at low
electrostatic mechanism of adsorption, where the number of electrolyte concentration, which will be discussed in more detail
charged units, not the total mass adsorbed, is the more importanbelow. In systems where no adhesion was found, the static forces
parameter. on separation were slightly weaker and had a shorter range than
The adsorbed amount gives information on the compensationon approach, but recovered within the time the surfaces where
of charges on the solid surface. In studies on highly charged held separated (about 10 min) before the next approach. In all
cationic polyelectrolytes at lower concentration than in our systems, reproducible force measurements were obtained on
experiment, it has been shown that the small counterions locatedsubsequent approaches unless a very high pressure had been
at a mica surface in aqueous solution (neutralizing most but applied. Hysteresis between purely repulsive forces measured
not all of its charge) are exchanged by entropically favored on approach and separation has also been seen in other systems,
adsorbing charged polyelectrolyte segments so that the elecparticularly in the presence of a high solution concentration of
trostatic repulsion between two surfaces disappédfs©at a polyelectrolytel*16and in some cases a force dependent on the
polyelectrolyte concentration where the total charge of the (flat) number of approachés;>7.91128vhich we did not observe in
polyelectrolyte layer neutralizes approximately 889#°of the our systems.
maximum negative charge on the mica surface (.10 Forces between 14% QPVP Layers Adsorbed from 1 mM
charges/r?). Based on the estimate of the adsorbed amount of Buffer. In the case of 14% QPVP adsorbed from 1 mM borate
14% QPVP at strong compression (1.4 mg/cf. Table 1), buffer with no added salt (Figure 1), the static repulsion between
the total charge of the polyelectrolyte layer on each surface in two layers (open symbols) had a considerably longer range than
this system is at most 1.2 108 m~2, and the surface charge the shear forces. The interactions in Figure 1a, where the layers
of the mica is thus likely undercompensated. A similar conclu- were not strongly compressed, were reproducible on subsequent
sion has been drawn by Rojas et'@lwho found that the amount ~ approaches and separations. After strong compressiéiRo
of charged segments in the adsorbed layer of a 1% charged> 30 mN/m, the range of the shear forces was reduced from
cationic copolymer was lower than the surface charge of mica about 200 A to 100 A (Figure 1b), indicating a flattening of
and silica at the conditions studied. The limitation in the the two layers of adsorbed polymer (irreversible on the time-
adsorbed amount was ascribed to steric hindrance of chargedscale of our experiments). The magnitude and range of the static
segments reaching the solid surface through the extended layeforce was, however, reduced only slightly from the one in Figure
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T T 1b, the static force in Figure la has a longer decay length, 76
A, showing the influence of steric repulsion from the extended
chains. Such discrepancies between the measured force and the
expected Debye lengf3° as well as a nonexponentially
decaying forcé? have been found in other polyelectrolyte
systems at increased concentration and have also been attributed

to steric interactions in addition to electrostatic.

The observation of the range of steric interaction is supported
by a study of Rojas et &f.on a 1% charged cationic copolymer
that was found to form brush-like layers (loops) containing a
total amount of charged segments lower than the surface charge
of mica and silica at the conditions studied. Following the
approach in ref 14, the noncompressed layer on each surface in
our system would contain tails and loops with a length of on
average 45 segments (14%of 325) with a possible extension
of ca. 140 and 70 A from each surface, respectively, which is
within the range estimated from the shear forces measured
between two surfaces in Figure 1la. A similar analysis has been
done for forces measured between thin gelatin layers adsorbed
on mica’ where a brush model for a steplike segment density
profile superimposed on an exponentially decaying (electrostatic)
force was used to fit the data.

