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Addition of polymers to a colloidal dispersionmodulates the interactions between the colloids.We briefly review
the effects of positive and negative adsorption (also termed depletion). The effective colloid–polymer interac-
tions sensitively affect the colloidal phase behavior. We present a theoretical framework to predict the phase be-
havior of colloid–polymer mixtures for varying affinities between colloid and polymer, leading to either positive
or negative adsorption of polymer segments. For certain conditions, polymers are neither depleted nor adsorbed:
the polymer concentration is essentially constant up to the colloidal surface, a condition which we term neutral
adsorption. Near this condition, the calculated phase diagrams reveal a stable–unstable–restabilisation transition
with increasing polymer concentration. Similar effects have been reported experimentally, for instance as a func-
tion of temperature [Feng et al., Nat. Mat., 2015, 14, 61–65], which may modulate the effective polymer–colloid
affinity. Understanding how to achieve neutral adsorption opens up the possibility of preparing highly dense,
yet stable, colloid–polymer mixtures.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
Keywords:
Colloid–polymer mixtures
Depletion
Adsorption
Colloidal interaction
Bridging
Phase behavior
Contents
1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
2. Methods. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
3. Polymers near surfaces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
4. Pair interactions and second virial coefficient . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
5. Phase diagrams . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
6. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
Acknowledgement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
Appendix A. FMSA for HCY potentials. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
Appendix B. Pair potentials at various conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
Appendix C. Re-entrant F–S phase behavior at fixed colloid volume fraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1. Introduction

About fourmillennia ago theEgyptiansdesired towrite andas a result
invented classic ink: carbon black particles dispersed in water, together
istry, Department of Chemical
lar Systems (ICMS), Eindhoven
ven, the Netherlands.

. This is an open access article under
with biopolymers [1]. The presence of the latter, either in the form
of milk caseins, egg white albumin, or gum arabic from the Acacia tree
resulted in colloidal stability of the ink dispersion. Since carbon black
particles do not disperse inwaterwithout a layer of stabilizing polymers,
the Egyptians obviously were already capable of achieving steric
stabilization.

One century ago scientists gradually started to gain insights into the
properties of colloidal particles in solvents. The stability of aqueous col-
loidal dispersions gained significant attention. The colloidal stability of
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Schematic scenarios occurring after mixing polymers (green chains) with colloidal
spheres (grey particles) in case of (a–c) negative adsorption (depletion) of polymers or
(d–f) positive adsorption (accumulation) of polymers.
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such charged particle dispersions strongly depended on salt concen-
tration. The independent but simultaneous efforts in the USSR by
Boris Derjaguin and Lev Landau in Moscow, and by Evert Verwey
and Theo Overbeek in Eindhoven, the Netherlands, led to a frame-
work, often termed DLVO theory [2,3], which provides a semi-
quantitative description of the interactions and stability of charged
colloids in polar solvents. It became clear that van der Waals interac-
tions between the colloidal particles in a solvent lead to attraction
between the particles, while double layer interactions typically result
in repulsive interactions. The latter depend on salt concentration,
which clarified the finding that aqueous colloids may aggregate at
high salt content.

Later work commenced on the influence of additives such as
polymer chains or a second kind of colloid.2 In the 1950s Sho
Asakura and Fumio Oosawa [4,5] in Nagoya, Japan, showed that
adding nonadsorbing macromolecules to a colloidal dispersion in-
duced effective attractions between the colloidal particles. In the
same period E.W. Fischer [6] in Mainz, Germany, demonstrated
that the presence of polymers at the surface of colloids can lead
to steric stabilization and are capable of compensating van der
Waals attractions. For an early review on the effects of polymer ad-
sorption, see for instance Ref. 7.

Hans Lyklema, who finished his PhD study under the guidance of
professor Overbeek in 1957, initiated a line of research at Wageningen
University which was largely dedicated to (positive and negative) ad-
sorption of ions, proteins, polymers, and surfactants onto colloidal par-
ticles. Adsorption is the excess of a compound at an interface with
respect to its bulk concentration. The PhD thesis of his student Gerard
Fleer [8] may be regarded as pioneering work on experimental poly-
mer adsorption studies [9–11]. One may say that this work in the
end helped to initiate the development of the Scheutjens–Fleer self-
consistent field theory to study polymers near interfaces [12,13], as
well as many other topics and extensions [14] including the effects
of charges [15,16].

Mixtures of colloidal particles and polymers are not only of funda-
mental interest but are widespread in biological [17–19] (e.g., blood)
and industrial [20,21] (e.g., paint) systems. Fundamental understanding
of the colligative properties of colloid–polymer mixtures (CPMs) in
terms of the molecular parameters involved provides a design pathway
towards the desired final application. Particularly, the solvent quality
[22,23] as well as the specific polymer–colloid interaction [24] mediate
the stability of the CPM. Polymers which do not adsorb onto the colloi-
dal particles cause an indirect, entropy-driven attraction between the
colloids, known as the depletion attraction [24]. On the other hand,
polymer adhesion driven by enthalpic attractions between the polymer
and the colloid leads to flocculation at low polymer concentrations and
steric stabilization at higher concentrations [25]. It is clear that both
polymer depletion as well as polymer adhesion phenomena strongly
mediate colloidal stability.

Fig. 1 sketches expected situations emerging upon adding polymer
chains to a dispersion of colloidal particles in a common solvent. In
the case of negative adsorption or, as Napper probably first coined
[26,27], depletion there are excluded volume layers surrounding the
colloidal spheres in which the concentration of polymer segments of
polymer chains is smaller than in the bulk (Fig. 1a–c). Negative adsorp-
tion implies that the polymer segment concentration in the vicinity of
the colloidal particles is lower than in the bulk. The extent of this region
is denoted as the depletion thickness and is in a dilute polymer solution
close the radius of gyration of the polymer chains [28]. Theory [29], ex-
periments [22], and computer simulation [30] studies have revealed
that the depletion thickness decreases at sufficiently high polymer
concentrations.
2 In classical colloid chemistry the term ‘colloid’ refers to a colloidal dispersion (colloidal
particles plus medium). Here, we use it also to refer to the colloidal particles.
Whenever the depletion zones of colloids overlap the osmotic pres-
sure of the nonadsorbing polymers gets unbalanced, pushing the parti-
cles together. Therefore the presence of the depletion zones leads to an
effective attraction between the colloidal spheres, which can be ex-
plained by the fact that the total volume of the depletion zones can be
reduced if they overlap [31]. In the case of low polymer concentration
(a) the attraction is too weak to cause any instability. Upon increasing
thepolymer concentration (b) the attraction can get strong to such a de-
gree that the mixture becomes unstable and phase separation takes
place, leading to (for instance) two coexisting phases: one enriched in
polymer chains and another phase enriched in colloidal particles. At
very high concentrations (far above the polymer overlap concentration)
the depletion thicknessmay become so thin that the system restabilizes
(c) [26,27,32].

