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Instead of deriving each concepts one by one which can often be quite boring and
make people miss the big-picture, let’s go through recent history and solve a
mystery of modern colloidal science together...




Colloidal motors
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Colloidal motors

* Rod-shaped particles, 370 nm in diameter and consisting of 1 um long
Pt and Au segments.

 When the rods were placed in a 3.7% aqueous solution of hydrogen
peroxide, something unexpected happened: The rods began to move

spontaneously!

* In fact, they moved roughly 8 um/s — four body lengths per second —
approximately how fast a world class athlete runs the 1500 m race.

2 um long Pt/Au rods in 2.5% hydrogen peroxide

2 um long Pt/Au rods in pure water Au/Pt/Au rods in 2.5% hydrogen peroxide



Colloidal motors

* A control experiment using three-striped (Au/Pt/Au) rods --- which
catalyze the decomposition of H202 at a similar rate --- established that

the asymmetric Pt/Au geometry was necessary for rapid axial

movement.
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Table 1. Diffusion Coefficients (in pum?/s) for 2 ym Long Platinum/Gold Rods

sampling interval (seconds)

experiment 0.1
Auin H,0?
Pt/Auin H,0 0.43

Pt/AuinH,0,2  4.13

0.

0.41

6.61

2

0.3

0.40

9.41

aFrom ref 11.21n 3.3% hydrogen peroxide.
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How are these colloidal motors made?
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How are these colloidal motors made?
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Scheme 1. Electrochemical synthesis of metal rods.
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Fig. 1. Bright-field optical micrograph at 1000x magnification of: a) 1 C Au/8 CPt/2 C Aurods, b) 2 C Aurods,
c) 8 C Pt rods.



How do these colloidal motors move?

* “Jet propulsion” mechanisms, in which oxygen generated at platinum impels the
rod through a pressure increase or by momentum recoil of bursting bubbles, as
in the Whitesides system, would propel a rod away from its platinum end.
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Catalytic Pt motors
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Catalytic Pt motors

Whitesides and co-workers
have used the catalytic
decomposition of hydrogen
peroxide to propel cm/mm-
scale objects on a water
surface. In that case,
movement could be attributed
to the recoil force of the
oxygen (O,) bubbles released
from the Pt catalyst, which
was situated on only one side
of the “transom” of the
“boat.”

A) 1« steel pin

Pt-covered
- porous glass

v
\

hydrophilic hydrophobic

B) attraction
. ¢ air
4[’ l/ /'I/—N PDMS I |IQUId
hydrophilic hydrophobic
sides sides
Figure 1 Open in figure viewer | $PowerPoint

A) Schematic of a self-propelling object. A thin plate (circa 1-2 mm
thick and 9 mm in diameter) was fabricated from PDMS in a desired
shape, and specified faces were rendered hydrophilic by oxidation in a
plasma formed in air. A 2x2 mm? piece of porous glass filter (covered
with platinum by an electron beam evaporation) was mounted on the
PDMS piece with a stainless steel pin. B) A diagram illustrating self-
assembly by capillary interactions.



How do these colloidal motors move?

* Ayusman et al. found that movement occurred in the opposite direction, namely
toward the platinum end of the rod. Moreover, macroscopic bubbles did not
nucleate selectively at the Pt ends of the rods in the reaction, and the motion of

the rods did not appear to be connected with the release of bubbles from either
end.

« Diffusiophoretic transport models of colloidal particles in a gradient of neutral
solute (i.e., oxygen molecules) also predicts movement away from its platinum
end with a velocity orders of magnitude slower than that observed
experimentally.



Diffusiophoresis

* 1989, John Quinn
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How do these colloidal motors move?

* With micron-size objects, interfacial forces can easily be larger than inertial
forces.

* Interfacial tension also plays an important role in so-called “camphor motors,” in
which small particles of camphor move at the air-water interface by slowly
dissolving and spreading a hydrophobic “wake” behind them.



Camphor motors
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Camphene Boat
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Figure 2 (a) Snapshots of the uniform motion of a camphene boat on water with a
large surface area (167 cm?) at a time interval of 1 s (top view). The track of the disk
was numbered from 1 to 7. (b) Time variation of the velocity of the camphene disk.
The elapsed time for point 1 in (a) after the boat was dropped on the water surface
was 5 min, as marked by a downward arrow in (b).



How do these colloidal motors move?

* The possibility of an interfacial tension gradient, which may be imposed by
either a temperature or solute gradient, offers another alternative.

* Both temperature and chemical gradients are present in our system due to the
exothermic decomposition of hydrogen peroxide. Because the platinum end is
the source of these gradients, they are continually re-established as a rod moves
through solution so long as hydrogen peroxide is present.

* We can calculate the interfacial tension force created by the solute gradient by
solving the convection-diffusion equation in the frame of the moving rod.

* Oxygen is a nonpolar molecule that cannot act as a hydrogen bond donor, and it
thus disrupts the hydrogen bonding network of liquid water.

* We make the simplification that the liquid-solid interfacial tension gradient is
directly proportional to the gradient in the mole fraction of oxygen in the
solution.

aoC . hin
—= = p+ VC 4+ DV(
ol
The uniform flux of oxygen S (i.e., the surface area-normalized oxygen generation rate) into
the fluid along the Pt surface and zero flux along the Au surface provide boundary conditions.



How do these colloidal motors move?

