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Effective attractions between colloidal particles bearing a grafted poly(ethylene glycol) (PEG) layer in water have been studied
and quantified by measurements of the collective diffusion coefficient and by quantitative analysis of small-angle neutron scat-
tering (SANS) data. Results for the collective diffusion coefficient in the dilute limit indicate that effective attractions develop
gradually as carbonate anions are added to the dispersions.Analysis of SANS data within a square-well interaction model at a
constant salt concentration allows for quantitative analysis of scattering patterns of samples prior to crossing intoan aggrega-
tion regime, where particles form large clusters, reached either through increasing the temperature or the particle concentration.
Aggregation is observed visually and is also evident in the scattering as a lowering of the intensity at intermediate wavevec-
tors while leaving enhanced scattering in the forward direction, suggesting a nearby fluid-fluid phase transition. In addition, at
low and moderate particle concentrations the attraction strength is shown to depend mainly on temperature but at high particle
concentrations a much stronger temperature dependence is observed, which shows that the attraction acquires a dependence on
particle concentration at sufficiently high concentrations. The concentration dependence is attributed to a decreased solvation of
PEG chains due to an increased ratio of ethylene oxide segments to water.

1 Introduction

Addition of polymers, either free in solution, adsorbed, or
grafted, to colloidal systems is an effective tool for regulating
the interactions of colloidal particles. The resulting disper-
sion behavior and phases encountered in the phase diagram
depend to a large extent on the properties of the added poly-
mer. For non-adsorbing polymers, free in solution, an effec-
tive attraction, known as a depletion attraction, is induced; it is
controlled by the polymer to particle size ratio and the concen-
tration of polymer. The resulting phase diagram has been ex-
tensively studied1 and one encounters a fluid-fluid phase sep-
aration, crystallization, and glass and gel formation2–5. It is
mainly the range of the attraction which governs the phase or
state diagram1,6.

For polymers grafted on surfaces of nano- and microparti-
cles the purpose is usually to produce a steric barrier against
aggregation7. In this way particles can be made that are stable
at extremely high salt concentrations8 and that redisperse af-
ter centrifugation and freeze drying9. In addition, to enhance
particle stability in biomedical and drug delivery applications
it is common to use particles with grafted poly(ethylene gly-
col) (PEG), commonly referred to as PEGylated particles, and
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PEG derivatives, due to their long-time circulatory properties
and biocompatibility10–12. Such steric layers on particles has
even been found to affect the biodistribution of particles13.

Even though PEG-covered particles, including PEGylated
liposomes and emulsion drops, are generally considered as
ideal systems from a biomedical point of view, their behav-
ior is expected to depend on the physicochemical environ-
ment through the so-called solvent quality. For instance, for
PEGylated particles, the solvent quality is governed by tem-
perature and concentrations of certain salts that affect the sol-
ubility of PEG in aqueous solution. In this way, when the
solvent quality for the PEG-graft is worsened, e.g., by rais-
ing the temperature, the particles begin to attract one another.
Such interactions, should they become too strong, can lead to
aggregation, which is generally quite detrimental in applica-
tions. However, from a model-system standpoint the state of
the system can in this way be finely tuned to uncover how such
interactions develop and act to destabilize the system. With re-
lated dispersions, comprising polymer-grafted silica particles
in organic solvents, similar changes in solvent quality canlead
to attractions and gel formation14–16. The attractions have in
this case been linked to dramatic changes in the microstruc-
ture of the polymer corona, in which the polymer appears to
crystallize17–19.

The purpose of the present work is to examine the generality
of these findings. To this end, we have studied dispersions of
polymer-grafted particles that differ from the silica systems in
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a few key ways. The particles have been grafted with PEG
and are dispersed in aqueous solution. Because both PEG
and water interact via hydrogen bonds, the solvent quality is
worsened by increasing the temperature. As a consequence,
attractions are induced on increasing the temperature, which
eventually leads to aggregation. However, to work at a range
of temperatures that is not too far away from room temper-
ature, we add sodium carbonate which also worsens the sol-
vent quality for the PEG graft20. Although, in this study, we
have to work at high concentrations of salt to observe signif-
icant effects, a lower degree of PEGylation would likely lead
to similar effects setting in at lower salt concentrations.The
particle core-shell morphology and hard-sphere-like interac-
tions under good solvent conditions have been characterized
extensively for these systems by small-angle neutron scatter-
ing (SANS)21. The dynamics and rheology have also been
charted in quite some detail, when the particles are mutually
repulsive, up to high concentrations where a glass transition
governs much of the behavior22.