Adhesion and Shear of Compressed 14% QPVP Layers.
In several studies on highly charged polymers at low concentra-
) ) ST tion,>91020adsorbing as nearly flat layers, it has been found
that bridging of chains from one surface to the other gives rise
400 600 )
Distance, D (A) to a long-range attraction on approachat 150 A) and strong
) ) ’ ’ adhesion /R)agh &~ —20 to —100 mN/m). For 14% QPVP,
Figure 1. Static and dynamic forces between two opposed adsorbed \hichy adsorbed in an extended conformation, we observed that
layers of 14% quaterized poly-4-vinylpyridine (QPVP) in 1 mM borate the moderate range of the attraction (distance from which the

buffer (pH = 9.2) as a function of separation between the mica . b R (Fi A
substratesD. In Figures 1, 4, and 7, each main panel shows static SUrfaces jumped in) increased from 55 A (Figure 1a) to 80

forces on compression (open symbols) together with the elastic (filled (Figure 1b) upon flattening of the adsorbed layer, while the
symbols) and viscous forces (cross-filled symbols) resisting oscillatory magnitude of the adhesion on separation remained aretnd
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lateral shear at= 1.3 Hz and a displacement amplitudexof 10 A.
The forces were normalized by the radius of curvat®elhe dashed
horizontal line indicates the sensitivity of the static force measurement.

The insets show static forces during compression (open symbols) and

separation (filled symbols) on linear scales. Panel (a): Low compres-

mN/m (insets in Figures 1a and 1b). This increase in range
cannot be explained by bridging on the approach, since bridging
would be reduced after denser, less penetrable layers with fewer
extending chains were formed during strong compression. The

relatively low adsorbed amount of charged segments in this

system (discussed previously) already indicated that the surfaces
were not accessible to incoming chains even when the adsorbed
forces could be detected db < 200 A. If at any point the  |ayers were not compressed. Because some expansion of the

polyelectrolyte layers were compressed strong#R(> +30 mN/m), layers was seen on separation, a bridging or entanglement
the range of the shear interactions in all subsequent compressions Wa% loping i tact should tlb luded entirelv. but th
considerably reduced. The interaction forces between such irreversibly “®V€'0PING 1N contact should not be excluded entirely, but the

compressed layers are shown in panel (b). The range of the staticonset of the attractive force on approach of flattened layers is
repulsion then remained similar to that in panel (a), but the jump-in more consistent with van der Waals interactions.

”O‘év ("]CC!”red fro"fD :DSQf\léSﬁ ﬁ‘(hl"j:‘;g"’_"a” ;h'CkNr}eSS ca. 25 A) The contribution of this attraction to the adhesion on
and the jump-out fronD = atF/R= =5 mN/m. separation can be estimated from van der Wakishitz

1a. At this low electrolyte concentration, the static force is a theory® by considering the hypothetical situation of compact
combination of steric and electrostatic interactions, whereas the(flat) layers of QPVP interacting across water. Tentatively, we
shear forces result from interactions between polymer chains.assume the dielectric constaseve = 3 and refractive index

We note the reasonable agreement between the measured decdyprve = 1.6, givingF/R = —3 mN/m at a separation of 10 A
length, 67 A, of the force ab > 150 A in Figure 1b and the ~ from contact (corresponding to the jump-out distancéot
Debye length ok~ = 56 A in 1 mM 1:2 electrolyte, okt = 45 A in Figure 1a, where the hard wall was at 36 A). We suggest
68 A in 2 mM 1:1 electrolyt® (the limiting cases of no  that the layer expansion seen as the compressive force was
hydrolysis or complete hydrolysis of the borate ion). This released arose from initially extended chains in trapped con-
comparison suggests that the long range part (or tail) of the formations. These chains prevented the more compact part of
static force in the 14% QPVP system is of electrostatic origin the QPVP layers (located directly at the surfaces) from coming
and the actual extension of each layer is only-780 A from in direct contact, which would be seen as a stronger adhesion
each surface in a noncompressed conformation, as detected frorflue to van der Waals forces acting at a smaller separation.
the onset of shear interactions in Figure 1a. Further analysis of The shear properties of the adsorbed layers were also
the electrostatic force in Figure 1 is complicated by uncertainty investigated at large compression (the hard-wall separation) as
about the distribution of the charge within the QPVP layer a function of shear frequency and amplitude. Figure 2 shows
(causing possible shifts of the static force along the distance the elastic and viscous moduli in the 14% QPVP system at film
scale but not affecting the decay leng®h.Compared to Figure  thicknesses ob = 24 and 33 A. The response is dominated by