* the scaling of the rod velocity with different parameters:

SR’y
25 - [ .
steady-state velocity (v) u DI

W is the viscosity of the fluid
rod radius R and length L

v, (nm/s)

oxygen evolution flux S
solution surface tension y

O | ] ] 1
0.E+00 2.E-14 4.E-14 6.E-14 8.E-14

S+y (mol O,/s'mN/m)

Figure 6 Effect of ethanol on axial velocity, v, where v, is plotted versus the product
of oxygen evolution rate per rod and solution surface tension (i.e., S'y). Included is a
data point for rods moving in pure water, where the oxygen evolution rate is taken to
be zero.



How do these colloidal motors move?

* The hypothesis was that a gradient of surface tension was driving the movement
of the rods, not altogether different from how a camphor boat moves.

* But then the PhD students added a thin layer of dielectric material between the
platinum and gold, and they found — somewhat surprisingly — that the
movement of the rods stopped.

* the decomposition must be happening electrochemically, and that the reaction
required that electrons transport through the metallic phase.

* At this time, Darrell Velegol and colleagues had discovered auto-electrophoresis
driven flow between Au and Ag.

* Auto-electrophoresis: the electric field that arose due to the electrochemical
decomposition of H202 was driving the particles through the agueous solution
electrokinetically.

Overall: 2H,0, — 2H,0 + O, (1)
Anode: H,0,—~ O, +2H" + 2¢~ (2)

Cathode: H,0, +2H" +2¢~ — 2H,0 (3)



Auto-electrophoresis
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Auto-electrophoresis

* Protons (H+) generated by oxidation of H202 migrate from the anode (gold) to
cathode (silver, center), generating electroosmotic flow (from anode (+) to
cathode (-)).

Positively charged particles Electroosmosis (mwa rd)

vs. electrophoresis
(based on charge)

‘ ’zuzwou,o,-)zu,o‘ )

r=a r=R

{1

Figure 2 Protons (H*) generated by oxidation of H,0, migrate from the anode (gold)
to cathode (silver, center), generating electroosmotic flow. This flow creates a
convection roll that sweeps tracer particles inward along the gold surface. The
convection roll extends from r= a (near the silver) to r= R. Positively charged tracer
particles (see inset) experience an additional electrophoretic force in the direction of
the silver island. Negatively charged particles (inset) experience an electrophoretic
force in the opposite direction, which results in circular patterns around the silver
islands. Gold rods, which experience only a small outward electrophoretic force, are
swept inward by the dominant electroosmotic flow and circulate in a tight convection
roll near the silver island.




Electroosmotic flow
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Figure 1: Diagram of capillary electrophoresis system
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Figure 4: Depiction of the interior of a fused-silica gel capillary in the &2
presence of a buffer solution.
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Auto-electrophoresis as a propulsion mechanism
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Auto-electrophoresis as a propulsion mechanism

* acarbon fiber is propelled rapidly at the water-0, interface when built with a
terminal glucose oxidizing microanode and an O, reducing microcathode. The
flow of current through the fiber is accompanied by transport of ions, which is
so fast at the interface, where the viscous drag is small, that it carries the fiber
at ~1cms?.

* |In the direct bioelectrochemical to mechanical power conversion process of this
communication, conductive carbon fibers, of 0.5-1 cm length and 7 um
diameter, were autonomously propelled by the glucose-oxygen reaction at 37
°Cand at pH 7 under 1 atm O,.

* One of their end-segments was coated with a bioelectrocatalyst for the
oxidation of glucose, redox polymer wired glucose oxidase (GOx). Their opposite
end-segment was coated with a bioelectrocatalyst for the four-electron
reduction of O, to water, redox polymer wired bilirubin oxidase (BOD).

Anode reaction f-p-glucose — d-glucono-1,5-lactone + 2 H "+ 2e

Cathode reaction  '/,0,4+2H"+42¢ —~H,0
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hydrophobic /Carbon fiber

(A)

P!
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(B) |
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Scheme 1. The Self-Propelled Bioelectrochemical Motor?

4(A) The two ends of a carbon fiber are made hydrophilic by exposure to a 1 Torr O,
plasma. (B) One end of the fiber is modified with the electrostatic adduct of glucose
oxidase (GOx) and redox polymer /. The other end is modified with an electrostatic
adduct of bilirubin oxidase (BOD) and redox polymer /. When the fiber is dipped in a
pH 7 buffer solution containing 10 mM glucose, electrons flow along the path
glucose — GOx — /— carbon fiber — // - BOD — 0O,, and the fiber is propelled at
the solution—-0, interface by the ion flow accompanying the flow of electrons. (C)
When an insulator is introduced between the two electrocatalytic fiber ends, the fiber
does not move.

This current was balanced by
a stream of ions, hydrated
protons, flowing at/or near
the gas—solution interface
from the anode to the
cathode, propelling the
fibers.

Protons and their associated
water molecules flow from
the anode to the cathode in
this pH gradient, their
stream carrying the floating
fibers.



Heterodoublets of Ag-Au colloidal particles

* Darrell Velegol had developed a simple technique for producing doublets of
particles from single spheres, a method they called Stimulate-Quench-Fuse
(SQF) assembly.

* They wondered if we could make colloidal motors — in this case, heterodoublets
of goldparticles and silver particles (Figure 1-1) —in a simple, scalable manner.

Figure 1-1. Gold-silver
heterodoublet. This field-
emission scanning
electron micrograph
(FESEM) shows the
diameter of each particle
to be about 1 um. The
gold particle (right) has a
slightly different surface
structure than the silver
particle.




