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The adsorbed amounts and interfacial conformations of a
low-molecular-weight oligomer of a weak cationic polyelectrolyte
(15-unit chain of dimethylaminoethyl methacrylate, DMAEMA) on
colloidal silica were examined, with the ultimate intent of providing
perspective on the adsorption of high-molecular-weight weak poly-
electrolytes. At all but the lowest ionic strengths or highest pHs, over
the full range of adsorbed oligomer amounts on each isotherm, the
interfacial conformation was relatively insensitive to coverage with
train fractions from 0.8 to 1. This occurs because short oligomeric
chains are not capable of forming long loops or tails found in higher-
molecular-weight homopolymer layers. Variations in pH altered the
backbone and surface charge densities, changing the density of con-
tact points for adsorption. This was apparent in the NMR solvent
relaxation behavior, which suggested the tightest binding near pH 6,
and a sharp drop in the train fraction at high pH, just as the ad-
sorption began to diminish with reduced backbone protonation.
Variations in ionic strength screened repulsions among adsorbed
oligomers, an effect most apparent at low ionic strengths. NMR sol-
vent relaxation data provided substantial evidence for differences
in the anchoring of DMAEMA oligomer and adsorbed trains of
a nonionic homopolymer such as polyethylene oxide (T. Cosgrove,
M. A. Cohen Stuart, and G. P. van der Beek, Langmuir 7,327 (1991)).
DMAEMA adsorbs at a small number of discrete points on side
chains, while with polyethylene oxide the literature suggested ev-
ery monomer on the main backbone can potentially adhere to the
surface, giving a less mobile interface from the perspective of the
solvent. C© 2001 Academic Press

Key Words: polyelectrolyte oligomer adsorption; weak polyelec-
trolyte; train fraction; bound fraction.
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INTRODUCTION

Polyelectrolytes play important roles in colloidal dispersio
As high-molecular-weight polymers, they act as flocculants
wastewater treatment and papermaking. Low-molecular-we
polycation blocks in copolymer systems may serve as anc
ing groups on stabilizers, or as the stabilizing block, depen
on the relative surface affinity for the two polymer compone
1 To whom correspondence should be addressed. E-mail: santore@mail
umass.edu.

2 Current address: Department of Polymer Science and Engineering, C
Building, University of Massachusetts Amherst, Massachusetts 01003.
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These systems are therefore of interest from a practical pers
tive, but the complex physics of adsorbing polyelectrolytes
only recently being considered at a level that will lead to qua
titative prediction of interfacial behavior.

In the past, the most attention has been paid to syste
with fixed charge and with high-molecular-weight polyme
(1–5). For example, with polyacrylamide–cationic rando
copolymers, the charge density along the backbone can po
tially be controlled over a series of samples through the exten
quarternization or incorporation of quarternized cationic grou
For a substrate of fixed surface charge density, it is gener
found that the surface coverage on the plateau of the isoth
increases sharply and then decreases gradually with an inc
ing degree of polycation quarternization (5). In the absence
chemical attractions between the polymer and the surface, a m
imum amount of charge on the polymer is needed to overco
the entropic loss of adsorption. Greater amounts of charge on
polymer more effectively neutralize the surface charge so t
with increased polymer quarternization, less polymer is nee
to compensate the surface charge.

The situation is potentially more complex when both substr
ionization and polycation protonation are pH dependent (6–
Not only will the bulk solution pH affect the coverage and inte
facial configurations through variations in surface and polym
charge but also the local pH in the interphase, which depend
the local polymer density, will potentially further alter the poly
mer and surface charge. Hence there is an interplay betw
interfacial charge and polycation conformation. The influen
of added salt further compounds the complexity, since salt w
screen electrostatic repulsions between adsorbed chains (10
but added ions can also compete with polymer segments for
face sites (4, 12). Additionally, in situations where the under
ing polymer or surface charges are fairly concentrated, cou
rion condensation may limit the effective charge density (13, 1

A number of fundamental questions therefore arise wh
trying to construct a complete picture of weak polycation a
sorption.

1. How do pH and ionic strength affect the total adsorb
amount, interfacial configuration, and especially the amoun
polymer bound to the surface locally in the form of trains?
0
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2. Are the cation protonation and substrate ionization d
rent in the interphase of an adsorbed layer compared wit
bulk solution for a given pH and ionic strength?

3. Is there evidence that counterion condensation affect
binding strength, adsorbed amount, and interfacial confo
tions?

4. For situations where surface saturation correspond
overcompensation of the underlying surface charge, what i
driving force for polycation adsorption beyond that neede
neutralize the surface charge?

The current paper is one of several publications addres
these issues, here focusing on the interfacial chain confo
tions in the context of surface and polycation charge variati
Detailed interpretations of interfacial ionization, counterion c
densation, and differences between ionization at the inte
and in the bulk are left to a second paper (15), due to s
constraints.