In what follows, we focus on states close to where the parti-
cles begin to aggregate. The colloidal microstructure is exam-
ined by SANS, which, when combined with a structure fac-
tor model, also allows for characterization of the interaction.
Measurements of the collective diffusion coefficient demon-
strate that attractions are gradually introduced and strength-
ened upon adding salt. For sufficiently strong attractions,par-
ticles aggregate reversibly along a fairly sharp boundary.The
scattering spectra in this region are consistent with precriti-
cal fluctuations signaling the presence of a nearby fluid-fluid
phase transition. Furthermore, and the main finding of this
work, the SANS analysis shows that the effective attraction
not only depends on temperature but that it acquires a depen-
dence on the particle concentration when the dispersions reach
high concentrations. Such high concentrations are routinely
encountered in coatings and film-forming applications23,24.

2 Experimental

2.1 Materials

The colloidal system investigated here consists of
poly(ethylene glycol)-grafted polystyrene particles dis-
persed in water. As a background electrolyte, 6.15 mM
NaCl+3.85 mM NaN3 was employed throughout to make
sure that any surface charges are screened and to prevent
bacterial growth during longer-time storage. Further details of
the synthesis, cleaning, and characterization have been given
previously21 and will only be summarized briefly here. The
particles were synthesized in a one-step co-polymerization
between styrene and methoxy poly(ethylene glycol) acrylate
(mPEG-2000-acrylate) using potassium persulfate as initiator,
following the procedure devised by Brindleyet al.25. This

protocol produces sterically stabilized, non-deuteratedspher-
ical latex particles with a well-defined core-shell structure
interacting via hard-sphere-like interactions at room temper-
ature in 10 mM salt solution21,22. Concentrated dispersions
were obtained by centrifugal filtration (Pall, Gelman Lab.)to
desired high mass content. The final weight fractions of stock
dispersions were determined by drying in an oven at 60◦C
and subsequently converted to particle mass concentrations c
(g/mL) using measured particle densities (DMA5000 density
meter, Anton Paar). Conversion to an effective hard-sphere
volume fractionφHS made use of the following relation,
φHS = 1.632c − 0.086c2 − 1.281c3, previously determined
by SANS analysis22. Additional salt, Na2CO3, was added
in the form of concentrated solution to latices to obtain final
compositions with respect to salt and particles.

2.2 3D-Dynamic light scattering

Dynamic light scattering (DLS) measurements were per-
formed using the 3D cross-correlation technique26,27 on a 3D
single-mode fiber goniometer system (LS Instruments, Fri-
bourg, Switzerland) equipped with a Flex correlator and a
diode laser with a wavelength of 680.4 nm. The temperature
was set by a circulating water bath to 25.0◦C and a scatter-
ing angleθ of 90◦ was maintained in all measurements shown
here. However, angular scans, covering30◦ < θ < 130◦,
were performed to confirm theq-independence of the ap-
parent diffusion coefficient such that the measurements were
performed in the collective diffusion regime28. Here, q =
(4πn/λ) sin θ/2 is the magnitude of the wave vector, given
in terms of the solvent refractive indexn and the laser-light
wavelengthin vacuoλ. To suppress multiple scattering fur-
ther, high-quality NMR tubes with a diameter of 5 mm (Ar-
mar AG, Switzerland) were used as sample cells in order to
shorten the light path.