How to make Au nanoparticles?
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Nanoparticles in Liquids
Prof. Michael Faraday

1856
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1856, Basement laboratory at the Royal Institution



Gold Nanoparticles from M. Faraday
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Trar wonderful production of the human mind, the undulatory theory of light, with the
phenomena for which it strives to account, seems to me, who am only an experimentalist,
to stand midway between what we may conceive to be the coarser mechanical actions of
matter, with their explanatory philosophy, and that other branch which includes, or
should include, the physical idea of forces acting at a distance ; and admitting for the
time, the existence of the ether, I have often struggled to perceive how far that medium
might account for or mingle in with such actions, generally; and to what extent experi-
mental trials might be devised which, with their results and consequences, might contra-
dict, confirm, enlarge, or modify the idea we form of it, always with the hope that the
corrected or instructed idea would approach more and more to the truth of nature, and
in the fulness of time coincide with it.

The phenomena of light itself are, however, the best and closest tests at present of
the undulatory theory; and if that theory is hereafter to extend to and include other
actions, the most effectual means of enabling it to do so will be to render its application
to its own special phenomena clear and sufficient. At present the most instructed persons
are, I suppose, very far from perceiving the full and close coincidence between all the
facts of light and the physical account of them which the theory supplies. If perfect, the
theory would be able to give a reason for every physical affection of light ; whilst it does
not do so, the affections are in turn fitted to develope the theory, to extend and enlarge
it if true, or if in error to correct it or replace it by a better. Hence my plea for the
possible utility of experiments and considerations such as those I am about to advance.

Light has a relation to the matter which it meets with in its course, and is affected
by it, being reflected, deflected, transmitted, refracted, absorbed, &e. by particles very
minute in their dimensions. The theory supposes the light to consist of undulations,
which, though they are in one sense continually progressive, are at the same time, as
regards the particles of the ether, to and fro transversely. The number of progressive
alternations or waves in an inch is considered as known, being from 37,600 to 59,880,
and the number which passes to the eye in a second of time is known also, being from

Colloidal gold - 107X ——— 3

AL -
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M. Faraday, The Bakerian Lecture: Experimental Relations of
P. P. Edwards, J. M. Thomas, Gold in a Metallic Divided State— Gold (and Other Metals) to Light, Philos. Trans. R. Soc.

From Faraday to Present-Day Nanoscience, Angew. Chem. 2007, Lond., 147 (1857) 145-181.
46, 5480.



How to make Au nanoparticles?

* The present paper describes a versatile precipitation method capable to

generate mono-dispersed, spherical gold particles using aqueous solutions of

gold chloride and iso-ascorbic acid as the reducing agent.

2[AuCl, (OH)y_]~ +3CsHs Og—2Au’ +3CsHg Og +6H* +2xC1l~ +2(4—x)OH"

Table 1. Preparation and composition of gold complex solutions?

Sample HCI NaOH Free Free Final Final pH Gold
added®  added® HCld NaOH  [Hd] [OHT] (Hg)  complex
(mol) (mol) (mol)  (mol) (mol (mol
dm™3) dm3)
1 0.275 - 0.35 - 35 - -1.23" HAuCl4-7HCI
2 0.025 - 0.10 - 1.0 - -0.21" HAuCl42HCl
3 - 0.026 0.05 - 0.5 - 0.2f  HAuCl4HCl
4 - 0.076 0 - 0 - 33 HAuCly
5 - 0.126 - - - - 6.2 AuCl3(OH)~
6 - 0.176 - - - - 71 AUClz(OH)Z_
-8 - 0.226 - - - - 8.1 AuCI(OH);~f
7 - 0.276 - - 0.083¢ 129  Au(OH)4~

Table 2. Selected properties of dispersions of gold particles obtained with solutions

listed in Table 1°

Sample Induction Final Ionic Particle Crystallite Dp/d. Carbon
period (s) pH strength? diameter, D,  size d. (nm) content
(moldm™3)  (um) (ppm)
8 < 1.25 4.6 29 160 2700
2 3 £ 0.625 32 27 120 2800
3 2 € 0.625 2.7 24 112 2850
3 05  0.625 33 25 130 2700
5 <1.0 1.0 0.625 0.9 24 38 2900
6 b 13 0.625 0.2 22 8.8 3100
7 B 9.6 0.875 0.09 16 5.6 4000
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Fig. 3. The size distribution of gold particles prepared under
the conditions given in Table 1: (a) sample 1; (b) sample 5; (c)
sample 7.
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How to make Ag nanoparticles?
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Particle Synthesis. Silver ions were reduced to metal silver by ascorbic acid (CgHgOg),
which has a sufficiently lower redox potential, 222 according to the following
reaction:

Cp_}HBOﬁ + 2Ag’ - 2Agn + (:..;I-I.:'()6 + 2H+

Matijevic et al. proposed a particle growth model for a similar synthesis of gold
particles. 2! The nucleation burst takes place when the concentration of metal atoms
reaches a critical supersaturation. In the first step, the nuclei formed grow to
nanosized primary particles by diffusion capture of the remaining atoms. In the
second step, depending on the reaction conditions, the primary particles aggregate,
leading to the formation of larger spherical aggregates accompanied with narrowing
of the size distribution.®! The precipitation was carried out at different pH values,
different concentrations of the protective colloid, and different concentrations of
silver and ascorbic acid (Table 1).