In the current paper, NMR methods were utilized to m
sure coverage and interfacial conformation of a low-molecu
weight 15-unit dimethylaminoethyl methacrylate (DMAEM
oligomer on colloidal silica, focusing on the effects of pH a
ionic strength on the adsorbed conformation. It was an
pated that with the low-molecular-weight oligomer, adsor
molecules would be mostly configured as trains, since the
of chain length would prevent substantial formation of loops
tails in the context of classical homopolymer adsorption. E
so, variations in the number of electrostatic anchoring point
the surface and on the chain might cause subtle differenc
these adsorbed oligomeric trains with pH and added salt. He
with an understanding of how the train conformation can v
and with an understanding of how NMR can be employe
characterize the bound train fraction, it is then possible to m
forward to probe the adsorbed configuration of higher mo
ular weight DMAEMA molecules where substantial loops a
tails are possible. Therefore, the extension of the concept
veloped in this work to polymeric DMAEMA is discussed in
third paper (16).

Background on NMR

In this paper, NMR methods were employed to probe
facets of polyelectrolyte adsorption: the isotherm for DMAEM
interactions with colloidal Ludox silica and the conformation
the adsorbed DMAEMA oligomers. To determine the isothe
resonances for specific groups on the DMAEMA chain were
amined. Additional information about the adsorbed DAMEM
conformation, especially the amount immobilized as trains
part of the chain lying directly on the surface as opposed to
tending from the surface in a tail or a loop), was deduced f
the solvent relaxation behavior.

Adsorption isotherms were measured using liquid state
ton NMR. Each datum on the isotherm employed a DMAEM

solution of known initial concentration. To this, a known amou
of silica was added. The adsorbed amount was determined
OMER ONTO COLLOIDAL SILICA 191
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comparing the peak areas of the resonance at a specific c
ical shift before and after the addition of silica. Since a
sorbed segments are relatively immobile and invisible in
NMR spectrum, the difference in the two peak areas dire
gives the adsorbed amount. Further, the peak area afte
dition of colloidal silica yields the free solution calibratio
plotted on thex axis of the isotherm. Haggerty and Robe
employed this approach to characterize the adsorption of a
ciative polymers (water-soluble polyethylene oxide chains w
terminal alkane hydrophobes) on polystyrene latex and titan
dioxide particles (17). An analytical method that utilizes s
factant systems with and without polystyrene latex partic
was employed to determine the capability of proton NMR
observe adsorbed surfactant close to the particle surfac
means of detecting the oxyethylene resonance. Haggerty
Roberts were additionally able to characterize the extensio
the PEO backbone away from the surface at increasing co
ages, as a result of the increased mobility in PEO loops an
tails.

While the polymer’s chemical shifts contain primary i
formation about adsorption, the same spectra also con
contributions from the solvent (99% D2O), which provide fur-
ther information about the conformation of adsorbed cha
Cosgroveet al. demonstrated the method of solvent relaxat
and showed that for several nonionic polymers adsorbing
silica, the train fraction was near unity at the lowest covera
(18–20). Then, with increasing coverage, loops and tails le
a reduction of the bound fraction.

In principle, NMR relaxation times are directly related to t
molecular mobility. For small molecules such as solvents
low-molecular-weight species undergoing rapid motion, b
the spin–lattice (T1) and the spin–spin (T2) relaxation times are
inversely proportional to the correlation time (21). AT1 value
on the order of several seconds is common for water. Wh
given molecule is adsorbed at an interface, its molecular mo
becomes constrained and relaxation becomes more efficie
its relaxation times decrease by up to several orders of m
nitude. The relaxation times of solvent molecules “bound”
an interface are similarly reduced by several orders of ma
tude compared with the bulk solvent. As free solvent molecu
exchange with those near a surface by means of either d
solvent exchange or spin exchange, the enhanced relaxatio
of the latter is propagated in an attenuated fashion through
entire solvent bath. Therefore, the enhancement of the obse
solvent relaxation rate (1/T1) is proportional to the amount o
solvent constrained at the interface, that is, where the poly
trains sit on the surface. The NMR relaxation phenomen
aqueous silica suspensions have been investigated both th
ically and experimentally (22–25).

For solvent molecules which may reside in bulk solution
at an interface, the average relaxation rate is given by (18)

1 1− P P
nt
by T1

≈ i

T1b
+ i

T1i
, [1]
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whereT1 is the observed relaxation time,T1b and T1i are the
bulk and interfacial solvent relaxation times, respectively, a
Pi is the fraction of time each proton spends in the interfa
environment. Instead of relaxation time, it is covenient to u
the specific relaxation rateRsp,

Rsp= R1

Ro
1

− 1, [2]

whereR= 1/T1 for the solvent in the polymer/particle syste
andRo= 1/T1 of a reference silica/D2O solution without poly-
mer. The use of 99% D2O significantly lengthens the1H T1 of
the residual protons in the solvent, increasing the sensitivit
the Rsp measurement at 300 MHz.

Cosgroveet al. investigated the proportionality betweenRsp

and the amount of adsorbed polymer as trains based on the e
tion, Atr= k−1 Rsp, whereAtr is the adsorbed amount of trai
segments andk is the slope of the initial part of the curve ofRsp

versusthe adsorbed amount (18). WhenAtr is divided by the
corresponding total adsorbed amount, the train fraction ca
obtained phenomenologically. They assumed a train fractio
unity at low coverage.