In case of accumulation of polymer chains the situation is quite
different (Fig. 1d–f). If there is a relatively small amount of posi-
tively adsorbing polymer chains the polymer coils tend to adhere
onto multiple surfaces, thereby inducing bridging flocculation
(d) [33]. When the amount of polymers added is sufficient to
completely cover all particle surfaces the dispersion may be stable
(e): there can be sufficient steric repulsion between the adsorbed
polymer layers to prevent any flocculation [34]. Still, upon
overdosing the amount of polymers depletion forces become signif-
icant, again leading to demixing (f) [35].

Instability of CPMs is often undesirable since long-term stability is a
requirement for products such as food and coatings. It should be men-
tioned however that phase separation can also be useful to fractionate
compounds or extract certain components [28]. Hence, a better under-
standing of the stability of CPMs, which is sensitive to both polymer de-
pletion or adhesion phenomena, will enable to improve products and
controlling related processes.

Most of the theoretical investigations on the phase behavior of CPMs
have been conducted on the depletion case, particularly under the as-
sumption that the polymer concentration at the colloidal surface is
strictly zero [36–38]. We term this situation classical depletion. Such a
full depletion situation is formally restricted to a particular situation.
Only if the effective interaction between the polymer segments and
the surface is sufficiently repulsive there is a vanishing polymer seg-
ment concentration at the colloid [39]. Whenever the entropic or
enthalpic penalty for the presence of polymers near the colloidal surface
is insufficient, there is a finite polymer concentration at the colloidal
surface. Attention has been paid to understand the effect of this weak
depletion as compared to the classical depletion case [22,23,40], also at
high polymer concentrations [41].
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Limited attention has been paid to the colloidal interactions induced
by weakly adhesive polymers [38,42]. For polymers which weakly (re-
versibly) adhere onto the colloidal particle (‘weak physisorption’),
segment–surface attractions are smaller than the thermal energy. In
this case, the phase behavior of the CPM can be interpreted using ther-
modynamic descriptions such as the sticky hard sphere model [43,44].

If the polymer affinity for the colloidal particle is sufficiently high, ki-
netic effects become relevant and/or polymers may irreversibly adsorb
at the colloidal particles [25,45]. Both for depletion and bridging attrac-
tion, short-ranged and strong interactions may induce non-equilibrium
phenomena. These include flocculation, aggregation, gelation [46], for-
mation of percolated networks [42] and formation of colloidal glasses
[47]. These states are out of the scope of the present work, where we
present a theoretical framework for the equilibrium phase behavior
from classical depletion to weak adsorption (situations schematized in
Fig. 2).

This paper is dedicated to the line of research on polymer adsorption
initiated byHans Lyklema, and is inspired by the classic studies of two of
his PhD students Jan Scheutjens and Gerard Fleer on polymer-mediated
interactions between two parallel plates [48,49]. Theoretically, we first
revisit the well-established negative adsorption (depletion) and (posi-
tive) adsorption polymer concentration profiles near a hard surface for
a dilute polymer solution. Then, we systematically vary the polymer–
colloid affinity, which reveals a smooth transition from negative to pos-
itive adsorption. In between we find a scenario of neutral adsorption
where the polymer solution appears effectively unaffected by the colloi-
dal particle. Neutral adsorption reveals the possibility of preparing
CPMs which are stable over a wide range of polymer concentrations.
From the plate–plate interactions, we resolve the polymer-mediated
pair potentials between colloidal hard spheres. Following the ideas of
the extended law of corresponding states [50] allows us to construct
the phase diagrams of CPMs ranging from classical depletion (negative
adsorption) to weak adhesion via the neutral adsorption condition.

In the next Section the framework of the computational approach
followed is outlined. In the subsequent Section 3 the focus is on density
profiles of polymer chains for several conditions, ranging from negative
adsorption towards positive adsorption. In Section 4 results for the pair
interactions between two particles mediated by the polymer chains are
discussed, while the phase behavior of colloid–polymer mixtures is
treated in Section 5. Finally, the conclusions are summarized in
Section 6.

2. Methods

In this paperwe use the Scheutjens–Fleer self-consistentmean-field
theory (SCFT) for polymers at interfaces [12,51,52], and use the sfbox
software for obtaining homopolymer segment distributions and plate–
plate interactions. As the SCFT computations are based on Flory–
Huggins (FH) mean-field theory, segment–segment interactions are
captured via FH χ-parameters. We use a planar lattice with coordina-
tion number k = 6 (a simple cubic lattice), and account for concentra-
tion gradients in the direction orthogonal to the flat surface. The lower
and upper boundary conditions of the lattice can be defined either as
a solid or as a mirror. In this work, we consider two cases: i) a solid sur-
face impenetrable to all components in the systembefore thefirst lattice
Fig. 2. Schematic representation of polymer configurations near a hard surface. Dashed
lines represent the adsorption thickness δ, which is negative for depletion and positive
for adsorption.
layer and amirror located after the last lattice layer, or ii) an impenetra-
ble solid surface both before the first and after the last lattice layers. In
either case, the number of layers is Nlat. For situation (i) h = 2bNlat,
where h is the distance between the two hard plates and b the lattice
layer spacing. In case (ii), h = bNlat. The [guest (G)] homopolymer
chains added to the colloidal suspension are considered to be in a θ-
solvent (W); the polymer segment–solvent interaction is χGW = 0.5.
The effective affinity of the polymer segments for the surface groups
at a flat wall, which represents the surface of the colloidal (C) particle,
is determined by the difference between polymer–colloid (χCG) and
solvent–colloid (χCW) interactions. The effective interaction between
the flat plate and a polymer segment (G) is therefore set via Δχ =
χCG − χCW. For a fixed value of χGW, results are invariant at a fixed
Δχ [22]. For simplicity, we set χCW = 0, so Δχ ≡ χCG. All interactions
are expressed in units of kBT, with kB the Boltzmann constant and T
the absolute temperature.