sion. Static repulsion was observediak 500 A, followed by a jump
in from D ~ 55 A to 36 A (dotted vertical line). Upon separation, a
jump out occurred fronD ~ 45-50 A andF/R = —4 mN/m. Shear
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Figure 3. Responses to increasing displacement amplitude=at 3 @
Hz (w = 82 rad/s). Elastic (filled symbols) and viscous stress (cross- : ! | L
filled symbols) as a function of effective shear rate (straimngular 0 500
frequency) for 14% QPVP, adsorbed as for Figures 1 and 2, measured Distar:c(:)goD (A) 1500

at D = 34 A. The critical strain for onset of nonlinear response

(commencement of sliding) was approximately 0.5. In the regime of Figure 4. Contrast between one-step and two-step adsorption. Static

linear response, a dashed line with a slope of 1 is drawn to guide the and dynamic (= 1.3 Hz, displacement amplitude= 10 A) forces

eye. between two opposed 98% QPVP layers adsorbed (a) from 1 mM borate
buffer; (b) from 1 mM borate buffer containing 0.25 M NaCl; and (c)

the elastic component, as is commonly observed for thin, by 1 h adsorption from 1 mM borate buffer, th& h adsorption from

confined polymer films where each molecule has many points 1 MM borate buffer containing 0.25 M NaCl (two-step adsorption).
Symbols and insets as defined in Figure 1. Hard-wall repulsion between

; i 46

of %?ntact with th?tEO“d surfat(f’é. | d ool I strongly compressed layers was observed abD(a) 16 A, (b) 70-80
e respc_)nse 0 . e Samg strongly compressed po yme_r ayerg\’ and (c) 35-45 A. Note the different scale on the distance axis in

to shear of increasing amplitude at a frequencsf13 Hz is panel (c). Inset in panel (a): After strong compressiof/R > +20

shown in Figure 3 as elastic and viscous shear stress vs sheamN/m, a jump out was observed frob = 28 A andF/R = —13

rate (strainx angular frequency). In this system and also for mN/m, but if the compression was lower, the repulsive forces were

the 98% QPVP discussed below, the transition from linear to reversible, as shown by} symbols. No adhesion was found for the

nonlinear response (the commencement of sliding) was continu-Systems in panels (b) and (c), where the insets show the static forces

ous. For 14% QPVP it occurred at an effective strain (deflection on linear scales.

amplitude divided by film thickness) of 0.5. significantly larger adsorbed amount (Table 1) as judged from
Force and Adhesion Measurements on 98% QPVP Layers  the hard-wall film thickness measured on compression. The

at Different Salt Concentrations. The forces between 98%  origin of the interactions observed at different conditions is

QPVP layers adsorbed at different conditions are shown in discussed below.

Figure 4. In all cases, the range of the shear interactions in the (a) 98% QPVP in 1 mM BuffeiVhen adsorbed from 1 mM