MATERIALS AND METHODS

Oligomer

Oligomeric DMAEMA was provided as a gift from Du Pon
NEN (Wilmington, DE) and its structure is shown in Fig.
The 15-unit oligomer in the current investigation was synt
sized by group transfer polymerization to yield chains with
molecular weight near 2350 and a relatively low polydisp
sity between 1.1 and 1.3 (26). As a result of the initiator, e
oligomer contains a single methylmethacrylate monomer at
end of its chain. DMAEMA was provided in a polar organ
solution of isopropanol and tetrahydrofuran. These low b
ing solvents were replaced by dilution with D2O, followed by
solvent removal in a rotary evaporator for NMR studies. T
process was repeated until no organic solvent peaks were a
ent in the proton NMR spectrum. For experiments not requir
D2O, a similar procedure was employed to replace the org
solvents with high purity deionized water (Milli-Q).

Silica Substrate

A 12-nm-diameter Ludox colloidal silica suspension (D
Pont) with a surface area of 230 m2/g and 30% solid content by
FIG. 1. Structure of the DMAEMA repeating unit.
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weight concentration was employed as the substrate. Sam
of the silica suspension were purified using a 6000- to 800
molecular-weight cut-off dialysis membrane or a 220-nm filtra
tion membrane to remove ions and other contaminants. Thou
the pores in these filters exceeded the diameters of the collo
particles, it was possible to conduct the dialysis or filtratio
for a finite amount of time, during which contaminants wer
removed (as gauged by conductivity) and an adequate conc
tration of silica particles was retained. After purification, NaC
was added back to the concentrated suspension at a conce
tion of 10−3 M to decrease the range of the repulsive interpartic
potential, avoiding formation of a repulsive gel (27). Thus, th
combination of purification and addition of ions resulted in sam
ples whose ionic content was known exactly. In studies on t
influence of salt, the colloids were used under conditions mo
dilute than this stock suspension, accessing NaCl concentrati
as low as 10−5 M.

Conductivity and pH Titrations

Conductivity measurements were carried out using a Yello
Springs Instrument (YSI, Model 32) conductivity meter and
platinum immersion type electrode (YSI, Model 3403). pH titra
tions employed a conventional glass electrode with a Corni
Model 30 pH meter calibrated by pH 4.00 and 7.00 standar
(J. T. Baker).

Electrophoretic Mobility

Electrophoretic mobility studies employed a DELSA 440 in
strument manufactured by the Coulter Company (Hialeah, F
A Coulter EMPSL7 mobility standard (0.04 g/L carboxylate
polystyrene latex in 0.01 M sodium phosphate buffer, pH 7.
was employed for calibration.

NMR Measurements

All of the proton solution NMR experiments were performe
on a GN-300 300-MHz FT-NMR spectrometer. A Nalora
10-mm proton/broadband probe was utilized. Each sample w
spun at 15–20 Hz. Samples were allowed to equilibrate at
desired temperature for a minimum of 10 min before the NM
experiment was performed. A 5-µs pulse width (∼40◦) was
used. A 12-bit analog-to-digital converter was employed. Th
numbers of data acquisitions and data points utilized were
and 16,384 respectively. The acquisition time was 1.23 s w
a dwell time of 150µs. Butterworth audio filters matched to
the dwell time increased the signal-to-noise ratio. Each sign
averaged free induction decay was multiplied by a decreas
exponential function equivalent to 0.8 Hz before one zero-fi
and Fourier transformation. The relaxation delay time was s
to 5 s toensure quantitative NMR spectra.

All measurements were performed at room temperatu
298 K. To ensure accurate quantitative results, an external st
Company, Milwaukee, WI) was prepared in deuterated benzene
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(99.9%, Cambridge Isotope Laboratories, Andover, MA) i
sealed glass insert tube. Chromium (III) acetonyl acetate
added to decrease the relaxation time of the external stan
In order to improve the dynamic range in this system, a pres
ration solvent suppression method was applied (28), excep
solvent relaxation experiments.

The inversion recovery experiment was performed to ob
the solvent1H spin–lattice relaxation time,T1, by detecting the
amplitude of the free induction decay signal after the 90◦ pulse
in an 180◦-τ -90◦ radiofrequency pulse sequence (29). In NM
studies, both DMAEMA and Ludox solutions were prepa
from “neutral” D2O (Cambridge Isotope Laboratories). Dialy
was employed to remove small ions and measured the sp
relaxation rate with respect to bare silica dispersions instea
deionized water. pD is reported rather than pH in this pa
except as noted. All NMR data were analyzed with NUTS
software (ACORN NMR Co., Freemont, CA) after importi
the FID data from the GN-300 NMR spectrometer.

RESULTS

Protonation of DMAEMA

In order to better understand the charge density of DMAE
during adsorption, its solution behavior was first character
using pH and conductometric titrations. The extent of proto
tion is shown in Fig. 2 for three different solution concentratio
ranging from 1 to 50 eq/m3. Prior to each titration with 0.1 M
NaOH solution, each DMAEMA solution was treated with 0.1
HCl to substantially protonate its tertiary amine groups. All
curves in Fig. 2 illustrate that at high pH (near pH 10),
DMAEMA is mostly uncharged; however, when the pH dro
below 4.0, its amines are fully protonated. In the range of
8–9, DMAEMA is 10–20% protonated. The DMAEMA in th
more concentrated solutions tends to be more protonated

FIG. 2. Protonation curves from pH and conductometric titrations for th
concentrations of DMAEMA: 7800 ppm (50 eq/m3), 1600 ppm (10 eq/m3), and
160 ppm (1 eq/m3). Inset shows data for 7800 ppm, and best fits to one-pKa and

two-pKa models. The dashed line presents the charge density at the Bje
length.
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in the more dilute solutions. This is expected, based on conv
tional electrolyte behavior: A weak polyelectrolyte will tend
dissociate more at lower concentrations.

