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Entropic depletion attractions between colloidal particles are
ubiquitous and arise solely from physical considerations of
excluded volume. In a mixture of large colloidal particles and
nonadsorbed nanoscale particles (often known as depletants),
when the surfaces of two large particles happen to approach
within the diameter d of the naoscale particles, the smaller
particles can be excluded from the region between the two larger
particles, thereby creating an attractive force between the two
larger particles due to an imbalance osmotic pressure (IT) inside
and outside the gap region." The entropic depletion force has
been the subject of several studies over the past decade because it
plays an important role in many industrial applications.” In
addition, such force is also involved in controlling biological
interactions,” > in organizing self-assembly of colloidal sus-
pensions,®® and in the creation of complex materials.”'" For
examples, Mason has used depletion forces for disk-shaped
particles to direct the assembly of stacks of clay disks,'' Stroock
and co-workers have similarly used depletion forces to assemble
short cylinders with flat ends,'” and Dinsmore et al.'* have
applied depletion forces to sort particles onto fated surfaces.
One advantage in using depletion forces for assembly is that the
interaction potentials are easily controlled in the weak-attraction
regime, namely, 1—5 kgT.

Theoretical progress on the depletion problem began in the late
1950s. Asakura and Oosawa (AO)'* and Vrij'> independently
calculated the depletion potential between two colloidal particles
in ideal dilute polymer solutions. They treated colloidal particles
as hard spheres and assumed that an ideal polymer chain was a
penetrable hard sphere to another polymer chain but was
impenetrable for colloidal particles. Using this model, they
obtained a simple depletion potential with a range of the radius
of gyration of polymer (Ry) and strength proportional to the
concentration of polymers. Despite its simplicity, AO theory
captures the length scale and magnitude of the entropy-driven
depletion force in fair agreement with simulations and experi-
ments. The experimental investigations of depletion interactions
have been conducted in the presence of nonadsorbing nanopar-
ticle suspensions,'® surfactant micellar solutions,'”"™ polymer
solutions,'*? and charged polyelectrolytes.*'**

However, it is worth mentioning that most experimental
studies of depletion interactions have been indirect or limited in
scope. Direct measurements of depletion interactions are still
experimentally challenging, if not impossible, as they require the
detection of potential variations of the order of k5 T'and beyond.*
Unsurprisingly, depletion was first measured directly only
17 years ago using the surface force apparatus (SFA).!” Measure-
ments have recently become possible with the improved sensiti-
vity afforded by techniques such as optical tweezers (OT),>* ¢
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atomic force microscogy AFM),?"%® and total internal reflection
microscope (TIRM).” 3! In particular, TIRM is an extremely
sensitive noninvasive technique that has been used to catch the
weak depletion force acting on a free-moving particle in the
presence of neutral polymer,” charged colloidal rods,* or even
nanobubbles.****

In this work, we present the first study of the depletion
potentials of a free colloidal sphere close to a wall in the presence
of poly(N-isopropylacrylamide-co-methacrylic) (PNIPAM-
co-MAA) microgel particles. One advantage of using PNIPAM-
co-MAA microgel particles as the depleting agents lies in the fact
that PNIPAM-based microgels exhibit an extreme response to
changes in pH, which can lead to dramatic changes in particle size.
We found that the depletion interactions can be easily triggered by
changing the pH values of the solution containing microgel
particles and thus provide a new way of using depletion forces to
direct the assembly of colloidal particles.

The PNIPAM-co-MAA microgels with low polydispersity
were synthesized via emulsion polymerization without using
surfactants.*®*7 The incorporation of MAA allows generation
of internal charges at a pH value greater than 6 (pK, ~ 6.2), which
leads to increased osmotic pressure and thus swelling of the
microgels. Figure 1 confirms the pH-responsive behavior of the
synthesized mcirogel particles. The hydrodynamic diameter of
PNIPAM-co-MAA microgels increases from 216 to 254 nm when
solution pH is increased from 4.6 to 9.5.>” Note that PNIPAM-
based microgels are also well-known to undergo the volume
phase transition by change of temperature,*® and recently, such
temperature-dependent hydrogels have been employed as deple-
tants to thermoreversibly tune colloidal attraction®® and inter-
facial colloidal crystallization.” However, for our synthesized
microgels, we observed a very broad temperature change accom-
panied by small shrinkage in volume at both pH 4.6 and 9.5.
The reason for the broad temperature and small volume transi-
tion may be related to the inhomogeneous distribution of the
comonomer in the PNIPAM-co-MAA copolymer microgels
particularly with low MAA content.*® Thus, in this study, we
will only investigate the effect of pH-triggered volume phase
transition of the PNIPAM-co-MAA microgel particles on the
interaction potentials between the sphere and flat surface by
means of TIRM.