98% QPVP systems was less sensitive to strong compressiorborate (Figure 4a), the compressed (hard-wall) thickness of two

than the 14% QPVP discussed above. Adsorption from a 98% QPVP layers was only 16 A, but in contrast to 14% QPVP

solution with higher electrolyte concentration resulted in a (Figure 1a), the distance ranges of the static force and the shear
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forces were considerably larger and nearly coincided. As also conceivable but is expected to be low because highly
mentioned previously, an electrostatic repulsion is likely to be charged chains repel one another.
present in this system due to the charge reversal. In this situation (b) 98% QPVP in Buffer with Added 0.25 M Nadi.the
the adsorbed amount is limited because of a repulsive (positive)adsorption of 98% QPVP was allowed from borate buffer
potential building up as the surface charge on the mica is being containing 0.25 M NaCl (Figure 4b), the range of interaction
overcompensated. However, the measured static force in ounyas similar to the case without salt (Figure 4a), but the hard-
system did not decay exponentially at larBe At smaller wall thickness and the inferred adsorbed amount (Table 1) were
separations the decay length was ca. 78 A (to be compared tosignificantly larger. No adhesion was observed in this system
«x~1=560r 67 A, as discussed for 14% QPVP in buffer), which even after applying large compressive forces (inset in Figure
together with the shear data suggest that the static force also aib). Compared to the case of 98% QPVP adsorbed at low
large separations is influenced by steric repulsion between chainselectrolyte concentration (Figure 4a), the extension of the shear
that are strongly stretched due to their high charge. An adsorbedforces was not quite as long as the static forces. In this system,
amount similar to the one in our system was found in this is not because of additional electrostatic forces as for 14%
experiments where the 98% QPVP was allowed to adsorb ontoQPVP (Figure 1a), since the range of these should be short at
mica from a 0.005 mg mt* solution in 1 mM borate buffef? high ionic strength, but is likely due to the different conforma-
At this concentration, the long-range interactions were well tion of the adsorbed QPVP. The conformation and adsorbed
described as purely electrostatic (decay length 60 A), suggestingamount are the result of screening of charges on the polyelec-
that the chains adsorbed in a flat conformation. At very high trolyte chain (causing less repulsion between segments, and thus
concentration, 1 mg mt!, a larger adsorbed amount was a conformation more similar to a neutral polymer ch&in¥?
obtained (cf. Table 133 but in this case the observed decay and of adsorption of small cations to the surfaces. The screening
length of the force, 30 A, was shorter than the expected Debye of the charge on the pyridinium ion is dependent on the
length (taking into account the ionic strength of the polyelec- counterion, and decreases in the ordersl Br— > Cl|~.47-50
trolyte in the adsorption solution kept between the surfaces in As an example, it can be inferred that at arcbncentration of
the experiments). 0.3 M, more than 40% of the charges on free QPVP chains are
This aspect of our results is qualitatively similar to experi- screened?*0
ments by Dahlgren et al. on another fully quaternized poly- At low electrolyte concentration (Figure 4a), the adsorbed
electrolyte adsorbed at low ionic strength at concentrations lower amount was low, and the chains extending from the surfaces
than in our experiment (0.65.1 mg mL~%), but high enough  were strongly stretched. In 0.25 M NaCl (Figure 4b), a larger

to cause overcompensation of the surface chtt@milarly fraction formed loops and a small amount of the polymer was
to adsorption at even lower concentration (0.01 mg #Lthe found in long tail®* a conformation resembling the one
compressed layer thickness in that system wd® A, sug- expected for adsorbed uncharged polymer. As a result of the