Table 1. Radius (R) and Polydispersity (6) of Silver Particles Obtained at Different Experimental Conditions As
Determined by TEM

sample  [AgNO3] (mol/L) [CeHgOg] (mol/L) ratio [acid]/[Ag] gum arabic wt % R(m)  6(%)
15 0.083 0.333 4 0.7 223 67
11 0.083 0.167 2 0.7 894 24
9 0.083 0.333 4 0.35 429 33
12 0.083 0.167 2 0.35 1149 16
14 0.167 0.666 4 0.7 796 29
16 0.167 0.333 2 0.7 525 39
13 0.167 0.666 4 0.35 943 35
10 0.167 0.333 2 0.35 588 31

Figure 1 Scanning electron micrographs (SEM) of monodisperse
silver particles obtained under different experimental conditions,
radii (R), and relative widths of the size distribution (8): (a) R=197
nm, & = 13%; (b) R=284 nm, 6 = 17%; (c) R= 383 nm, 6 = 13%; (d)
R=418nm, 6 = 12%. The scale bars are 2 um. The insets show a
blowup of the particle surface. The scale bars in the insets are 200

nm.




Colloidal forces. Particle aggregation
depends on these forces.

e Say that we have synthesized our gold and silver
colloidal particles. How do we go from single
spherical particles of gold and silver, to
heterodoublets of gold and silver (Figure 1-1)7?

Figure 1-1. Gold-silver
heterodoublet. This field-
emission scanning
electron micrograph
(FESEM) shows the
diameter of each particle
to be about 1 um. The
gold particle (right) has a
slightly different surface
structure than the silver
particle.




Colloidal forces

* The structure of matter at the length scales greater
than the atomic is governed by electromagnetic

forces.

* At the temperatures of interest to us, around 200-
500 K, molecules composed of covalently bonded
atoms can be regarded as indivisible units, and the
electromagnetic forces that we need consider are
those that the molecules exert on one another.



Colloidal forces

e The force F between two such molecules is often
described using a potential function W (r), which for

spherical molecules separated by a distance r is given
by

e A potential function can also be used to describe the
force between a pair of colloidal particles. The
electromagnetic forces that contribute to W (r) can be
grouped into several categories, namely excluded
volume (or steric), van der Waals, electrostatic,
hydrogen bonding, and hydrophobic.



Excluded-volume interactions

* When molecules or atoms are brought closer and
closer together, their electron clouds eventually
overlap, producing a very strong repulsion that
increases so steeply with decreasing intermolecular
distance that it easily overpowers all other forces.

* This excluded-volume force is largely responsible for
determining the short-range structure of liquids and
the crystallographic order of solids composed of small
molecules, or of densely packed hard colloidal
particles.

* We briefly consider the excluded-volume forces for the
simplest cases, hard spherical particles.



Hard Sphere Phase Diagram

Figure 2.1 The hard-sphere phase diagram. Below volume fraction ¢ < ¢ = 0.494, the suspension
is a disordered fluid. Between ¢; = 0.494 and ¢, = 0.545, there is coexistence of this disordered
phase with a colloidal crystalline phase with FCC (or HCP) order; the colloidal crystalline phase is
the equilibrium one up to the maximum close-packing limit of ¢, = 0.74. Nonequilibrium colloidal
“glassy” behavior can also occur between ¢, = 0.58 and the limit of random close packing at
¢rep = 0.64. (From Poon and Pusey, fig. 5, with kind permission of Kluwer Academic Publishers,
Copyright 1995.)
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(c) The hexagonal structure of the fcc lattice: Three hexagonal layers are stacked while
being shifted against each other (type A-B-C-A-B-C).
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Fig. 1 - How close-packed structures of spheres can be constructed: In a first layer the
spheres are arranged in a hexagonal pattern, each sphere being surrounded by six others
(A). Then a second layer with the same structure is added. But this layer is slightly shifted
and hence just filling the gaps of the first layer (B). In a third step another equivalent layer
is added filling the gaps just as before but now there are two opportunities: Either this
layer lies exactly above the first one (A) or it is shifted with respect to both A and B and

thus has its own position C. * In both of these packings, each sphere has 12 identically spaced
nearest neighbors; the only difference between FCC and HCP is in

the stacking sequence of the layers of spheres.

https://www.physics-in-a-nutshell.com/article/11/close-packed-structures-fcc-and-hcp



What is the pair correlation
function g(r)?

 This is related to the probability of finding the center of a particle a given
distance from the center of another particle.

* For short distances, this is related to how the particles are packed together. For
example, consider hard spheres (like marbles). The spheres can't overlap, so the
closest distance two centers can be is equal to the diameter of the spheres.
However, several spheres can be touching one sphere; then a few more can form
a layer around them, and so on.

https://physics.emory.edu/faculty/weeks/idl/gofr.html



Depletion force

When both large colloidal particles and small depletants are in a suspension,
there is a region which surrounds every large colloidal particle that is unavailable 2elialgveling
for the centers of the depletants to occupy. This steric restriction is due to the

colloid-depletant hard-sphere potential.l”)8! The volume of the excluded region is

3
- 7r(D + d)
E = 3 =
where D is the diameter of the large spheres and d is the diameter of the small overlap volume
spheres.