Figure 2a shows our TIRM setup used to measure the
pH-triggered depletion potentials between a free-moving poly-
styrene (PS) sphere and a hydrophilic glass surface in the pre-
sence of PNIPAM-co-MAA microgels. TIRM uses evanescent
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Figure 1. pH dependence of the hydrodynamic diameter (Dy) of
PNIPAM-co-MAA microgels in an aqueous dispersion with microgel
concentration of 10> g/mL at room temperature.
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Figure 2. (a) Experimental setup used to directly measure the interaction between the polystyrene sphere and flat surface before and after
introducing the PNIPAM-co-MAA microgels, where FC = flow cell, PM = prism, and OBJ = objective. (b) Typical interaction poten-
tial between a charged PS sphere and a charged surface in 0.1 mM NaCl aqueous solution. The solid line is a theoretical fitted curve from

eq 1.

wave light scatted by a single sphere near a flat surface to
determine the equilibrium distribution of sphere—surface
separations and the associated interaction energy. The details
of this technique have been described elsewhere.?= > In the
TIRM force measurements, a very diluted PS dispersion in
0.1 mM NaCl solution was initially filled into a sample cell
sandwiched between two silica microscopy slides. The slides
were cleaned by following the normal procedures as described
before.**> A PS sphere of average brightness was selected and
held in place with optical tweezers by a solid-state Nd:YAG
laser (output = 300 mW at wavelength = 532 nm), while the
rest of the spheres were flushed from the cell with NaCl
aqueous solution. Once the excess spheres were washed away,
the interaction potential between the single free-moving sphere
and bare glass surface in 0.1 mM NaCl solution was recorded.
Figure 2b shows that the interaction potential of the negatively
charged PS sphere at height /2 above the glass plate is composed
of two parts: toward larger & the potential increases linearly
because the dominant force acting on the particle is gravity. At
smaller / the potential increases exponentially because of the
electrostatic interaction between the negatively charged parti-
cle and also the negatively charged silica surface. In this case
the interaction potential between the sphere and surface can be
described as****

Oh) . G
Y _ B o2
kT e + kBTh (1)

where the amplitude of the electrostatic interaction B depends on
the surface charges of the particle and the silica surface, «~ ' is
Debye screening length of the solvent, and G is the weight of the
particle. The solid line in the figure shows that the measured
potential is well described by eq 1, which also experimentally
confirmed by several groups using TIRM.?%3%-33

After measuring the interaction potential in pure NaCl solu-
tion, ~20 mL of deionized water was first used to rinse the sample
cell and PNIPAM-co-MAA microgel dispersions with different
concentrations at pH 9.43 (adjusted by NaOH) were then
subsequently pumped into the cell by a flex tubing pump
(Master Flex), while the PS sphere was trapped in place by
tweezers. The trapped sphere was then released, and the interac-
tion potentials between the sphere and surface were measured in
the presence of different concentrations of swollen microgel
particles. It is worthy to point out that the consecutive potentials
are measured with the same PS sphere and same surface before
and after introducing the microgels; thus, we can isolate the effect
of existing microgels in the solution by the comparison among
measured potentials.
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Figure 3. Measured interaction potentials (®(h)/kgT) between the
polystyrene sphere and flat surface under different environmental
conditions, namely, in 0.1 mM NaCl aqueous solution, in different
concentrations of microgel dispersion at pH = 9.43, and in microgel
dispersion at pH = 4.51. Note that the gravity of all the interaction
potentials has been subtracted.

Figure 3 shows that the interaction potentials between the PS
sphere and surface in the presence of swollen microgels are
significantly changed. Note that the contribution of gravity has
been subtracted from all potentials since the same PS sphere was
used. It clearly shows that the addition of swollen microgels
induces a long-range attractive force occurring at separation
distances ranging from 150 to 250 nm, which may be contributed
to either bridging or depletion. This attractive force is seen to
increase with increasing swollen microgel concentration, while
the separation distance decreases. Moreover, at higher swollen
microgel volume fractions, the attractive well becomes narrow
and steep as well as acting over smaller separation distances. It is
expected that the microgels at pH 9.43 are negatively charged due
to the dissociation of —COOH on the network chains. The
selected PS sphere and the hydrophilic glass surface are also
negatively charged during the measurements. Thus, we can
reasonably assume that microgels will not preferentially absorb
to either the PS sphere or glass surface and exclude the bridging
effect. One may wonder whether the measured attractive force is
due to the alternation of the electrostatic interaction between the
PS sphere and the flat surface after introducing the microgels.
To answer this question, we first measured the conductivity (19 £
0.2 uS cm ') of microgel dispersion with concentration 1 x
10~*g/mL at pH 9.43 and found that it was the same as a 0.1 mM
NaCl aqueous solution. That means ionic strength or Debye
length of the aqueous solution is similar before and after
introducing the microgels. The only different between the two
solutions is the presence of microgels or not. To have an even
clearer picture, we further calculated the surface potential
between the PS sphere and the surface in the aqueous solution
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Figure 4. Schematic shows the pH-triggered depletion attraction acting on polystyrene sphere immersed in the microgel dispersion close to a flat

surface.