The SCFT approach provides the polymer segment concentration
profile that optimizes the free energy of the lattice at the imposed values
for ϕG

bulk and Nlat, following a semi-grand canonical approach at a fixed
polymer bulk concentration. For each species the chemical potential in
the bulk and in the system are equal. In the planar lattice, the resulting
grand-canonical potentialΩ comprises the free energy and the chemical
potential of components in the lattice. Under θ-solvent conditions, the
(guest) homopolymer size may be characterized via its radius of gyra-
tion [53]:

Rg ¼ b

ffiffiffiffiffi
N
6
;

r
ð1Þ

with b the size of a lattice site and N the number of polymer segments.
We set N=1000 for all calculations in this work unless otherwise indi-
cated. As no long-ranged interactions (e.g., electrostatics) play a role
and we normalize all distances either by the polymer size Rg or the col-
loidal diameter σ, there is no need to specify b. We express the homo-
polymer concentration ϕG relative to the overlap concentration ϕG

∗,
defined as:

ϕ�
G ¼ Nb3

vG
≈ 3:5N−1=2; ð2Þ

with

vG ¼ 4π
3

R3
g ð3Þ

the volume occupied by a polymer coil in the bulk at low concentra-
tions. The interaction energy Wplate per unit area between two plates
separated a distance h follows as [48]:

Wplate hð Þ ¼ Ω hð Þ−Ω ∞ð Þ: ð4Þ

Weemploy theDerjaguin approximation to obtain the interactionW
between two spheres from the interaction between two plates [28]:

W rð Þ ¼ WHS rð Þ þ πσ
2

Z ∞

r
Wplate r0−σð Þdr0; ð5Þ

where r is the distance between the centres of the colloidal sphereswith
diameter σ and WHS is the hard-sphere (HS) potential which accounts
for impenetrability between the colloidal particles (see Appendix A).
An important quantity is the polymer–to–colloid size ratio q, defined as

q ≡
2Rg

σ
: ð6Þ

Here we use q=0.15. The interaction potentials calculated via SCFT
(upon applying the Dejarguin approximation) are fitted to a hard-core
Yukawa (HCY, see Appendix A) potential upon imposing the additional
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constraint that for the SCFT approach and the HCY fit both the second
virial coefficient B2 and area under the potential are equal. The second
virial coefficient resulting from sphero-symmetric interactions contain-
ing a hard-core contribution reads as:

B2

vc
¼ 4þ 12

Z~r¼∞

~r¼1

~r2 1− exp −βW ~rð Þ½ �ð Þd~r; ð7Þ

where~r ¼ r=σ and β=1/(kBT). From Eq. (7) it follows that for HSs B2=
4vc [54]. An advantage of fitting the numerical polymer-mediated
colloid–colloid interactions via HCY potentials is that closed-form ex-
pressions for the thermodynamics of the colloid–polymermixture of in-
terest become available, see Appendix A. Given a certain choice for q,
fitted ranges qY and strengths ε of the polymer-mediated effective
colloid–colloid interaction are obtained as a function of ϕG

bulk.

3. Polymers near surfaces

Next, the focus is on density profiles near solid surfaces and the
influence of the effective polymer–colloid affinity. We first consider
polymers on a planar lattice where a single hard surface, which
mimics the surface of the colloidal particle, is present. The resulting
polymer concentration profiles already provide a first assessment of
the polymer-mediated interactions between colloidal particles. For
various values of the colloid–polymer affinity Δχ, illustrative poly-
mer segment concentration profiles near a single hard plate are plot-
ted in Fig. 3 for a dilute polymer bulk concentration (ϕG

bulk/ϕG
∗ =

10−4). Expected homopolymer segment concentration profiles
[52] near a hard wall for the depletion and adhesion cases are recov-
ered for Δχ = +1.0 and Δχ = −0.74, respectively. Formally, the
adsorbed amount Γ (number of monomers per unit area) at a single
surface is defined as [52]:

Γ ¼ 1

b3

Z ∞

0
dz ϕG zð Þ−ϕbulk

G

h i
; ð8Þ

where z represents the distance to the surface. The colored areas
hence represent the negative (purple for Δχ = −0.4 or purple
plus grey for Δχ = +1.0) and positive (orange, Δχ = −0.74)
adsorbed amounts of polymer segments. For Δχ = +1.0 there is
negative adsorption; the segment concentration close to the surface
is smaller than in the bulk. This case is close to classical depletion of
polymer chains at the colloidal surface, for which ϕG(z=0)≈ 0. For
Fig. 3. Polymer concentration profiles relative to bulk (ϕG/ϕG
bulk) as a function of the

distance from a flat surface (z/Rg). Polymer–colloid affinities Δχ as indicated. In the
inset, the adsorption thickness δ as a function of Δχ is presented. The situation δ ≈ 0
corresponds to the neutral adsorption condition. Polymer bulk concentration relative to
overlap is ϕG

bulk/ϕG
∗ = 10−4. The polymer consists of N = 1000 segments with segment–

solvent interaction χGW = 0.5.
z N 0, the segment concentration gradually increases until it reaches
the plateau bulk value, reached near z≈ 3Rg. A precise evaluation for
ϕG(z=0)= 0 corresponds to Δχ=6 ln (7/6)≈ +0.92 [55]. As can
be observed, for Δχ = −0.4 the segment concentration at the sur-
face is finite and the segment density profile is narrower than for
Δχ = +1.0.