In Fig. 2, the right-most axis illustrates the density of prot
nated amine groups on the backbone, and provides a phy
picture of the linear distance (down the backbone contour)
tween the positive charges on the backbone. This estimat
density of underlying positive charge on the DMAEMA bac
bone was determined by calculating the number of charges
15-unit oligomer, and dividing by the contour length of 3.8 n
While Fig. 2 summarizes the protonation behavior of DMAEM
based on pH and conductometric titrations, the protonation d
sity down the backbone does not necessarily represent the a
charge density on the backbone, since counterion condens
will tend to reduce the actual positive charge.

Counterion or Manning’s condensation (30–32) is expec
to occur when the distance between two fundamental charge
the polymer backbone becomes so small that the work to b
them into proximity exceeds the thermal energy. This dista
of approach, corresponding to 1 kT of energy, is termed
Bjerrum length and, for aqueous systems such as ours, is a
0.7 nm. It is defined as

λB= e2

4πεoεkT
, [3]

wheree is the elementary charge, 4πεoε is the dielectric constan
of solvent,k is the Boltzmann constant, andT is the absolute
temperature. Therefore in Fig. 2, while the right-most axis r
resents the underlying charge from protonated amine gro
the actual charge on the chain is expected to be capped a
Bjerrum length, indicated by the dotted line. Though the ba
bone may be more highly protonated at pH’s below∼7.5, coun-
terion condensation prevents the charge density from excee
the Bjerrum length. An effective maximum protonation of abo
35% is therefore estimated, occurring at pH 7.5 and below.

In the inset of Fig. 2, the individual titration curves are n
adequately described by a single pKa. A two-pKa model better
approximates the data, capturing the possibility that after a
amine group is protonated, it becomes more difficult to pro
nate the amine of the neighboring monomer on a chain. He
alternate amine groups would tend to protonate first with o
pKa, while the amines between them would protonate at low
pH with the second pKa. This two-pKa model is one of severa
possible explanations for the unusual titration behavior of t
oligomer. A separate work addresses the protonation beha
of both the oligomeric and a high-molecular-weight DMAEMA
taking into account mobility changes from chain extension a
counterion condensation (33).

Table 1 summarizes pKa values obtained by best fits to th
titration curves for different polymer concentrations. The effe
of added NaCl salt is also included in Table 1. While proton
rrumtion is qualitatively similar at all salt concentrations, the pKa

values are slightly increased at the highest salt concentration of
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TABLE 1
pKa Values of DMAEMA Solutions for Different Concentrations

and Different Amounts of Added Salt

Two pKa model
Concentration One pKa model

(ppm) pKa1 pKa2 Single pKa

160 5.7 7.6 6.7
1600 6.3 8.0 7.0 (0 M, NaCl)

7.0 (10−3 M)
7.1 (10−2 M)
7.5 (10−1 M)

7800 6.4 8.0 7.3

0.10 M, suggesting that counterion condensation enhance
protonation of neighboring dimethyl amine groups. This obs
vation is consistent with the findings of Hoogeveenet al. (1)
who observed a similar effect with DMAEMA in 1 M NaCl.

Ionization of Silica Particles

Conductance and pH titrations on 0.4 wt% Ludox silica d
persions revealed the dissociation of the silica, summarize
Fig. 3. Prior to titration with 0.1 M NaOH solution, each samp
was treated with 0.1 M HCl to substantially protonate its silan
groups. In Fig. 3, the surface becomes more negatively cha
with increasing pH, with apparent pKa values near 9, though
a single pKa value does not adequately describe any individ
titration. pKa values in the range of 9.1–9.4 have been previou
reported (34, 35) and are consistent with our findings. In Fig
the magnitude of the surface charge density is on the orde
1 per nm2 or less over the range of pH’s employed in most of t
adsorption studies (pH 9 and lower). At these relatively spa
surface charge densities, counterion condensation on the s
is not expected, since the fundamental charge spacing is gr
than the Bjerrum length (0.7 nm).

FIG. 3. Ludox 12-nm silica (0.4 wt%) ionization as a function of bu
solution pH, determined from pH and conductometric titrations, for differ

amounts of added salt.
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Additional salt ions were found to increase silanol dissoci
tion, also consistent with previous findings (4, 27). The poi
of zero charge, near pH 3.0–3.5 is also in agreement with
literature (36).

Adsorption and the Influence of Ions

In silica suspensions containing dissolved DMAEMA, th
amine methyl proton NMR peaks of the DMAEMA were
substantially reduced compared with the corresponding so
tion containing only DMAEMA and D2O. This reduction in
peak area facilitated calculation of the adsorbed amounts
DMAEMA on 12-nm Ludox silica in 99% D2O. Ultimately for
different DMAEMA concentrations and ionic strengths, adsor
tion isotherms were constructed. The adsorbed amounts fo
by this method were identical to coverages determined from
amination of the resonances from the –CH2– and –CH3 units of
the main backbone. In these isotherm studies, the silica conc
tration was in the range of 0.4± 0.002 wt%.