gesting a small adsorbed amount, but at the higher concentrajower stretching, the range of the static force did not increase
tions, repulsive forces were found with a longer decay length in proportion to the adsorbed amount, as may be seen by
than the Debye lengti.The longer decay length was interpreted comparing Figures 4a and 4b. A change in conformation from
as chains extending into solution to add a steric force to the flat layers to “loops” or extended layers when increasing the
electrostatid? Our data on the shear forces (Figure 4a) confirm salt concentration has been observed in several systems of
this result and show that at higher adsorbed amounts, thispolyelectrolytes adsorbed from lower concentration onto fica.
extension can be large due to the strong stretching of highly This is supported by measurements of the infrared dichroism
charged chains. The larger hard-wall thickness in our system, of the pyridinium ring of our 98% QPVP on silicon oxide, where
16 A, is due to a larger adsorbed amount at higher concentration.the pyridinium segments were preferentially oriented parallel
In this system, no jump-in was seen on compression, and anto the surface at low salt concentration, and a more isotropic
adhesive force with a magnitude of cal3 mN/m at the jump-  orientation was found in 0.25 M Nact.
out fromD = 28 A developed only after applying a compressive (c) Two-step Adsorption of 98% QPVHhe effect of
force larger thar-20 mN/m at the hard-wall separation. When adsorption history is shown in Figure 4c. The polymer was
the compressive force was lower, the separation was reversibleallowed to adsorb in two steps (procedures that, when done
and resembled the curve obtained on approach, as shown irseparately, result in the interactions shown in Figures 4a and
the inset in Figure 4a (filled triangles pointing down). The 4b). In this case the extension of the forces was significantly
adhesion likely comes from a combination of bridging and van larger than obtained separately for the two adsorption conditions
der Waals forces, of which the latter contribute approximately (note the different distance scale in Figure 4c), even though
—3 mN/m at a separation of 10 A from contact in a system the adsorbed amount was only twice the one obtained in the
modeled as flat layers, as discussed above for 14% QPVP. Thefirst step (Table 1), and the magnitude of the force at smaller
adsorbed amount in our system, 0.9 mg/mould correspond  separations did not exceed the one in Figure 4a. This is
to one complete (compact), flat monolayer on each surface asconsistent with FTIR experiments and previous force measure-
estimated by Marra and Hair for poly-2-vinylpyridifiedow- ments$® that suggest that the polymer chains adsorbing during
ever, at the conditions in our experiment, the layer is not flat a second adsorption step to the already partially covered surfaces
but some of the chains are clearly extending into solution at have fewer contact points with the solid surface per chain and
low compression. Since the adhesion did not develop until after thus dangle far out into the solution to give a large increase in
strong compression, a rearrangement must occur of the trappedhe range of the forces. The measured static force range suggests
conformation of the extended chains that otherwise keep thethat some chains extend about 750 A from each surface, which
layers separated at a particular distance. Rearrangement leadingiould be close to the contour length of a chain with- 325.
to bridging attraction appearing only after adhesive contact has However, we note that the polydispersity of the QPVP is 1.23,
also been proposed for highly protonated poly-2-vinylpyridine which implies that also significantly longer chains are present
on mica at a lower surface coverage than in our sy$tem. in the system, and the extending chains are therefore not
Entanglement between chains adsorbed to different surfaces imecessarily fully stretched. The possible preferential adsorption
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Figure 5. Responses to lateral shear at different frequencies of Figure 6. Responses to increasing displacement amplitude=at.3

. o . Hz (w = 82 rad/s). Elastic (filled symbols) and viscous stress (cross-
compressed 98% QPVP films adsorbed at the same conditions as in,. f .
Figure 4: (a) from 1 mM borate buffeR = 16 A; (b) from 1 mM filled symbols) as a function of effective shear rate for 98% QPVP

; _ : dsorbed at the same conditions as for Figures 4 and 5: (a) from 1
borate buffer with added 0.25 M Nad@, = 76 and 83 A (circles and a o . 9 .
squares, respectively); and (cy b h adsorption from 1 mM borate mM borate bufferD = 16 A; (b) from 1 mM borate buffer with added

. : 0.25 M NaCl,D = 83 A; and (c) by 1 h adsorption from 1 mM borate
buffer, then 1 h adsorption from 1 mM borate buffer with added 0.25 ’ ) -
M NaCl (two-step adsorption]) = 48 A. The symbols are the same buffer, then 1 h adsorption from 1 mM borate buffer with added 0.25

g M NaCl (two-step adsorption]) = 48 A. The critical strain for onset
as in Figure 2. . . .
) ) ) of nonlinear response was-1.5, 0.5, and 0.6, respectively, in panels
of longer polyelectrolyte chains has not been investigated for (a) through (c). In the regime of linear response, a dashed line with a

our system, but has been discussed for, H@d SiQ surfaces? slope of 1 is drawn to guide the eye.