For adhesive polymers (Δχ = −0.74), the concentration near the
colloidal hard surface is much greater than in bulk, and reaches its
bulk value also around z≈ 3Rg. The equilibrium properties of adsorbed
polymers3 are well-established [56], and the features of weakly-
adsorbing polymers are well-recovered in SCFT [52].

Remarkably, for Δχ ≈ −0.59 the polymer segment concentration
profile is practically equal to ϕG

bulk up to the lattice site adjacent to the
hard surface. This specific colloid–polymer affinity defines the neutral
adsorption condition, characterized by polymers that are neither de-
pleted from nor adhered at the hard surface (see Fig. 2). In the inset
of Fig. 3 we show the adsorption thickness δ of the polymer, defined
as δ = b3Γ/ϕG

bulk or, in a discrete lattice approach:

δ
b
¼
X
z

ϕG zð Þ
ϕbulk
G

−1: ð9Þ

Depletion is characterized by an adsorption thickness δ b 0,
while for adsorption δ N 0. One could interpret δ as an effective
amount of space gained (δ N 0) or lost (δ b 0) by the polymer
due to presence of the hard surface. The neutral adsorption condi-
tion is characterized by a vanishing value of δ. The transition from
negative (depletion) to positive adsorption occurs over a narrow
Δχ range. We denote the particular affinity where δ vanishes as
Δχn. Note the highly non-linear behavior of δ near Δχn in the
inset of Fig. 3. Previously, it has been argued that homopolymer ac-
cumulation at the solid interface occurs at Δχ ≲ ln (5/6) ≈ − 0.18
[57]. In contrast, we define depletion as the situation at which δ b

0 and adsorption in the case of δ N 0.
One may question whether the transition from negative to positive

adsorption depends on the polymer length N. In Fig. 4 we present the
normalized adsorption thickness δ/Rg as a function of the effective
colloid–polymer affinity Δχ for increasing polymer length N. As can
be observed, the general dependence of the normalized adsorption
thickness becomes stronger when the chain length N increases. Inter-
estingly, however, the value of Δχn, i.e. δ = 0 (the dashed line), is
rather insensitive to chain length. Thus, we focus on the case N =
1000 for the remainder of this work and will now pay attention to
the polymer concentration effects. Furthermore, we note that at
fixed Δχ the adsorption thickness depends on N. For adsorbed poly-
mers (Δχ b −0.59) this is in line with previous work which demon-
strated that the adsorbed amount at saturation is dependent on the
molar mass [52].

The polymer segment concentration profiles near a hard surface
are modulated by the effective polymer–colloid affinity Δχ, but
also by the polymer bulk concentration ϕG

bulk and the polymer sol-
vency χGW. Ultimately, polymer-mediated interactions are deter-
mined by the local polymer segment density profiles and by the
osmotic pressure in the bulk. Independently ofΔχ, the osmotic pres-
sureΠbulk and consequently the fugacity of the polymers in bulk fol-
lows from FH theory [53]:

~Πbulk ≡
ΠvG
kBT

¼ −
N
ϕ�
G

ln 1−ϕbulk
G

� �
þ 1−

1
N

�
ϕbulk
G þ χGW ϕbulk

G

� �2�
;

��
ð10Þ
3 In the rest of this paper the termadsorption refers to positive adsorption, so to the case
that the polymer chains are effectively adhesive or are attached at a surface; there is a pos-
itive excess of polymer chains at the surface with respect to the bulk concentration.



Fig. 4. Adsorption thickness as a function of the effective colloid–polymer affinity Δχ at
very low polymer concentration ϕG

bulk/ϕG
∗ = 10−7 with varying polymer length N as

indicated. Dashed line marks neutral adsorption. Note that at sufficiently low polymer
bulk concentrations δ does not depend on ϕG

bulk/ϕG
∗.
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which for polymers in a Θ-solvent (χGW = 0.5) at low concentra-
tions reduces to the Van ’t Hoff law:

~Πbulk ≈
ϕbulk
G

ϕ�
G

: ð11Þ

In Fig. 5, the dependence of δ on ϕG
bulk is presented for a wide range of

effective polymer–surface affinities Δχ. The information presented in
Fig. 5 contains the dependence of Γ on Δχ and ϕbulk, as Γ = δϕbulk/b3.
For a polymerwhich is classically depleted [see Fig. 5(a)] from the surface
we recover δ≈ −1.1Rg as expected [39] for ϕG

bulk/ϕG
∗ ≲ 0.05. For all nega-

tive adsorption cases [1 ≲ Δχ ≲ −0.59, see Fig. 5(a)], δ is nearly indepen-
dent of ϕG

bulk for ϕG
bulk/ϕG

∗ ≲ 0.05. For Δχ b 1, the depletion thickness is
always smaller than for the full depletion case due to a decreased free en-
ergy penalty of the guest polymer at the colloidal surface. For ϕG

bulk/ϕG
∗ ≳

0.05, the bulk osmotic pressure exerted by the polymers on the depletion
zone (the volume where polymers are depleted) leads to compression
[30,55,58], and thus δ decreases in magnitude. This decrease of δ has
been indirectly quantified experimentally for instance via optical tweezer
[59] and atomic force microscopy measurements [22].

In the case of positive adsorption of homopolymers [−0.59 ≲ Δχ ≲
−0.82, see Fig. 5(b)], the following trends are observed. A stronger ef-
fective segment–surface affinity (more negative Δχ) results in a thicker
adsorbed layer for all polymer bulk concentrations; i.e., a higher δ. As for
the depletion attraction, δ eventually decreases in magnitude with
Fig. 5.Adsorption thickness δ as a function of thepolymer bulk concentration relative to overlap
−0.59, the neutral adsorption condition holds, hence δ ≈ 0 up to relatively high polymer bulk
increasing ϕG
bulk. Opposite to the depletion case, the regime where δ

has a plateau value at low ϕG
bulk depends on the specific Δχ-value: the

lower Δχ, the lower the ϕG
bulk at which the surface is saturated with ad-

hering polymers.
The neutral adsorption condition is defined here in the dilute limit of

ϕG
bulk. Remarkably, for Δχ= Δχn, δ becomes negative above ϕG

bulk/ϕG
∗ ≈

0.01, see Fig. 5. A negative δ-value indicates there is a depletion layer.
The origin of this decrease of δ lies in the saturation of the surface
with polymer. Therefore the concentration of polymer at the surface is
no longer proportional to the bulk concentration and δ decreases. Al-
though a depletion layer is formed, this process effectively resembles
the decrease of δ observed in the positive adsorption case. Further in-
crease of the polymer concentration leads to compression of the deple-
tion layers due to solvent removal, which resembles the increase of δ for
depleted polymers. This reflects the dual and intricate nature of theneu-
tral adsorption condition, having both characteristics of depletion and
adhesion.