In Fig. 4, coverages approaching 1 mg/m2 were observed
at high DMAEMA concentrations, on the apparent plateau
the isotherms. Added ions were generally found to increase
coverage, especially at the moderately concentrated and di
regimes of the isotherms, below 4000 ppm. Added ions may p
mote adsorption by increasing the surface ionization (per Fig
or screening lateral repulsions between adsorbed DMAEM
molecules. The latter may play some role in limiting the ult
mate DMAEMA coverage on the pseudo-plateau.

In Fig. 4, the only ions added are from NaCl, which do n
affect the solution pH significantly. As a result, the bulk solutio
pD increases with the amount of DMAEMA in the suspensio
from about 8.5 in the dilute limit to a pD of 9.3 when the bul
solution concentration approaches 5000 ppm. Additionally, t
protonation of the oligomer itself contributes to the ionic streng
of the solution. For instance, at a bulk solution concentration
4000 ppm, the free ions generated from protonation of both f
and adsorbed polymer are on the order of 10−3 M. This latter

FIG. 4. Adsorption isotherms for DMAEMA oligomer on 12-nm Ludox in

D2O, for different amounts of added salt, determined by NMR measurements.
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FIG. 5. (a) Solvent relaxation curves for the DMAEMA–Ludox suspensi
in Fig. 4, shown in a form analogous to the adsorption isotherm, as a fun
of the remaining free DMAEMA concentration. (b) Solvent relaxation data
two ionic strengths, as a function of coverage. Data correspond to points o
isotherms in Fig. 4.

fact explains why the isotherms for the different nominal io
strengths converge at high DMAEMA concentrations.

The observed influence of ions on the coverage in Fig. 4
general speculations about the influence of ions on interfa
polymer chain conformations (37–40) motivated interpreta
of the solvent relaxation in the context of the amount of tra
Figure 5a shows the solvent relaxation rate enhancementRsp,
as a function of the free solution DMAEMA concentration
the presence of Ludox silica), with data points correspondin
those of the isotherm in Fig. 4, for two concentrations of ad
NaCl ions, 10−5 and 10−2 M. As explained underBackground on
NMR, the quantityRsp is generally expected to be proportiona
the mass of trains (segments) immobilized due to their adhe
to the surface. Therefore, from the general features of Fig. 5a
their similarity to the shapes of the isotherms in Fig. 4 (includ
largerRsp values for higher salt concentrations), one conclu

that the amount of trains goes qualitatively as the adsorbed m
There is more train mass on the plateau of the isotherm
OMER ONTO COLLOIDAL SILICA 195
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more train mass for situations such as increased ionic stre
which lead to more adsorbed DMAEMA. This is not a surpr
because, with low-molecular-weight oligomers, chains are
short to form substantial loops and tails and the entire oligo
should lie close to the surface, if it adsorbs at all.

Since we are interested in the configurations of the adso
chains, specifically how much of the adsorbed mass is co
ured close to the surface as trains, we examined the depen
of Rsp on the surface coverage in Fig. 5b. Data again corresp
to points on the isotherm in Fig. 4 for two different amou
of added salt. At the lowest coverages, below 0.15 mg/m2, Rsp

is independent of surface coverage and remains close to
Then, at coverages of 0.15 mg/m2, Rsp increases with adsorbe
mass, suggesting that all adsorbing chains attain the sam
terfacial conformation or at least the same train fraction. T
behavior continues for the full range of coverages at the mo
NaCl concentration of 0.01 M; however, with the limit of e
tremely low ionic strength, the data start to flatten out beforeRsp

increases again above surface coverages of 0.65 mg/m2. Two fea-
tures of Fig. 5b are unusual (but reproducible and easily reso
within the precision of the data) and warrant further examinat
(1) the roughly zero slope of theRsp curve at low coverage
below 0.15 mg/m2, and (2) the plateau inRsp at intermediate
coverages and low ionic strength.

The constant near-zero value ofRsp at very low coverage
was not observed in prior solvent relaxation studies of ads
ing nonionic polymers (polyethylene oxide (PEO) or polyvin
pyrrolidone) (18), and appears to be a new feature found
this DMAEMA oligomer and also for higher molecular weig
DMAEMA polymers (16). In the case of the previously stud
nonionic polymers (18),Rspwas linearly proportional to the trai
mass over the full range of coverages studied, with ay intercept
of zero in graphs analogous to Fig. 5b. In the case of DMAEM
Rspincreases with coverage only above 0.15 mg/m2, even though
one would expect these DMAEMA layers to consist mostly
trains, since the chains are too short to form substantial lo
and tails.

Additionally, the low coverage limit, below 0.15 mg/m2, cor-
responds to coverages where the Cosgrove lab found all-
configurations for PEO on silica. If one assumes thatRsp is al-
ways proportional to train mass, then our data suggest no t
below 0.15 mg/m2, which is an impossibility if adsorption oc
curs. Indeed, the lowest coverages provide the greatest o
tunity for segment–surface interactions, which would give
highest train fraction. We must therefore interpret Fig. 5b
indicate that althoughRsp is insensitive to train mass belo
0.15 mg/m2, all chains adsorbed to the surface must be clo
associated with it. The observation thatRsp is unaffected at cov
erages up to 0.15 mg/m2 suggests that at these low covera
the adsorbed trains are sufficiently mobile so that the sol
relaxation is not affected by adsorption.