2.3 Small-angle neutron scattering

SANS experiments were carried out at the SANSI facility at
the Swiss neutron source SINQ at the Paul Scherrer Institut
(PSI) in Villigen, Switzerland. For the SANS measurements a
neutron wavelengthλ = 8 Å and a wavelength spread (∆λ/λ)
of 10% were used. A sample-to-detector distance of 20 me-
ters and a collimation length of 18 m were used, yielding an
accessibleq range of 0.025–0.37 nm−1. All measurements
were carried out under particle core contrast, using a solvent
composition of 80/20 w/w H2O/D2O, resulting in a negligible
scattering contribution from the PEG graft. Samples were pre-
pared in stoppered quartz cells of 1 mm path length (Hellma,
Germany). The temperature was controlled by a circulating
water bath and was monitored inside a representative sample
in the thermostated sample holder. The raw scattering spec-
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tra were corrected for background from the solvent, sample
cell, electronic noise, and transmission by conventional proce-
dures. Furthermore, the two-dimensional isotropic scattering
spectra were azimuthally averaged and converted to absolute
intensities by using water as a standard.

3 Results and discussion

The purpose of this work is to investigate the nature of the ef-
fective attractions that are induced under marginal and poor
solvent conditions for the PEG-graft of sterically stabilized
polystyrene particles. We have previously shown that addi-
tion of a few hundred mM of Na2CO3 to aqueous disper-
sions of similar PEG-grafted particles produces small struc-
tural changes in the PEG layer which translate in moderate
attractions among colloids21. Whereas adding larger quanti-
ties of Na2CO3 to dilute dispersions results in aggregation,
addition of other salts, like NaCl, is ineffectual in this respect
and particles remain stable, at least at room temperature8,21.
Qualitatively, this behavior follows the clouding properties of
free PEG polymer in aqueous electrolyte solutions20.

0.1 0.2 0.3 0.4
φHS

20

25

30

35

T
 (

°C
)

Fig. 1 The behavior of dispersions of PEG-grafted polystyrene
spheres in 400 mM aqueous solutions of Na2CO3 as a function of
particle concentration and temperature as assessed by visual
observation. The particles aggregate at elevated temperatures
(shaded region). The symbols denote states for which SANS
measurements have been collected. The symbols correspond to
those in Fig. 3 and serve as a key to the temperatures used in the
SANS measurements. The grey symbols show states for which the
recorded SANS intensities could be modeled with equilibrium
theory and filled (red) symbols show states for which a similar
modeling was not possible (cf. Sec. 3.2).

Figure 1 expands somewhat on the stability aspect of these
dispersions, by showing the result of varying the temperature
and particle concentration at a constant Na2CO3 concentration
of 400 mM. On increasing the temperature, particles aggregate
at a rather sharply defined point where the samples become
grainy, indicating the formation of large flocs, which was also
confirmed in the more dilute samples by light microscopy. The
aggregates redisperse when the sample is cooled. This be-
havior is consistent with early observations made by Vincent
and co-workers of the reversible aggregation of larger PEG-
grafted polystyrene particles29,30. They refer to the transition
as a critical flocculation temperature or concentration, depend-
ing on how the transition is approached. They rationalized
this behavior, especially the fact that the boundary depends
on temperature and concentration, as caused by a fluid-fluid
transition due to a weak effective attraction between parti-
cles. Similar observations hold for non-aqueous dispersions
of sterically stabilized particles15,31–35, except that aggrega-
tion occurs on lowering the temperature. In addition, at least
for the non-aqueous dispersions in the dilute part of the phase
diagram, it seems that the transition is connected to incipient
phase separation because the dense phase in these systems, if
it can be observed at all, corresponds to a dynamically arrested
structure and not to an equilibrium fluid phase14. In what fol-
lows, we probe the interactions that lead to such transitions in
these aqueous systems, beginning with dilute particle concen-
trations and continuing with more concentrated systems.