Next, we focus on the concentration profiles in polymer solutions
confined between two hard flat surfaces (Fig. 6). If the distance between
the surfaces is large enough, the segment concentration profiles near ei-
ther surface are like those reported in Fig. 3 near a single surface. For the
depletion case, small interplate distances lead to a decrease of the max-
imum polymer concentration between plates with respect to the bulk
due to an entropic penalty for polymers in confinement. In case of
adsorbing polymers, the concentration between plates becomes larger
than in bulk. The entropy loss of polymers in confinement is more
than compensated by an enthalpic preference of the polymers to be in
contact with the wall. Hence, when a free guest polymer chain can
reach both surfaces (h ≈ 3Rg, see Fig. 3) the polymer concentration is
higher than in the bulk throughout the inter-plate region. Remarkably,
in case of Δχ ≈ −0.59 the concentration profiles remain essentially
flat and are equal toϕG

bulk for all interplate distances. The small dents ob-
served at the hard surfaces relate to the fact that a polymer can not be
positioned inside the hard wall.

4. Pair interactions and second virial coefficient

In this section, the interactions between colloidal spheres mediated
by the addition of homopolymers are studied at the two-body colloid–
colloid interaction level. Examples of pair potentials between spherical
colloids are shown in Fig. 7 at a low polymer bulk concentration ϕG

bulk.
We focus first on classical depletion (Δχ= +1.0), for which the attrac-
tion is strongest at r = σ and vanishes at r/σ ≈ 1 + q. The results are
compared with the exact analytical expression for ideal nonadsorbing
polymer chains by Eisenriegler [60]. The SCFT data points, the fitted
solid HCY curve, and Eisenriegler's theoretical prediction (dashed grey
curve) are in agreement. The interaction beyond the hard-core for Δχ
(ϕG
bulk/ϕG

∗) for a collection of effective polymer–colloid affinities (Δχ) as indicated. AtΔχ≈
concentrations.



Fig. 6. Local polymer segment concentration profiles relative to bulkϕG/ϕG
bulk as a function

of theposition z between twoparallel,flat surfaceswith decreasing the interplate-distance
h (see sketch in the top panel). Effective polymer–colloid affinitiesΔχ are indicated on the
right. Arrow indicates decreasing inter-plate distance, h∗ = h/Rg.
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≈ −0.59 is negligible: the colloidal particles interact effectively only via
their excluded volume since there is neutral adsorption: inhomogenei-
ties in the polymer segment density profiles are absent.When consider-
ing positive adsorption (Δχ = −0.74) at low polymer bulk
concentrations, the resulting attraction is shorter in range but signifi-
cantly stronger than the depletion attraction. Due to the preference of
the polymers to sit at the colloidal surface, bridging-induced attraction
occurs due to weakly adsorbing polymers at low concentration. The dif-
ferent ranges of the depletion and bridging attractions presented are
magnified in the inset in Fig. 7(b). For clarity, the fitted interactions
are normalized by the absolute contact potential ∣W(r = σ)∣. It follows
that, for ϕG

bulk/ϕG
∗ ≲ 0.05 the normalized depletion attraction remains

fairly constant. Further details on the pair potentials with increasing
ϕG
bulk and the results of the HCY fits are presented in Appendix B.
Fig. 7. Interaction between two spheres with diameter σ mediated by polymers with
relative size q ≡ 2Rg/σ = 0.15 as a function of the distance between the centres of the
spheres r. Effective polymer–colloid affinities Δχ are indicated. Solid curves correspond
to the hard-core Yukawa (HCY) pair potential used to fit the calculated points. The
dashed grey curve corresponds to theory by Eisenriegler [60] for the depletion attraction
between two spheres. Polymer bulk concentration relative to overlap is ϕG

bulk/ϕG
∗ =

10−3. Inset in the bottom panel shows the HCY-fitted depletion and adsorption
potentials normalized by their absolute contact value ∣W(r = σ)∣.
In a similar fashion as the adsorption thickness δ collects some key
features of the concentration profiles, we use the second virial coefficient
B2 to analyze the overall effect of homopolymer addition on the pair–
interactions. OftenB2 is used as an indicator of the phase stability of a col-
loidal suspension [61–64]. For pure HSs without additional interactions,
B2
∗ ≡ B2/vc = 4, with vc = (π/6)σ3 the colloidal particle volume. Conve-

niently, the HCY model fit provides information on how the range and
the strength of the interaction depend onϕG

bulk. The discussionwhich fol-
lows is basednot only upon thepair interactions, but also on the informa-
tion extracted from theHCY fit. The collected ranges qY and strengths ε of
the attraction from this systematic fit are presented in Appendix B.

In Fig. 8(a), results for different polymer–colloid affinities, ranging
from depletion (Δχ= +1.0) or negative adsorption to neutral adsorp-
tion (Δχ≈ −0.59), are plotted. Independently of theΔχ-value, B2∗ ≈ 4
for ϕG

bulk/ϕG
∗ ≲ 10−2. Further increase of ϕG

bulk first decreases B2∗ up to a
minimum value around ϕG

bulk/ϕG
∗ ≈ 0.9. The second virial coefficient

then increases with ϕG
bulk back to B2

∗ ≈ 4. The depths of these minima
in B2

∗ decrease with decreasing Δχ. The latter points towards a
restabilisation of the colloidal suspension with decreasing Δχ: the
Vliegenthart–Lekkerkerker criterion [62] states that if B2

∗ remains
above −6, a colloidal dispersion is expected to be stable. Close to the
neutral adsorption condition (Δχ ≈ −0.59), B2∗ ≈ 4 for all ϕG

bulk,
even though δ is small yet finite at intermediate polymer concentrations
[0.01 ≲ ϕG

bulk/ϕG
∗ ≲ 1, see Fig. 5(a)].