At moderate ionic strengths corresponding to 0.01 M Na

ass.
and
the train fraction is roughly constant over the full range of cov-
erages, decreasing slightly as the surface approaches saturation
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above 0.7 mg/m2. At the lower ionic strengths, for low coverage
the same train fraction is observed up to 0.4 mg/m2. Then as the
adsorbed amount increases from 0.4 to 0.7 mg/m2, there is very
little increase in trains, suggesting that the average interfa
conformation is changing with coverage to include some s
ments that are loosely attached to the surface, as small tai
loops. This may result from repulsions within the adsorbed lay
which can be long range at the lowest ionic strengths.3

When more polymer is added to the system, giving hig
coverages above 0.7 mg/m2, the ionic strength is increased b
ions brought along with the polymer. Indeed the overall ion
strength of the system with no added salt approaches that fo
system to which salt was added, so one would also expec
adsorbed chain conformations to approach the same limiting
havior in the two cases. The increase in ionic strength resul
from the additional polymer in the system (needed to achi
coverages exceeding 0.7 mg/m2) may screen long-range elec
trostatic repulsions, allowing chains to approach more clos
or adsorb more flatly with decreased mobility.

Influence of pH on Adsorption

Figure 6a shows the coverages obtained at different pDs (s
the solvent is deuterated water). pD was controlled with a 0.0
buffer solution of NaOH and KH2PO4, giving overall ionic
strengths (with buffering ions included, but not counting io
from the DMAEMA) varying from 1.2× 10−2 to 1.8× 10−2 M,
depending on the solution. These ranges of ionic strength h
minimal influence on coverages. In Fig. 6a, nominal pD valu
are indicated, corresponding to the dilute end of each isothe
As a result of the basic nature of the DMAEMA the pD va
ues increased roughly by 1/2 a pD unit as the free oligome
concentration was increased to about 2000 ppm.

At pH 6, the coverage was 0.4 mg/m2, with a relatively flat
isotherm plateau. At the higher pDs of 7 and 8, greater cov
ages were obtained and the plateaus of the isotherms were
gradual. At pD 12 (which was obtained using 0.1 M NaOH a
NaH2PO4), however, the adsorption was negligible. This tre
makes sense: At the lower pD’s the oligomer has the grea
underlying charge, so that few chains are needed to saturat
surface, at least if the plateau corresponds to the charge com
sation point. Also with more highly charged chains, there i
greater driving force for adsorption, leading to the flatter plate
At higher pD values, the DMAEMA charge is decreased
that more oligomer is needed to compensate the surface ch
Finally, at the highest pD’s, near 12, the DMAEMA is no

charged at all, providing no driving force for adsorption. Th
lack of adsorption at high pD’s also suggests that there

3 An overall ionic strength of 0.5× 10−3 M is calculated for the dispersion
containing 10−5 M NaCl and DMAEMA in sufficient amount to give 0.4 mg/m2.
Under these conditions, the Debye length is 2.8 nm while the distance betw
adsorbed oligomers is 1–2 nm. Thus there is substantial likelihood of inter-ch
repulsion of adsorbed oligomers, causing reconfigurations and possibly s
loops and tails with increased mobility.
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FIG. 6. (a) Adsorption isotherms for different pDs at moderate ion
strengths. (b) Solvent relaxation as a function of coverage for two of the isothe
in part (a).

no chemical driving force for the adsorption of uncharg
DMAEMA on silica.

Negligible adsorption was also observed at pH 1.8, maintai
by HCl in D2O. At these extremely low pH’s, the DMAEMA
is fully protonated; however, the silica bears a positive char
which repels the oligomer.

Figure 6b shows the solvent relaxation rate enhancemen
a function of coverage for two of the adsorption isotherms
Fig. 6a. (Data for the pD 7 isotherm are not shown simply
avoid crowding this figure.) Like Fig. 5b,Rsp is independent of
coverage below 0.15 mg/m2. At higher coverages,Rsp is linear
in the adsorbed amount over the full range of coverages, w
a greater proportionality constant at pD 6 compared with pD
This implies a greater train fraction for the adsorbed chain
pD 6 as opposed to pD 8. This observation is in qualitative ag
ment with expectations, since there is greater underlying cha
on the polymer at pD 6 (70% protonation before counterion c
densation) and less charge on the substrate. This would lea
mallflatter, less mobile chain conformations at pD 6 as opposed to
pD 8. Though Fig. 6b does not illustrateRsp values at pD 12,
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FIG. 7. (a) Adsorbed amount, train amount, and electrophoretic mob
for DMAEMA-containing dispersions on their respective isotherm plate
(b) Train fraction of adsorbed DMAEMA as a function of pD.

these were all nearly zero over the full range of DMAEM
concentrations considered, a result which is consistent wit
observed lack of adsorption at pH 12.