3.1 Attractions investigated by dynamic light scattering

Dynamic light scattering (DLS) measurements have been
made on fairly dilute samples as a function of particle and
Na2CO3 concentration. However, when the solvent quality
for the PEG graft worsens, it is necessary to take steps to
avoid multiple scattering. For this reason 3D cross-correlation
DLS (3D-DLS) has been employed26,27. Since the particles
are small relative to the wavelength of light (qa ≈ 0.33, where
a is the radius of the particle core), DLS measurements probe
large-scale spatial concentration fluctuations connectedto the
collective diffusion coefficient28. As has been recognized by
van den Broeck and co-workers36, the collective diffusion co-
efficient in the dilute limit can be used to distinguish to some
extent between repulsive and attractive colloidal interactions,
which has been exploited in studies of interactions in colloidal
systems37,38. For systems in which pair-interactions are pre-
dominantly repulsive the collective diffusion coefficientin-
creases with particle concentration. Attractions weaken the
concentration dependence, and, for sufficiently strong attrac-
tions, the collective diffusion coefficient decreases within-
creasing particle concentration. In other words, repulsions
among particles act to smooth out small concentration gradi-
ents more rapidly than in systems with additional attractions.
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When the interaction potential is known, the dilute-limiting
behavior of the collective diffusion coefficient can be calcu-
lated from theory36,39,40.

0 0.05 0.1 0.15 0.2
φHS

0.9

1

1.1

D
c/D

0

0.0 M Na2CO3

0.3 M Na2CO3

0.4 M Na2CO3

Fig. 2 Collective diffusion coefficient normalized by the
single-particle diffusion coefficient as a function of effective
hard-sphere volume fraction for increasing concentrations of added
Na2CO3, as labeled. A constant temperature of 25◦C was
maintained throughout the measurements. Included are the results
for hard spheres (solid line,λc = 1.454) and square-well particles
with B2/BHS

2 =0.67 (dotted line,λc = 0). Also shown is a
prediction forDc for square-well particles usingB2/BHS

2 =0.47
(dashed line,λc = −0.93), determined from a previous SANS
analysis21.

In Fig. 2 the collective diffusion coefficients, extracted from
a second-order cumulant analysis of 3D-DLS intensity cross
correlation function data, are shown as a function of particle
concentration and Na2CO3 concentration. In the absence of
extra added salt, i.e. under good solvent conditions, the col-
lective diffusion coefficient increases with concentration, as
expected for excluded-volume interactions and in good agree-
ment with the leading-order hard-sphere result39,40: Dc/D0 =
1+ 1.454φHS. Adding Na2CO3 produces divalent CO2−

3
ions

in solution (pH≈ 11.5), which decreases the solvent qual-
ity for the PEG graft. As a consequence, the collective diffu-
sion coefficient exhibits a different concentration dependence,
Dc/D0 = 1 + λcφHS; it increases less strongly with concen-
tration at lower levels of Na2CO3, but for a sufficiently high
concentration of Na2CO3, as in Fig. 2 for 0.4 M Na2CO3,
the dilute-limiting slopeλc becomes negative. It is notable
in Fig. 2 that the concentration dependence changes smoothly
with the amount of added Na2CO3, such that the particle in-
teractions can be tuned in a gradual manner from repulsive to
attraction-dominated. In addition, we note that the attractions

are present well below the boundary in Fig. 1 which marks
visible aggregation.

For square-well interactions the dilute-limiting slopeλc can
be calculated for arbitrary well widths and well depths. Such
calculations are summarized byλc = −3.046 + 4.5B2/BHS

2 ,
where B2/BHS

2 = 1 − (exp (ǫ/kBT ) − 1)(R3 − 1) is a
reduced second virial coefficient in terms of the well depth
ǫ, the thermal energykBT , and the dimensionless range of
the interaction potentialR. This result for the dilute-limiting
slope λc holds numerically within a few percent for well
widths even up to 40% of the radius for negative values of
B2/BHS

2 , i.e. for moderate to strong attractions. This for-
mula derives from the adhesive-sphere model41 and it illus-
trates the fact that one cannot separate effects of well width
and well depth based on the measurements in Fig. 2. In previ-
ous work21 the attractions were characterized for similar par-
ticles using quantitative modeling of SANS data, which em-
ployed a square-well form for the attractive part of the interac-
tion. For samples with [Na2CO3]=0.4 M and a temperature of
25◦C this analysis yielded a reduced second virial coefficient,
B2/BHS