Excluded volumes of hard spheres =
overlap resulting in an increase in the

When the large spheres get close enough, the excluded volumes surrounding the fotal volume available to depletants.

spheres intersect. The overlapping volumes result in a reduced excluded volume, This increases the entropy of the
that is, an increase in the total free volume available to small spheres.!'!4l The system and lowers the Helmholtz free
energy

reduced excluded volume, V}f) can be written

o2 [3(D+d
V=V — — [ ( )—z]

3 2

where [ = (D -+ d) / 2—h / 2 is half the width of the lens-shaped region of overlap volume formed by spherical caps.

https://en.wikipedia.org/wiki/Depletion_force



W Figure 1-1. Gold-silver

MM heterodoublet. This field-
| emission scanning
electron micrograph

(FESEM) shows the
diameter of each particle
to be about 1 um. The
gold particle (right) has a
slightly different surface
structure than the silver
particle.

Colloidal forces

* One route is to use a very simple, quick method like Stimulate-Quench-
Fuse assembly.

* In this method we intentionally change solution conditions to encourage
aggregation of the particles.
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van der Waals (VDW) forces

 Why would particles clump together? Answer: van der Waals (VDW)
forces.

* The mechanism of attraction is quantum mechanical in nature: The
electrons within all atoms continually do their “guantum mechanical
dance”, and so at any instant of time, slightly more electrons exist in one
region of an atom — or colloidal particle — than another. Temporary
electric dipoles result on every particle, and although they might be
small, they are not zero. In turn, these temporary dipoles will induce
dipoles in neighboring atoms or particles. The temporary dipole
interacts with the induced dipole to give an attractive force.

* VDW forces always exist between atoms, and they are always attractive,
at least at the atomic level.



van der Waals (VDW) forces

A simple equation for estimating the VDW attractive energy (®ypw)
between two spherical particles of radius (a), separated by a distance (9), is

Aa
D =
VDW 125

 The Hamaker constant (A) hides all of the complicated quantum mechanics.

» Typical values are A = 1.4x10%° J for two polystyrene surfaces interacting
across water, and for gold in water or vacuum A = 20x102° J,

* Almost always A > 0, meaning that the VDW energy is negative, which by
definition is attractive.

* The gravitational potential energy of an object with mass (m) at a height (h)
is @, = mgh . Just like the gravitational force is F, = -d @, /dh =-mg, the

VDW force is
AdD Aa

VDW

is 1252



You need to log in using your umich.edu account in order to access this poll

Aa

Lecture 4 Poll: vdW Energy  ow.-—-2%

e Estimate the VDW energy between two polystyrene
particles suspended in water, if they have the same
diameter 2a = 1.5 um and are separated by a gap 6 =25 nm
between their closest points. Recall A = 1.4x102° J for two
polystyrene surfaces interacting across water.

* A.-3.5x102%3)
* B.-3.5x10-%9 )
* C.-3.5x1017
* D.-3.5x1014 )

Long URL https://forms.gle/dx18gxWCXybYnk4a6
Short URL https://shorturl.at/sFIKO



https://forms.gle/dx18gxWCXybYnk4a6
https://shorturl.at/sFIK0

Estimate the VDW energy between two polystyrene particles suspended in water, if
they have the same diameter 2a = 1.5 pm and are separated by a gap 6 = 25 nm

between their closest points.

12 responses

2

@ -3.5x107(-23)J
@ -3.5x107(-20) J
® -3.5x107(-17) J
@ -3.5x107(-14) J

I Copy



Answer: B

answer: @vpw = -3.5x104Y J. Negative energies are attractive, by
definition. To compare this with a “molecular energy scale”, we use kT,
since from statistical mechanics we know that every particle has an
average kinetic energy of kT/2 in each direction. The Boltzmann
constant k = 1.38065x10%3 J/K (the gas constant divided by Avogadro’s
number), and so if we choose a temperature of T = 290 K, then kT =
4.00x10*" J. This means that @vpow = -3.5x10%° J = -8.75 kT. This is a
small but significant energy that will cause aggregation of the particles,
unless a repulsive energy also exists. Sometimes we list Hamaker

constants in terms of kT'’s, as in saying that the Hamaker constant in this
problem is A = 1.4x10%° J = 3.5 kT.



Electrostatic forces

* If VDW forces are always attractive, then what can provide

the repulsive force to keep particles from aggregating?
Usually one of two types of forces is used to provide the
repulsion: electrostatic or steric.

* For electrostatic forces, we know that like charges repel and
opposite charges attract, and we see a similar trend
between particles.

* The key difference between electrostatic forces in a vacuum
and electrostatic forces in aqueous solution is the electrical
double layer (EDL).



Electrical Double Layer (EDL)

* Almost any surface immersed in water becomes charged,
for example by dissociated surface carboxyl groups on
polymer colloids, or adsorbed ions on gold particles, or
dissociated silanol groups on silica particles.

* The surface charges have a given surface charge density (p.)
that has a typical value of 1 uC/cm?. A single charge group
has the charge of a proton e = 1.6022x101° C, and so 1
nC/cm? corresponds to having one univalent charge group

every 16 nm?, or charge groups with an average spacing of 4
nm.



Electrostatic forces

* These charge groups give rise to an electrical potential at
the surface, given in volts. Sometimes this is called the
surface potential, and if the potential is measured using
electrophoresis, it is called the “zeta potential”.

* |In solution the surface potential decays to a bulk value of
zero — electroneutrality — more quickly than Coulomb’s law
would suggest. Why?