A gualitatively similar increase in the range of the static force
after increasing the salt concentration in a second step has alsdrigure 4c) than in the systems obtained by one-step adsorption
been observed at higher concentration (1.0 mg Hbf 98% (insets in Figures 4a and 4b) indicates higher sensitivity of this
QPVP33 These results differ from observations on another system to compression. No adhesion was seen between 98%
cationic polyelectrolyte at significantly lower concentration, 0.02 QPVP layers after two-step adsorption, even though the hard-
mg mL~1,11 where the extension of the forces was longer if wall thickness and the adsorbed amount inferred are very similar
adsorption was done directly from a higher electrolyte concen- to the ones found for 14% QPVP in Figure 1a. We suggest that
tration than if it was done in two steps. It is likely that the the better filling of the surface sites obtained with 98% QPVP
different results arise from the differences in polyelectrolyte and the conformation of the additional chains on compression
concentration in the adsorption solution. It is possible that the prevented adhesive contact.
conformation obtained in our system was a nonequilibrium  Shear Response of Confined Layers of 98% QPVPA
situation, although no changes could be seen on the time-scalequalitatively similar response to small-amplitude oscillatory
of our experiments. A larger hysteresis on separation (inset in shear was observed for 98% QPVP adsorbed from 1 mM borate
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forces appear to be intermediate to the ones seen separately for
symmetric systems (Figures 1la and 4a), as were the shear moduli
and stress (not shown). No adhesion was observed even after
strong compression. Bridging is not expected because of the

100 | 30

e
o
T ;....
N
o

§ gcd\ 10 steric hindrance at the 14% QPVP surface. As a point of
S A 0 . J . speculation, we note the increasing slope of the repulsive
= ” * interaction (static force) at short separations in this system.

o o 0 200 400 600 . / .
@ Possibly, the conformation of the compressed extended chains
o4 4 of the 98% QPVP layer against the compact 14% QPVP layer

=] prevented the layers from coming sufficiently close to experi-

ence an observable van der Waals attraction.

0 200 400 600 800

Distance, D (A) In contrast to prior experiments on strong polyelectrolytes at
Figure 7. Asymmetric system. Static and dynamit £ 1.3 Hz, very low solution concentrations, exte_nded Iayers_ of both 14%
displacement amplitude = 10 A) forces between an adsorbed layer and 98% QPVP resulted from adsorption at the higher concen-
of 14% QPVP on one mica surface and an adsorbed layer of 98% QPVPtration (0.4 mg mL?) studied here. At high degree of quater-
on the other, in 1 mM borate buffer. The symbols are the same as in nization and low electrolyte concentration, the chains were
Figure 1. The hard-wall thickness wlis= 22 A. The inset shows the  strongly stretched. As predicted theoretically, the extension
static forces d_urlng compression (open symbols) and separation (filled became more similar to that of neutral polymer when the ionic
symbols) on linear scales. - .

strength was high. Even after strong compression, the adsorbed

layers remained extended after separation, which complicates
the determination of the charge on the solid surface and thus
the analysis of the electrostatic contribution to the repulsive

. . - - force. The adsorbed amounts on mica were lower than on silicon
(reflecting the larger film thickness) and the viscous response . . o -
. . . xide at the same pH and ionic strength, but qualitatively similar
approached the magnitude of the elastic response at the h|ghes? . ; Y
. changes occurred upon changing the solution conditions. A
frequency. However, in the system formed by two-step adsorp- nonequilibrium structure of the adsorbed layer, with a fraction
tion (Figure 5c), the viscous response was of similar magnitude q . . : ayer,
. of adsorbed chains extending far into solution, was formed after
as the elastic (smaller only by a factor 2) throughout the :
. . . . -_two-step adsorption.
frequency range investigated. The behavior of this system is
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