2 = 0.47, which was independent of particle concen-
tration up toφHS ≈ 0.3121. This magnitude of attraction can
be seen to yield a negative slope in Fig. 2 in reasonable agree-
ment with the measurements for these dispersions at this salt
concentration. It should be noted that this prediction applies in
the dilute limit,φHS → 0, and the determination ofλc exper-
imentally necessitates defining an effective hard-sphere vol-
ume fraction, which is often a difficult matter42. Here, this
was accomplished using a correlation obtained from a quan-
titative SANS analysis of the same system of particles under
good solvent conditions over a large range of concentrations.
There is one condition, however, that is free from any ambi-
guities deriving from the conversion of mass concentrationto
an effective hard-sphere volume fraction, the Boyle-like con-
dition of zero slope. A collective diffusion coefficient with a
zero initial slope requiresB2/BHS

2 = 0.67. It follows that for
[Na2CO3]=0.4 M, attractions of greater magnitude than those
corresponding to this value are expected for all temperatures
in excess of 25◦C.

3.2 Attractions investigated by SANS

As demonstrated by the DLS results, adding increasing
amounts of divalent carbonate anions smoothly introduces ef-
fective attractions of moderate strength at room temperature.
The attractions were further strengthened by increasing the
temperature. This was done while monitoring the microstruc-
ture with SANS both on approaching and crossing the aggre-
gation boundary. In most cases, rather than ‘quenching’ sam-
ples well into the aggregation regime, temperature was usedto
bring samples close to aggregation rather slowly, maintaining
equilibrium as long as possible. In Fig. 3 the scattering inten-
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sity is shown as a function ofq and temperature for a sequence
of volume fractionsφHS = 0.08, 0.24, and 0.45, all in the pres-
ence of 0.4 M Na2CO3. The proximity of these samples to the
aggregation boundary can be read off the diagram in Fig. 1,
where state points corresponding to the SANS measurements
are indicated.
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Fig. 3 Scattering intensity as a function ofq and temperature for a
set of three volume fractions,φHS = 0.08 (bottom group of data),
φHS = 0.24 (middle), andφHS = 0.45 (top). All were dispersed in
0.4 M Na2CO3 and adjusted to core scattering conditions at 20/80
w/w D2O/H2O. The data have been shifted vertically for clarity
(with shift factors given along the right-hand side). Data with grey
symbols correspond to samples with no visible signs of aggregation
below the aggregation boundary in Fig. 1, which, in addition, could
be fitted with an equilibrium theory for a square-well model21 as
shown by the solid lines. Data with red symbols could not be fitted
well or not at all with the same model. The symbols correspondto
those in Fig. 1, allowing identification of the different temperatures
of the measurements.

Some general trends are readily apparent from Fig. 3. As
the aggregation regime is approached from the fluid phase by
raising the temperature, the low-q scattering increases, as ex-
pected when attractions among particles increase in strength.
This effect has previously been modeled for similar parti-
cle dispersions using a square-well attraction (for details see
Ref. 21). We make use of the same model, which employs
the Percus-Yevick (PY) theory for the structure factor neces-
sary for modeling the scattering intensity of non-dilute sam-

ples. Core scattering conditions, corresponding to 20/80 w/w
D2O/H2O, were employed to minimize the scattering from the
PEG layer by approximately matching the scattering length
density of it. The scattering is modeled using an average core
radius of 21 nm, an average hard-sphere radius of 24 nm, a
shell area coverage of 0.7, and a 16.5% polydispersity for all
samples (see Ref. 21 for details). In this way the scatteringin-
tensity can be modeled quite well for temperatures approach-
ing the aggregation regime. The low-q rise in intensity sig-
nals increased concentration fluctuations, suggesting that the
samples come close to a fluid-fluid phase transition on rais-
ing the temperature, which appears to be located quite close
to where aggregation sets in as detected visually. However,
in the vicinity of the aggregation boundary the scattering in-
tensity begins to behave differently compared to at the lower
temperatures. As seen in Fig. 3, at intermediateq the intensity
begins to decrease with increasing temperature (red symbols
in Fig. 3), which, at sufficiently high temperatures, leavesa
peak in the intensity at rather highq. These features are in-
compatible with the predictions of the structure factor model,
which is based on equilibrium theory. Also, it seems that the
scattering intensity at the lowestq remains quite high, which is
certainly the case for the highest particle concentration deep in
the aggregation regime. We note that sedimentation of parti-
cles out of the volume illuminated by the neutron beam would
be associated with a systematic lowering of the intensity for
all q 43. This was observed at much lower concentrations, but
it was not observed forφHS ≥ 0.08, nor were any signs of
delayed settling or collapse detected, as observed in othersys-
tems43–45. In addition, no intermediate-range structures, such
as distinct particle clusters46, are observed in these systems on
the length scales probed by these SANS measurements. How-
ever, e.g., ultra-small-angle neutron scattering measurements
would be required to provide a more definitive answer as to
whether clusters appear prior to crossing into the aggregation
regime.