Electrostatic forces

 The combination of the fixed charges on the particle surface and
the diffuse charges in the thin layer around the particle is called

the “electrical double layer”

The thickness of the electrical
double layer is characterized by the
“Debye screening length” (k! or
Ap), which is often called simply the
“Debye length”,

Table 1-2. Debye length (x', in nm) at various concentrations of
aqueous solution for T =293 K. Typical 1:1 salts are KCl or NaCl; a
2:1 salt is CaCl.. The Debye length decreases with the square root
of the ionic strength, and increases with the square root of
temperature. So for instance to find the Debye length of a 23 mM
KClI solution at T = 300 K, we might start with the Debye length for a
1:1 salt at 1 mM, which is 9.65 nm, then multiply by two factors (300
K /293 K)°® x (1 mM /23 mM)®5 = 0.211 to get 2.04 nm.

conc 1:1 2:1 3:1 2:2 3:2 3:3
(mM) (KCI) (CaCly) (AICL) (CaS0y) [AL2(SO4)s] (AIPO,)
0.001 305 176 125 153 78.8 102
0.003 176 102 71.9 88.1 455 58.7
0.01 96.5 55.7 394 48.2 249 32.2
0.03 55.7 32.2 22.7 27.9 14.4 18.6
0.1 30.5 17.6 12.5 15.3 7.88 10.2
0.3 17.6 10.2 7.19 8.81 4.55 5.87
1 9.65 5.57 3.94 4.82 2.49 3.22
3 557 3.22 2.27 2.79 1.44 1.86
10 3.05 1.76 1.25 1.53 0.788 1.02
30 1.76 1.02 0.719 0.881 0.455 0.587
100 0.965 0.557 0.394 0.482 0.249 0.322
300 0.557 0.322 0.227 0.279 0.144 0.186

1000 0.305 0.176 0.125 0.153 0.0788 0.102




Electrostatic forces

* The electrical potential decays away from a flat surface at a rate
given roughly by the Debye-Huckel equation:

=y "
AN

: Distance from the surface
Surface potential

» Typical magnitudes of the surface potential (W) are 10 to 150 mV,
and can be negative or positive. Since these potentials arise due
to the surface charges, the relationship between the surface
charge density (units C/m?) and the surface potential is:

ps = ¢;"’(‘lﬂo

Electrical permittivity



Electrostatic forces

* Between two particles of radius (a), the electrostatic energy (D)
resulting from the electrical potentials on a particle separated by

a distance of closest approach (0) is approximated by

_ 2 _—k0

Electrical permittivity

Fluids with higher dielectric
constants give larger electrostatic
interactions energies, not only since
€ appears in equation above, but also
since particles tend to become more
highly charged — and therefore have
a larger magnitude of surface
potential — in these fluids.

Table 1-3. Static (zero frequency) electrical permittivities for several
liquids. The permittivity of vacuum is g = 8.8542x10'2 C?/N-m?.
For most liquids the electrical permittivity (&) is represented by a
multiple of & called the “dielectric constant” and a “relative
permittivity” (&). For example, at 20 C water has & = 80.1, and so
the permittivity of water at 20 C is 80.1£0 = 7.09x10°'° C%/N-m?. The
static dielectric constant depends weakly on temperature.'?

Sfluid gatT= gatT= dielectric constant (&)
20C 25C atT (C)

acetone 21.2 20.7 & =21.2exp[-0.00472(T - 20)]
ammonia 17.4 16.9 &=17.4-0.090(T - 20)
benzene 2.284 2274 & =12.284-0.0020(T -20)
cyclohexane 2.023 2.015 &=2.023-0.0016(T - 20)
ethanol 25.1 243 & =25.1exp[-0.006217(T - 20)]
methanol 33.62 32.63 & = 33.62exp[-0.00599(7-20)]
water 80.37 78.54 & =80.37exp[-0.004605(7—20)]




DLVO energy

* As a first approximation to the total energy between the particles,
we can simply add the electrostatic and VDW energies to give the
well-known “Derjaguin-Landau-Verwey-Overbeek” (DVLO)
energy between the two particles.

DDy = Do+ Doy = 2nAY ™
T DLVO ES vow = Yo 125

other forces between colloidal particles
can be significant: hydrophobic forces,
depletion forces, etc.

the expressions for the electrostatic and
VDW energies written here are approximate



DLVO energy -- exercise

Estimate the electrostatic energy, the van der Waals attractive energy,
and the total energy between two polystyrene particles suspended in
water, if they have the same diameter 2a = 1.5 um and are separated by
a gap 0= 25 nm between their closest points. The surface potential of
the particles is yo = -35 mV, and the solution is 10 mM KCI at a
temperature 7 = 20 C. The Hamaker constant A for a PS-water-PS

system is approximately 1.4x102° J.



DLVO energy -- exercise

Estimate the electrostatic energy, the van der Waals attractive energy,
and the total energy between two polystyrene particles suspended in
water, if they have the same diameter 2a = 1.5 um and are separated by
a gap 0= 25 nm between their closest points. The surface potential of
the particles is yo = -35 mV, and the solution is 10 mM KCI at a
temperature 7 = 20 C. The Hamaker constant A for a PS-water-PS

system is approximately 1.4x102° J.

answer: @gs = +1.13x10% J = +0.28 kT. Previously we found that
Dyvpw = -35.0x10%" J = -8.656 kT. Dprvo = -33.9x107' J = -8.38 kT.

Would the particles aggregate?