Figure 7 shows the mobility, adsorbed amount, and t
mass (fraction in Fig. 7b) roughly on the plateau of the isoth
for 0.01 M NaCl and different pD’s. Of particular note in Fig.
the actual pD values have been measured, in contrast wit
nominal pD values employed in the previous figure. These
correspond to a total DMAEMA concentration of 4000 pp
which after adsorption onto 4.6 m2 of silica gave remaining fre
concentrations of 3200–3600 ppm depending on the pla
coverages for particular adsorption conditions. In Fig. 7, theRsp

values have been converted to train mass using two assump
(i) The train fraction for coverages below 0.15 mg/m2 is the same
as that for coverages just above 0.15 mg/m2, within a data serie
at a particular pH and ionic strength. (ii) Of all the pD and io
strength conditions tested, those exhibiting the highest s
on theRsp vs0 plot correspond to train fractions of unity. Th
is, at pD 7 and ionic strengths above 0.01 M, the DMAEM
adsorbs completely as trains. This second assumption is s
to assumptions made in prior works with PEO adsorption
silica.

In Fig. 7a in the pD range 7–10, the adsorbed amount
through a maximum, as does the mass of adsorbed trains
train fraction in Fig. 7b, however, decreases steadily as th
rises above 7, while the train fraction is 1 at pD 7. At the
pD end of Fig. 7, all the adsorbed mass is in the form of tra
per assumption (2) stated previously, consistent with prev

interpretations ofRsp data. At the high pD end of Fig. 7, how
ever, the train mass decreases more sharply with increase
OMER ONTO COLLOIDAL SILICA 197
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than does the total adsorbed mass. This suggests that as
DMAEMA protonation is decreased through increased soluti
pD, its binding to the surface is weakened, giving looser a
potentially more mobile layers before the driving force for ad
sorption is completely lost at the highest pD’s. At high pH, th
DMAEMA protonation is decreased, so that there are fewer a
chor points to the surface, allowing for the possibility of sma
loops or trains, or greater interfacial mobility.

The final data set in Fig. 7a, corresponding to electrophore
mobility, shows a continued decrease in this property with i
creasing pD over the full range of pD values considered. Mobil
is positive at all but the highest pD’s, indicating a net-positiv
charge on the particles below pD 9. Since the data correspon
the pseudo-plateau of the isotherm where the surface is be
ning to saturate with DMAEMA, one concludes that there is st
a significant driving force for DMAEMA adsorption beyond the
charge compensation point, that is, beyond the coverage wh
the surface charge is neutral on average. Interestingly, it is
likely that there is a chemical driving force for the additiona
adsorption where the total particle charge is positive. This w
shown by the lack of adsorption of nonprotonated DMAEMA
for instance, at pD 12. The potential driving forces for this su
face charge overcompensation are explored more fully in a s
ond paper (15). These include the possibility of increased surf
silanol dissociation and increased DMAEMA protonation in th
adsorbed layer compared with bulk solution, and the more like
explanation of patchwise adsorption, where surface regions c
taining adsorbed chains necessarily have a net positive cha
leaving some regions with residual negative charge. In the c
rent paper, the observation of charge overcompensation is
interesting observation in the context of studying the interfac
chain conformation.

DISCUSSION

In this work, the adsorbed conformation of a polycatio
oligomer was examined at a variety of pH’s and ionic strength
both as a fundamental exercise and as a basis for future quan
tive interpretations of adsorbed high-molecular-weight cation
polyelectrolytes. For all conditions studied, data for coverag
above 0.15 mg/m2 were consistent with the previously estab
lished proportionality between the specific relaxation rate,Rsp,
and the train mass. We have every reason to believe that the
sorbed conformations below 0.15 mg/m2 are similar to those at
moderately greater coverages, because at 0.15 mg/m2, individual
chains are isolated on the surface. At a coverage of 0.15 mg/2,
there is 26 nm2 of surface available, on average, to each cha
The individual chain contour length is 3.8 nm, which easily fi
within this space. At a coverage of 0.15 mg/m2, chains are also
isolated from an electrostatic perspective. At the free polym
concentrations giving coverages near 0.15 mg/m2, the maximum
Debye length is 3 nm. Therefore the electrostatic repulsio

2
-
d pD
between adsorbed chains at 0.15 mg/mshould be minimal.
The insensitivity ofRsp to adsorbed trains at coverages below
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0.15 mg/m2 therefore must be of different origin, still reflecting
interfacial mobility.