Shah and co-workers47 have made similar observations re-
garding scattering in connection with depletion-induced gela-
tion. They were able to predict scattering intensities and struc-
ture factors using equilibrium theory on strengthening deple-
tion attractions between particles to the point where systems
gelled, but beyond gelation the scattering deviated from that
predicted by equilibrium theory. They did observe enhanced
low-q scattering similar to that seen here, but they did not note
any decrease in the scattering intensity at intermediateq as
observed here. Somewhat surprisingly, similar studies of non-
aqueous dispersions of sterically stabilized particles, which
one might have thought should be more akin to the PEG-
grafted particle systems under study here, did not find any
low-q upturn in the scattering at higher concentrations where
the attractions were strong enough to gel the samples16,48.

By fitting the SANS data with the square-well model, the
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magnitude of the attraction can be extracted as a function of
temperature and particle concentration. However, as with the
DLS measurements, the analysis does not yield separate es-
timates of the well width and well depth. For this reason
the results have been converted to an overall measure of the
strength of attraction as given by the reduced second virialco-
efficient,B2/BHS

2 . Results for the reduced second virial co-
efficient of the square-well potential obtained from the SANS
analysis are summarized in Table 1 and shown in Fig. 4. Es-
sentially all the other parameters in the analysis were kept
constant in all fits of the SANS spectra. The exception was
at the highest volume fraction ofφHS=0.45 for which the ef-
fective hard-sphere diameter was set to 0.98, whereas in all
other cases it was kept at unity. This had a small effect on the
quality of the fits, but it was nonetheless included due to the
fact that PEG-brushes are likely to become compressed at such
high concentrations. The results for the second virial coeffi-
cient, which show thatB2/BHS

2 becomes increasingly neg-
ative with increasing temperature irrespective of the particle
concentration, demonstrate that attractions persist among par-
ticles at [Na2CO3]=0.4 M and that these attractions increase
in strength as the temperature is increased. Compared to the
strength of attraction obtained from the analysis of the DLS
data at 400 mM Na2CO3 at 25◦C, for whichB2/BHS

2 = 0.56
is consistent with the negative slope of the data in Fig. 2, the
SANS analysis yields a stronger attraction.

Table 1 The reduced second virial coefficient of the square-well
interaction used to model the SANS data in Fig. 3 for the three
particle concentrations investigated. Temperatures at which samples
had passed into the aggregation regime are referred to as ‘agg’. All
samples were dispersed in 0.4 M Na2CO3, in core scattering, i.e.
20/80 w/w D2O/H2O. A reduced second virial coefficient of
B2/BHS

2 = 1 corresponds to hard-sphere behavior.

T (◦C) B2/BHS
2

φHS = 0.08 φHS = 0.24 φHS = 0.45

20.0 0.2 0.5 0.4

23.0 - - -0.2

24.0 - - -0.5

25.0 - 0.1 -1.0

25.5 - - -1.5

29.0 -0.7 -1.0 agg.

30.0 -1.1 agg. agg.