DLVO energy -- exercise

Estimate the electrostatic energy, the van der Waals attractive energy,
and the total energy between two polystyrene particles suspended in
water, if they have the same diameter 2a = 1.5 um and are separated by
a gap 0= 25 nm between their closest points. The surface potential of
the particles is yo = -35 mV, and the solution is 10 mM KCI at a
temperature 7 = 20 C. The Hamaker constant A for a PS-water-PS

system is approximately 1.4x102° J.

answer: @gs = +1.13x10% J = +0.28 kT. Previously we found that
Dyvpw = -35.0x10%" J = -8.656 kT. Dprvo = -33.9x107' J = -8.38 kT.

Would the particles aggregate?

This energy is attractive at this distance.



DLVO energy

* In maintaining stability, usually we consider the maximum energy
barrier to aggregation (D, ,.,)-

* Thermodynamics indicate that aggregation will always prevail.
Rather, stability is a question of kinetics, and in order to assess
stability, we must learn about the aggregation rate.

30x1020
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Stability. Aggregation occurs by
diffusion or shear.

e Getting back to our doublet story ... in order to fabricate colloidal
doublets, we are using the Stimulate-Quench-Fuse method.

* The essential idea is to reduce the electrostatic repulsion between
particles, enabling the VDW attractive forces to cause aggregation.

 Two methods that are used to reduce electrostatic repulsion are to
lower the pH of the solution, which reduces the number of dissociated
charge groups on the negative particles, or to increase the ionic
strength of the solution, which also reduces electrostatic forces.

W Figure 1-1. Gold-silver
DN heterodoublet. This field-
| emission scanning
electron micrograph
(FESEM) shows the
diameter of each particle
to be about 1 um. The
gold particle (right) has a
slightly different surface

B structure than the silver
a8 particle.

* How quickly will the singlets aggregate into doublets?



Stability. Aggregation occurs by
diffusion or shear.

* Particles can aggregate only when they collide.

* There are two common mechanisms for collision: diffusive
collisions and shear-induced collisions.

* We will focus here on diffusive or “Brownian” aggregation.

* The Smoluchowski aggregation equation gives an estimate of the
aggregation time (t) for roughly half of the particles in

suspension to aggregate: Fluid viscosity

/

3
L
2kT ¢

. : AN
Aggregation energy barrier Volume fraction of particle

e Stability ratio (W): Ww=1+ O.ZS[exp(%) - 1}



What causes diffusive aggregation?

 Diffusive aggregation results first when the interparticle
repulsive forces are small enough so that they cannot prevent
aggregation, and simultaneously when the process of “Brownian
motion” causes particles to collide.



Colloidal aggregation rate exercise

We have a suspension of 1.1 um diameter gold spheres in water at 298
K. The volume fraction of particles is ¢ = 0.00033. Estimate how long
it will take for half the particles to aggregate, both in a) rapid aggregation
(Dmax = 0) and b) with electrostatic stabilization (@max = +20 kT). The
viscosity of water at 298 K 1s 0.00089 Pa-s.



Colloidal aggregation rate exercise

We have a suspension of 1.1 um diameter gold spheres in water at 298
K. The volume fraction of particles is ¢ = 0.00033. Estimate how long
it will take for half the particles to aggregate, both in a) rapid aggregation
(Dmax = 0) and b) with electrostatic stabilization (@max = +20 kT). The
viscosity of water at 298 K 1s 0.00089 Pa-s.

answer: a) For rapid aggregation, W = 1 and so t= 171 s ~3 min. The
particles will aggregate on a time scale that we could watch in the lab;
they would not aggregate too fast to see, say us, or too slow to see, say
years. b) W= 1.21x10% and v = 659 years. The particles are predicted
not to aggregate on a commercial time scale of even 2 to 3 years. As a

rule of thumb, particles with surface potentials | wo > 50 mV are stable.



https://www.compadre.org/informal/features/
featureSummary.cfm?FID=654

Brownian motion

* From classical statistics mechanics, we know that every
molecule in the system is moving randomly in all three
dimensions, with an average kinetic energy kT/2 in each
direction, or 3kT/2 total.

* The thermal energy (kT) is the Boltzmann constant (k =
1.38065x10-23 J/K) multiplied by the absolute temperature
(7).

* The average kinetic energy of a molecule is m(v,* + v, 2 +
v,%)/2 = 3kT/2.

* smaller particles move faster ¥ B Ko



Average speed of a molecule
undergoing random thermal motion

Find the root-mean-square (RMS) speed <v*>!"2 = <y.v>!”2 for a water
molecule in a beaker of water, at 7= 293 K. The mass of a water
molecule is 18 g/mol = (0.018 kg/mol) / (6.022x10%* / mol) =
2.989x10726 kg/molecule.



Average speed of a molecule
undergoing random thermal motion

Find the root-mean-square (RMS) speed <v*>!"2 = <y.v>!”2 for a water
molecule in a beaker of water, at 7 = 293 K. The mass of a water
molecule is 18 g/mol = (0.018 kg/mol) / (6.022x10%* / mol) =
2.989x10726 kg/molecule.

answer: <v*>12 = 637 m/s. Sound travels at roughly 1500 m/s in water.



Brownian motion

e Our gold particles in this doublet fabrication, having a diameter
of roughly 1 um, are hit on all sides by the water molecules.

* First, the very rapid buffeting of the solvent molecules, which will
in general not be exactly symmetric about the particle at any
instant, produces an instantaneous force on the particle. Second,
when the particle is given a force, it moves through the sea of
water molecules, but it must move out all the molecules in front
of it. This second process gives resistance to the particle
movement, which dissipates the energy of the particle back into
the solvent molecules in front of it.