In case of polymer adsorption onto the colloidal surface (Δχ ≲
−0.59), B2∗ b 4 already at very low polymer bulk concentrations. At a
fixed, low ϕG

bulk, both the range and the strength of the bridging attrac-
tion increase with decreasing Δχ (see Appendix B). For lower Δχ, the
polymers stretch from one surface to the other in order to maximize
their overall contact with the colloidal surfaces. As expected, the
colloid–colloid attraction increases for higher effective affinity of the
polymer chains to the colloidal surface. For ϕG

bulk/ϕG
∗ ≲ 0.1, both the

range and the strength of the adsorption increase with ϕG
bulk. As for the

depletion cases, B2∗ also reaches a minimum with increasing ϕG
bulk. In

this case, as polymer chains accumulate at the colloidal surface, compe-
tition between bridging attraction and steric (entropic) repulsion be-
tween adsorbed polymers takes place. A repulsive interaction beyond
the hard-core occurs near and above ϕG

∗, which results from a
potential with a non-negligible attractive and very short-ranged strong
repulsive contributions (see Fig. B.10, bottom-right panel). The trends
obtained for B2∗ point, also for weakly adsorbing polymers, towards a
destabilization–restabilization transition around ϕG

bulk ≈ 0.1. Similar
trendswith increasingbridging agent concentration for the secondvirial
coefficient have been recently reported for sticky hard sphere binary
mixtures [43,44]. Contrary to these approaches, we account specifically
for the polymeric nature of the weakly adsorbing bridging agent.
5. Phase diagrams

Phase diagrams can be constructed from the SCFT approach com-
bined with the Derjaguin approximation. The SCFT results for the pair
interaction between two spheres were fitted to the hard core Yukawa
(HCY) potential, which enables to compute the many-body Helmholtz
energy by virtue of the first order mean spherical approximation
(FMSA) [65,66]. Equal osmotic pressure ~Π and chemical potential ~μ of
the fluid and solid colloidal phases hold whenever phase coexistence
takes place. Detailed results of the systematic fitting of the pair poten-
tials can be found in Appendix B. As the FMSA considers interactions
added to the hard sphere (HS) reference state, the well-known fluid–
solid coexistence for HSs [67] is recovered for all Δχ-values in absence
of polymer (ϕG

bulk = 0).
Predicted phase diagrams are shown in Fig. 9. For polymers which

are fully depleted from the colloidal hard surface [ϕG(z = 0) ≈ 0], the
phase diagram matches predictions of the generalized free volume
theory (GFVT) [28] for hard-spheres dispersed in a polymer solution



Fig. 8.Normalized secondvirial coefficient B2∗= B2/vc with increasing polymerbulk concentrationϕG
bulk relative to thepolymer overlap concentrationϕG

∗. The polymer–colloid affinitiesΔχ
are indicated. For Δχ ≈ −0.59, the neutral adsorption case is retained, and thus B2∗ ≈ 4 for a wide range of polymer concentrations.
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at Θ-solvent conditions [see Fig. 9(a)]. Results from GFVT compare
well with experimental results [28,29,36]. A significant decrease of
Δχ is required in order to observe a shift of the fluid–solid binodal to-
wards higher polymer concentration. Note how similar the phase dia-
grams are for Δχ = 1.0 and Δχ = 0.0. This corroborates the result
that δ/Rg reaches a constant value with increasing Δχ (see inset of
Fig. 3 for Δχ ≳ 0). Further decreasing Δχ dramatically affects the
fluid–solid binodal and increases the miscibility gap. For Δχ ≈
−0.59 the colloidal fluid–solid phase transition is only found at the
coexisting concentrations expected for pure HS a polymer-free system.
It is clear the concept of neutral adsorption reveals the possibility
of realizing CPMs which are stable at high polymer and colloid
concentrations.

At a fixed colloid concentration and Δχ (e.g., ϕc = 0.15 and Δχ =
−0.4), depletion destabilization–restabilization with increasing ϕG

bulk

is revealed: with increasing ϕG
bulk, the CPM goes from a stable one
Fig. 9. Phase diagrams computed using hard-core Yukawa (HCY) fits to the SCF pair potentials,
approximation to the HCY potential. Dashed grey curve corresponds to the phase diagram obt
neutral adsorption takes place, and thus the colloidal fluid–solid coexistence remains at the sa

Table 1
Depletion and weak adsorption characteristics as captured with our computations at low polym
0.140, for Δχ from −0.72 to −0.82.

Δχ ϕG(z = 0)/ϕG
bulk

Classic depletion ≈ 1 ≈ 0
Weak depletion ≳ −0.59 b 1
Neutral adsorption ≈ −0.59 ≈ 1
Weak positive adsorption ≲ −0.59 N 1
phase fluid to fluid–solid phase separation, and back to a single fluid
phase [see Fig. 9(a)]. Similar trends have been observed in experiments
where weaker depletion of polymer occurs due to the presence of short
polymeric chains grafted to the colloidal particles [68,69]. It has been ar-
gued that a slight repulsive bump in the colloidal pair interaction
for a strongly-depleted polymer may be sufficient to explain this
restabilization [38,70,71]. Our SCF computations do reveal this repulsive
bump in the depletion attraction [58] at sufficiently high ϕG

bulk, whose
magnitude is however rather small compared to the contact potential
(see Appendix B). These tiny repulsive barriers [30] do not play a
major role in our model for restabilization.