by applying eq 1 to fit the measured potential profiles before
and after introducing the swollen microgels. The fitting provides
two parameters, namely, ' and G. Note that in eq 1 ®(h) has a
minimum at a separation distance /,, given by*’

KB

Khy =In G (2)
where /i, can be directly read from the measured potentials as
shown in Figure 3. In this way, we can find the constant B which
reflects the electrostatic repulsion potential between the two
surfaces.””*> The values of In B in 0.1 mM NaCl solution and
microgel dispersion with pH 9.43 were determined as 9.0 and
13.1, respectively, indicating that the surface repulsion increases
in the presence of swollen microgels. In other words, the separa-
tion distance between the PS sphere and surface is expected to be
larger. However, it can be seen from Figure 3 that our measured
interaction potentials shift to a smaller distance in the presence of
microgels. We therefore suggest that the measured attractive
force is likely caused by the exclusion or depletion of the large
swollen microgels from the gap between the PS sphere and the
surface. At 0. mM NaCl solution, the separation distance
between the sphere—surface (~220 nm) is smaller than the
hydrodynamic diameter of the swollen microgels (~254 nm)
under the condition of pH 9.43. The exclusion results in an
osmotic pressure imbalance inside and outside the gap region,
leading to the net attraction.

Increasmg the microgel concentration from 1 x 107% to 2 x
10~ g/mol increases the magnitude of this attractive force. As a
result, the measured potential energy profiles become narrower
and shifts to smaller separation distances. However, the wall
depth of the measured potential energy files has not doubled as
expected. One of reasons may be due to the fact that the
concentration of microgel particles used is not in the dilute limit.
Second, some recent studies have suggested that long-range
electrostatic repulsion between the charge depleting agents could
s1gn1ﬁcantlg/ affect the magnitude and range of the depletion
attraction'>?* The depletion interaction in semidilute and con-
centrated solutions will need to be closely examined in the future.

As mentioned above, the hydrodynamic volume of microgels
can respond to pH changes; one might expect the measured
depletion attractive force to be a function of pH, too. To confirm
such hypothesized pH dependence, we rinsed the sample cell with
a large amount of deionized water (changing the volume inside
the cell at least 20 times) and then pumped the microgels with
solution pH 4.51. Figure 3 shows that the measured long-range
attractive force disappears, leaving only the electrostatic repul-
sion. We related this effect to the collapsed microgels, with the
hydrodynamic diameter smaller than the sphere—surface dis-
tance, which are able to move into the gap region. The imbalance
in osmotic pressure inside and outside the region will disappear as
will the depletion attractive force. Note that this attractive force
can be regenerated by reintroduction of microgels at high pH
condition, and the process is reversible, which in turn indicates
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Figure 5. Measured depletion potentials between the polystyrene
sphere and the flat surface in the presence of different amounts of
swollen microgels.

that microgel-triggered depletion attractive force is pH dependent
as schematically summarized in Figure 4.

To isolate the microgel-induced depletion potential and com-
pare to theoretical mode, each measured potential at pH 9.43 was
subtracted by the potential at pH 4.51. The net depletion
interactions were obtained and plotted in Figure 5. It clearly
shows that the depletion attraction is continuous and with the
measurable distance up to ~250 nm. The classical depletion
potential function was used to fit the measured profiles shown
in Figure 5, namely

1
Dyep(h) = —all (a+A)(h—2A)2-|—§(h—2A)3 for 0 < i < 2A

=0 for h > 2A
3)

where IT is the osmotic pressure of the bulk solution, a is the
radius of the polystyrene part1cle (here @ = 3.0 um), and 2A is the
depetion region.*’ The fitting gives 2A ~ 250 nm and IT ~ 0.4 Pa.
Note that the fitted depletion region can be compared to the
hydrodynamic diameter of the swollen microgels, suggesting that
our experimental results are in good agreement with the theore-
tical values predicated by eq 3.

In summary, we report the first direct measurement of the pH-
triggered depletion interaction potentials between a polystyrene
sphere and a flat substrate as mediated by PNIPAM-co-MAA
microgels. When the solution pH of the micrgel dispersion was
high, an attractive force occurring at separation distance of
150—250 nm was observed and increased in magnitude with
increasing microgel concentrations. The origin of this attractive
force comes from exclusion or depletion of large swollen micro-
gels between the PS particle and flat surface and is affected by the
electrostatic interactions between the microgel particles. How-
ever, this depletion force disappeared upon changing the microgel
dispersion to a low-pH solution. The current study demonstrates
the ability to quantitatively measure and reversibly control
kgT-scale depletion attraction as a function of solution pH.
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Therefore, it offers a promising route to use such tunable
depletion forces in the formation of complex colloidal assemblies.
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