It must be remembered that theRsp values measure interfacia
dynamics as seen by the solvent molecules, withRsp values near
zero suggesting that, from the perspective of the solvent, the
sorbed mass up to 0.15 mg/m2 is in a very mobile state. This is
the case for DMAEMA oligomers on silica (and high-molecula
weight DMAEMA polymers as will be shown in a future pape
(16)), but not for polyethylene oxide adsorbed on silica (18
suggesting a fundamental difference in the adsorption of th
two types of molecules. In the case of PEO, adsorption occurs
hydrogen bonding of the PEO’s ether oxygens to nondissocia
surface silanols. These ether oxygens are spaced roughly 0.
apart on the PEO backbone, compared with an average spa
of 0.6 nm between nondissociated surface silanols at pH 7
contrast, DMAEMA adsorption occurs primarily between pro
tonated amines and ionized silanols, where the spacing of th
two groups is shown as a function of pH in Figs. 2 and 3. If o
considers a 2-nm section of PEO backbone (corresponding to
length of our DMAEMA oligomer), at pH 7 there is opportunity
for as many as three to four segment–surface contacts involv
the main PEO backbone. In contrast, for DMAEMA adsorptio
for the range of pHs and ionic strength considered, only one
two segment–surface contacts per oligomer are expected.
thermore, the DMAEMA interacts through the amine groups
its side chains, leaving the main backbone in a potentially m
mobile state. The difference between adsorption by side cha
of DMAEMA and main backbone of PEO is one factor whic
may contribute substantially to the difference in solvent rela
ation, especially at low coverages. This may therefore expl
why we see no effect of coverage onRsp below 0.15 mg/m2 with
DMAEMA, while the Cosgrove lab foundRsp to be proportional
to train mass over the full range of surface loading (18, 20).

With DMAEMA being anchored by only one to two points
per oligomer, and with the amine anchoring points located
side chains rather than on the main backbone, it makes se
that adsorbed DMAEMA chains may appear more mobile to t
solvent than adsorbed PEO on silica. One must then ask: W
in the case of DMAEMA, does the mobility decrease, giving a
increase inRsp at coverages of 0.15 mg/m2 and above? It may
be that though the surface is not yet crowded at 0.15 mg/m2, the
lateral mobility of the oligomers begins to be reduced due to
relatively lower availability of nearby open dissociated silano
on the surface. This remains one area of further exploration

Despite the complexities arising from the mobile nature
adsorbed DMAEMA below coverages of 0.15 mg/m2, when the
ionic strength was moderate, theRsp values at higher coverage
were linear in the adsorbed amount. This behavior was see
D2O with added salt and at a variety of pD’s maintained b
buffer, and suggests that in layers of low or high coverage,
oligomers are roughly in the same average conformation. Thi
in contrast to the previously documented behavior of adsorb

PEO polymers (18), where at low coverages the changes
Rsp with coverage were greatest, suggesting adsorbed trains
AND SANTORE
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higher PEO polymer coverages,Rsp increased less with increa
ing interfacial mass, pointing to the development of loops
tails within the layer (18). In the case of DMAEMA oligomer
the chains are too short to form substantial loops or tails, w
is why Rsp, and presumably the average adsorbed confor
tion, is relatively independent of coverage. It is interesting
note, however, thatRsp does signal tighter binding at the low
pH’s, where there is, on average, a slightly greater underl
charge per chain. This reduced mobility or relatively grea
bound fraction at pH 6 was observed despite the potentia
reduced backbone charge due to counterion condensation
these conditions.

CONCLUSIONS

This work examined the adsorbed amounts and configura
of oligomeric DMAEMA on 12-nm colloidal silica particles, t
gain perspective on the influence of ions and pH, and to
the groundwork for probing adsorbed polymer conformatio
The effect of pH was primarily to alter the surface density
potential adsorption sites, at the same time altering the un
lying DMAEMA charge. The effect of pH on isotherm sha
was consistent with the strongest binding near pH 6: Here
isotherm was flat and the coverage was the lowest, with the
vent relaxation indicating the least mobile interface of all
conditions considered. At higher pH’s greater coverages w
achieved, but the isotherms exhibited more gradual plate
Solvent relaxation was also suggestive of a more mobile in
face, or a slightly smaller bound fraction. These observat
were consistent with titration data indicating weaker charg
of the DMAEMA with fewer attachment points per oligomer
higher pH’s.

In the limit of the highest pH studied (at pH 12), th
DMAEMA was unprotonated and no adsorption occurred, s
gesting a purely electrostatic driving force for adsorption at
other pH conditions. As this limiting behavior was approach
from the low pH side, the bound mass decreased more ra
than the adsorbed amount, suggesting that the DMAEMA
ers may contain small loops and tails or higher mobility, bef
adsorption disappears altogether.

At moderate ionic strengths at a particular pH, the bound t
fraction was independent of coverage over the full range of c
erages examined. This observation was contrary to prior fi
ings with polymeric PEO adsorption on silica, where the bo
fraction decreased with increasing coverage above 0.2 mg2,
suggesting the formation of loops and tails in the nonionic po
meric layer.

In the limit of low ionic strength, at low coverages oligome
DMAEMA adsorbed with a relatively high bound or immobi
fraction; however, at intermediate coverages near 0.4 mg2,
there was evidence of increased mobility, or at least the o
of small loops and tails, due to electrostatic crowding at

in

. At
interface. As more oligomer was added to the system, however,
the ionic strength was necessarily increased and the average
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adsorbed conformation at the higher coverages (above 0.7
m2) was more similar to that at the lowest coverages.

This work also reported an interesting coverage depende
of Rsp in the low coverage limit: For DMAEMA on silica be
low 0.15 mg/m2, Rsp was insensitive to coverage, suggesti
an extremely mobile interphase even though the average b
fraction within each oligomer should have been similar to t
at moderately higher coverages. This may be a result of the
damentally different interfacial configuration of the adsorb
polycations, which adhere to the surface by relatively far-spa
amine side chains. This would leave substantial sections o
main backbone and nonprotonated side chains in a more m
state from the perspective of the solvent.
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