Next, we pay attention to the phase diagrams obtained for weakly-
adsorbing polymer [Fig. 9(b)]. Already at low ϕG

bulk, the (weakly)
adsorbing polymers induce destabilization of the colloidal suspension.
As expected from the ϕG

bulk-dependence of both δ and B2, weak
adsorption-driven F–S demixing of the CPM occurs at higher polymer
which were inserted into the free energy expressions from the first order mean spherical
ained using generalized free volume theory under Θ-solvent conditions. For Δχ ≈ −0.59
me colloid volume fraction for all depletant concentrations.

er concentration. The scaling exponentm varies from 0.142 to 0.083 and n from 0.212 to

δ/Rg βW(r = σ) range

¼ −2=
ffiffiffi
π

p
~ ϕG

bulk ≈ q

N −2=
ffiffiffi
π

p
~ ϕG

bulk ≲ q
≈ 0 ≈ 0 ≈ 0
N 0 ~ (ϕG

bulk)m ~ (ϕG
bulk)n
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concentration with increasing Δχ. Further, the lower Δχ, the smaller
the stable one-phase region. Still, even at relatively small Δχ values
(e.g.,Δχ= −0.8), restabilization occurs at high polymer concentration.
Then the colloidal surfaces get saturated with (weakly) adsorbing poly-
mers. Contrary to the depletion case, with decreasingΔχ the adsorption
thickness does not reach a limiting value. To the best of our knowledge,
there are no previously-reported phase diagrams for weakly adsorbing
polymers in CPMs where the nature of the bridging agent is taken into
account. It is noted, however, that our computations are based upon
thermodynamic equilibrium. In case of bridging effects the interactions
are quite strong, and kinetic, non-equilibrium phenomena also become
important [25,45,72].

Yet another re-entrant phase behavior can be extracted from our
framework, namely upon varying Δχ. Provided that there is an experi-
mentally realizable tuning parameter for the effective polymer–colloid
affinity, a transition from negative to neutral to positive adsorption is
expected,which consequently changes the phase stability. Temperature
may for instance be such a tuning parameter. In fact, the transition here
described from depletion to adsorption by changing the temperature
has been reported recently [73]. We must note that in real life the sol-
vency of the polymer also changes with temperature, which may
make the phase diagram transitions even richer than with the simple
model presented here. A perhaps simpler picture of the rich re-entrant
phase behavior revealed in terms of the effective polymer–colloid affin-
ity can be found in Appendix C.
6. Conclusions

The influence of polymer chains on colloidal stability has been
reviewed and re-evaluated. First, an overviewwas presented of the con-
sequences for colloidal stability in case of positive adsorption (accumu-
lation of polymers at the colloidal surface) and negative adsorption
(also termed depletion). We presented relatively simple computations
which reveal the phase stability of colloid–polymer mixtures (CPMs)
in the range from non-adsorbing (depleted) to weakly-adsorbed poly-
mers. For classical depletion conditions, the results from the well-
established generalized free volume theory are recovered for the
depletant-to-colloid size ratio q = 0.15. Near a specific effective
polymer–colloid affinity (the neutral adsorption condition), the CPM re-
mains stable up to high polymer and colloid concentrations. This neutral
adsorption condition does not significantly depend on polymer length.
The developed framework captures the different nature of the depletion
and bridging attractions between colloidal particles, summarized in
Table 1.
Furthermore, it follows both from the second virial coefficient
and from phase diagrams that a destabilization-restabilization-
destabilization transition takes place as a function of the polymer bulk
concentration when the colloid–polymer affinity is tuned from classical
depletion to weak adsorption. The trends qualitatively match experi-
mental observations on colloid–polymer mixtures.
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Appendix A. FMSA for HCY potentials

The hard-core Yukawa HCY potential mimics a wide range of interactions between spherical particles, since both the range and strength can be
tuned. It could represent, for instance, a screened double layer repulsion or a Van der Waals attraction between the colloids [74]. It is convenient
toworkwith the dimensionless distance between the centres of two colloidal spheres~r ≡ r=σ, with r the centre–to–centre distance andσ the colloidal
diameter (σ = 2R, with R the colloidal sphere radius). A tilde over the quantities is used to indicate dimensionless units. The relative range of the

Yukawa interaction is characterized byqY ¼ 2=ðκ̂σÞ, with κ̂ the screening parameter (screening length κ̂−1). The HCY pair potential between colloidal
spheres is written in terms of ~r, qY and ε, and normalized by β = 1/(kBT) (with kB the Boltzmann constant and T the absolute temperature):

βWHCY ¼
∞ for ~rb1;

−
βε
~r

exp −
2
qY

~r−1ð Þ
� �

for ~r≥1:

8<
: ðA:1Þ

The strength of the Yukawa potential is set via ε, defined such that ε N 0 implies a HCY attraction and ε b 0 a HCY repulsion. For ε = 0 the HCY
reduces to the HS interaction:

βWHS ¼ ∞ for ~rb1;
0 for ~r≥1:

	
ðA:2Þ

mailto:r.tuinier@tue.nl
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Conveniently, from the HCY potential one can extract approximate (yet accurate) analytical thermodynamic expressions for the free energy of a
HCY-interacting colloidal suspension (within certain limits) [65]. The free energy of a dispersion of colloidal spheres (Fc) interacting via hard-core
Yukawa (FHCY) is described as consisting of a hard core plus an additional Yukawa contribution [66,75]:

Fcvc
kBTV

≡ ~F
HCY
k ¼ ~F

HS
k þ ~FY; ðA:3Þ

where V is the volume of the system considered, and k denotes the phase-state (fluid or solid). The pure HS contributions to the free energy (~F
HS
k ) are

well-known [76,77]. For a fluid of HSs, an accurate expression up to colloid volume fractions ϕc ≈ 0.5 follows from the Carnahan-Starling (CS) [77]
equation of state (EOS):

~F
HS
fluid ¼ ϕc ln

ϕcΛ
3
B

vc
−1

!
þ 4ϕ2

c−3ϕ3
c

1−ϕcð Þ2
;

 
ðA:4Þ

where ΛB is the de Broglie thermal wavelength. For a face-centred cubic (FCC) crystalline solid phase the Lennard-Jones–Devonshire (LJD) [76] EOS
reads:

~F
HS
solid ¼ 2:1306ϕc þ 3ϕc ln

ϕc

1−ϕc=ϕ
cp
c

� �
þ ϕc ln Λ3

B=vc
� �

; ðA:5Þ

whereϕcp
c ¼ π=ð3

ffiffiffi
2

p
Þ ≈ 0:74 is the volume fraction of HSs at close packing. The value 2.1306 has been collected fromMonte Carlo simulations of the

pure HS system [78], but is fairly close to the LJD solution.
Tang et al. [65] derived an expression for the free energy of a collection HCY spheres via a first-order mean spherical approximation (FMSA).