The main result from this analysis is that for the two less
concentrated systems,φHS = 0.08 and 0.24,B2/BHS

2 shows a
similar dependence on temperature, whereas for the more con-
centrated one,φHS = 0.45, B2/BHS

2 shows a far stronger tem-
perature dependence. In other words, as the temperature is in-

20 25 30
T (°C)

-2

-1

0

1

B
2/B

2H
S

φHS=0.08

φHS=0.24

φHS=0.45

Fig. 4 The reduced second virial coefficient of the square-well
interaction extracted from the SANS analysis as a function of
temperature for the three different particle concentrations
corresponding toφHS=0.08, 0.24 and 0.45, as labeled. Solid lines
serve only as guides to eye.

creased, the attractions grow more rapidly when the system is
concentrated. As remarked before, in a previous SANS study
carried out for similar particles at constant temperature21, it
was noted that the scattering intensity could be modeled with a
B2/BHS

2 value that was independent of particle concentration
up toφHS ≈ 0.31. This study concerns far stronger attractions
at higher temperatures and includes a more concentrated dis-
persion atφHS = 0.45. The behavior reported in Fig. 1, which
shows that the system, when concentrated, aggregates at much
lower temperatures is consistent with the results forB2/BHS

2 .
In fact, given the rise in the low-q intensity in Fig. 3 and the
strong temperature dependence ofB2/BHS

2 in Fig. 4, a fluid-
fluid spinodal transition should be located at around 27◦C for
φHS = 0.45. Examining the behavior of sterically stabilized
silica in organic solvent at similarly high particle concentra-
tions, reinforces the differences in behavior compared to this
PEGylated system. Whereas the aggregation observed here is
connected with negative values ofB2/BHS

2 , the gelation ob-
served at high concentrations in the non-aqueous system oc-
curs at positive values48.

To rationalize this behavior we note that moderate attrac-
tions between polymer-grafted particles with high grafting
density are to be expected when the solvent quality is wors-
ened49. Moreover, the magnitude of this attraction, judging
from computer simulations49, appears to be a smooth function
of solvent quality and is associated with a gradual shortening
and densification of the grafted brush, which translates into a
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shift of the attraction to shorter separations. The former is in
qualitative agreement with the findings of this study, whereas
a shift of the attraction by a few nanometers at most is too
small to be ascertained from the SANS analysis. The finding
of the much stronger temperature dependence of the attraction
at high particle concentrations indicates that the interactions
become concentration dependent at sufficiently high particle
concentrations. A possible explanation for this behavior is that
the grafted PEG chains compete for hydrogen bonding to wa-
ter molecules. As the particle concentration reaches high val-
ues, so does effectively the PEG concentration at the expense
of the concentration of the solvent. In modeling the phase be-
havior of bulk PEG solutions, Matsuyama and Tanaka50 de-
veloped a model in which solvent molecules associate with
chains such that the concentration of free, non-associatedsol-
vent depends on both temperature and polymer concentration.
In this way closed-loop phase diagrams of aqueous PEG solu-
tions could be predicted that in addition shows that the poly-
mer solvation decreases both as the temperature and the poly-
mer concentration increase. We speculate that this is the origin
of the stronger attractions seen here at higher particle concen-
trations.

4 Conclusions

The effective attraction and static structure of aqueous dis-
persions of PEGylated nanoparticles have been studied as a
function of solvent quality and particle concentration. Adding
divalent ions combined with increasing the temperature serve
to reduce the solvency of the PEG graft and produces effec-
tive attractions among colloids. When the attractions become
sufficiently strong macroscopic aggregation ensues reversibly
along a relatively sharp boundary. This process is signaledby
a systematic enhancement of the low-q scattering followed by
a decrease of intermediate-range structural correlations, point-
ing to an inhomogeneous structure beyond the point of aggre-
gation as observed also visually. The SANS analysis reveals
that the attraction is independent of particle concentration for
low to moderate particle concentrations, where it is only gov-
erned by the temperature. However, for high particle con-
centrations a much stronger temperature dependence is found,
which also shows that the attraction becomes dependent on
the particle concentration. This behavior of the attraction is
attributed to a decreased polymer solvation at higher particle
concentrations where also PEG concentrations are high, albeit
confined to the particle surfaces, such that the ratio of ethylene
oxide segments to water becomes high.
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