The HCY potential allows an analytical solution of the Orstein–Zernike integral upon using the mean spherical closure approximation in Laplace
space. This leads to analytical expressions for the radial distribution function and the direct correlation function up to first order in inverse tem-
perature. The results provide a closed expression for FY in Eq. (A.3). Tang's approach can be extended to multi-Yukawa potentials, and has been
successfully applied to study the interactions between charged colloidal particles [79] and to predict multi-body properties of particles
interacting through a Lennard-Jones pair interaction [66]. This Yukawa contribution to the free energy can be written in a Van der Waals
form [66,75]:

~FY ¼ −γYϕ
2
c ;

where the Van der Waals parameter γY is not a constant but reads:

γY ¼ γ1βε þ γ2 βεð Þ2; ðA:6Þ

in which the functions γ1 and γ2 can be expressed in terms of the auxiliary functions LY and QY:

γ1 ¼ 3q2YLY
1−ϕcð Þ2 1þ QYð Þ

; γ2 ¼ 3qY
2 1þ QYð Þ4

;

where

LY ¼ 1þ 2=qY þ ϕc 2þ 1=qYð Þ;

and

QY ¼ ϕc
6 1−ϕcð ÞqY þ 9ϕcq

2
Y−3q3Y½1þ 2ϕc−LY exp −2=qYð Þ�
2 1−ϕcð Þ2

: ðA:7Þ

The osmotic pressure Π and chemical potential μ of HCY-interacting spheres follow from standard thermodynamic relations:

βμ ≡ ~μ ¼ ∂~Fc
∂ϕc

 !
T;V

; βΠvc ≡ ~Π ¼ ϕc~μ−~Fc; ðA:8Þ

The relations in Eq. (A.8) apply in general, not only for interacting HCY spheres. Fluid–solid coexistence points at a fixed polymer bulk concentra-
tion are numerically evaluated by finding the colloid volume fractions at which the chemical potential and osmotic pressure of the fluid and solid
phases are equal. Further improvements of Tang's FMSA have been proposed [80,81], yet lacking the simple and tractable closed forms presented
here.

Appendix B. Pair potentials at various conditions

In Fig. B.10, we present pair potentials between colloidal (hard) spheres for various polymer bulk concentrations. The HCY model accurately de-
scribes the SCF computations for various polymer concentrations. In the right panel we zoom in the range of small interacting energies. For the de-
pletion case, the small repulsive bump correspondswith the energy penalty of polymers escaping the depletion zone at high polymer concentrations.
A tiny repulsive shoulder is also visible in case of neutral depletion at high polymer concentration. For the polymer adsorption cases, the strong and
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very short-ranged repulsion observed at r/σ≈ 1may point towards steric repulsion between adsorbed polymers; howeverwe do not further discuss
these effects as our main focus is on dilute polymer solutions.

Fig. B.10. Interaction between spheres with diameter σ due to polymers with relative size q ≡ 2Rg/σ = 0.15 as a function of the distance between the centres of the spheres r/σ for the
polymer–colloid affinities Δχ indicated. In the left panels, solid curves correspond to the hard-core Yukawa (HCY) pair potential used to fit the calculated points. In the right panels,
solid curves are to guide the eye. Polymer bulk concentrations relative to overlap are indicated. Right panels zoom in on the range of small interaction energies for the potentials presented
in the left panels.

Fig. B.11. Fitted ranges qY and strengths ε of the HCY model with increasing polymer bulk concentration ϕG
bulk relative to overlap ϕG

∗ for different effective colloid–polymer affinities Δχ
as indicated.

The results of the HCY-fitting leading to the phase diagrams are presented in Fig. B.11. The HCY-fits for the depletion cases show that qY is
concentration-independent for the depletion attraction as expected in the dilute case (ϕG

bulk/ϕG
∗ ≲ 0.05). Further, qY decreases above ϕG

bulk/ϕG
∗ ≈
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0.05, corresponding to the compression of the depletion zones. On the other hand, the strength ε increases linearly with polymer concentration.
Above ϕG

bulk/ϕG
∗ ≳ 0.05, the range decreases while its contact potential still increases.

In case of weak polymer adsorption, both the range qY and the strength ε of the bridging attraction increase with polymer bulk concentration for
ϕG
bulk/ϕG

∗ ≲ 0.05. Note that themaximumattraction strength shifts towards lowerϕG
bulkwith decreasingΔχ, again in accordancewithwhat is observed

for the adsorption thickness δ. The trends for adsorption around ϕG
bulk/ϕG

∗ ≈ 1 point towards the limitations of fitting the SCF pair interactions with a
single HCY potential. Phenomena such as the dramatic increase of ε accompanied by a decay of qY (observed in the right panels of Fig. B.10) point
towards potentials as the yellow curve in the bottom right panel of Fig. B.10. From the trends on the range and strength of interactions at low
ϕG
bulk, the relevance of the neutral adsorption condition becomes even clearer. While for depletion ε increases linearly and qY remains constant, for

adsorption cases both ε and qY follow a power-law dependence with ϕG
bulk.

Appendix C. Re-entrant F–S phase behavior at fixed colloid volume fraction

In Fig. C.12 we present the phases present at fixed colloid volume fractions with increasing the polymer bulk concentration. Fig. C.12 provides
further guiding on the explanation in the main text regarding the rich re-entrant phase behavior of the F–S phase separation.

Fig. C.12. Re-entrant fluid–solid (F–S) phase behavior with increasing polymer concentration at fixed colloid volume fraction and varying the effective colloid–polymer affinity. Faded
colors indicate F–S phase separation, solid colors stand for a single fluid phase as indicated for the case of classical depletion (Δχ = +1.00) and adsorption (Δχ = −0.82). Dashed
arrows indicate the system parameter variations leading to re-entrant phase behavior of the fluid-solid phase separation.
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