Figure 1-1. Gold-silver
™ heterodoublet. This field-
| emission scanning
electron micrograph
(FESEM) shows the
diameter of each particle
to be about 1 um. The
gold particle (right) has a
slightly different surface
structure than the silver
particle.




Fluctuation-dissipation

* The entire process is a “fluctuation-dissipation” process, with the
fluctuation being the Brownian kick the particle receives, and the
dissipation being the movement of the solvent molecules in
front of it. The kicks give an average kinetic energy to the particle
of 3kT/2. The fluid resistance force against the particle is given by
Stokes law for a particle, which predicts the hydrodynamic
resistance force (F,) for a particle of radius (a) moving through a
fluid of viscosity (n) at a velocity (U):

F,, = -67naU

e The analysis to find the Brownian motion of the gold particles is
involved, and | will save the details for later lectures.



Fluctuation-dissipation

* a couple useful results for Brownian motion that we can use to
make quick and accurate estimates

kT
67na

LZRMS = <Ax2 + Ayz + Azz> = <Ax -Ax> =6Dt where D =

* “root-mean-square” distance (Lg,,s) that a particle will diffuse by
Brownian motion in 3-dimensional space. For one dimension, the
right hand side is simply one third as much, or 2Dt, and for two
dimensions, 4Dt.

* The diffusion coefficient (D) is given by the Stokes-Einstein result
on the right. Both the kT “kick factor” and the Stokes dissipation
factor appear in the expression for D.



Diffusion of a colloidal particle example

What is the average (root-mean-square) distance a gold particle of
diameter 0.9 um will diffuse in 3 dimensions in 1 minute? In 1
dimension? The temperature 7 = 298 K. The viscosity of water at 298
K 1s 0.00089 Pa-s.



Diffusion of a colloidal particle example

What is the average (root-mean-square) distance a gold particle of
diameter 0.9 um will diffuse in 3 dimensions in 1 minute? In 1
dimension? The temperature 7 = 298 K. The viscosity of water at 298
K 1s 0.00089 Pa-s.

answer: D = 5.45x10"3 m?/s, Lrms,3p = 14.0 pum, Lrvs,ip = 8.09 um.



Doublet Synthesis

* We are now armed with several simple and powerful results from colloidal
physics, which enable us to design our process for fabricating doublets.

e Say we have 1.1 um diameter gold spheres in water at 298 K, at a volume
fraction of particles ¢ = 0.00033. How do we form doublets?

* We first “stimulate” the aggregation by killing the electrostatic repulsive forces.
We might suddenly change the pH — for our gold particles, which are for
example stabilized by citric acid groups with a pKa of 3.1, we might change the
pH to 1.5 or 2.0 — or we might suddenly change the ionic strength to say 500
mM KClI.

* Then as calculated before, we wait roughly 3 min.

* The final step is to “quench” the aggregation, by restoring the electrostatic
repulsion between the particles. If we were using a low pH, we would add base
to bring the pH back to 6.0 or so. If we were using a high ionic strength to kill
the electrostatic repulsion, we would now dilute to 10 mM to restore the
repulsive force.



Sorting. Colloidal assemblies must
be sorted from mixtures.

* In the process of forming doublets, we are left with a large
amount of “unreacted” singlets, as well as a small fraction of
particles that went beyond doublets to form doublets, triplets, 4-
lets, and so on. After all, this is a random aggregation process.

e | will use the name “sedimentation” for the process of settling in
a gravitational field (g), whether it is in the earth’s gravitational
field (1g) or in centrifugation (perhaps 1000s of g).



Particle motion — gravity sedimentation

& Suspensions are sometimes — but not always - sedimented

« Gravitational force pulls down

4 s
T F, Stokes i grav =m particle o E TR (p particle P media )g
iF * Viscous friction resists downward motion
grav
| :
Stokes formula — sphere of radius R
! F =67nR R . . i
I ok I sea <= moving in media of viscosity 7
|
| :
v Used « Combined formula Fan = Fiiokes

————————————————————————————————————————————




Sorting. Colloidal assemblies must
be sorted from mixtures.

* In the process of forming doublets, we are left with a large
amount of “unreacted” singlets, as well as a small fraction of
particles that went beyond doublets to form doublets, triplets, 4-
lets, and so on. After all, this is a random aggregation process.

e | will use the name “sedimentation” for the process of settling in
a gravitational field (g), whether it is in the earth’s gravitational
field (1g) or in centrifugation (perhaps 1000s of g).

* An analysis of the fluid mechanics equations reveals that a sphere
of density (p,) settles in a fluid of density (p,) and viscosity (n)
during a sedimentation operation at a velocity (U) given by

U= ZaZ(pp—pf)g
om



* If the particle is a doublet settling long-axis downward, the
particle settles 1.55x as fast as a singlet, whereas if the long-axis
is horizontal, the particle settles 1.41x as fast.

* Upon sorting the doublets, we end up with a suspension that
appears as shown in Figure 1-4. This optical microscope image
shows greater than 80% doublets, with only a few singlets. No
high order aggregates appear.




Electrokinetics. Electric fields
drive the fluid in the EDL.

At this point we have our colloidal motor doublets.
* Will they in fact move like the Sen-Mallouk bimetallic nanorods?

* Through careful study it was found that the nanorods move by
the mechanism of auto-electrophoresis.




Electrophoresis

» electrophoresis occurs when an applied electric field (E..) acts on
the charges on the particle itself, as well as on the charges within
the electrical double layer (EDL)

* The net result is that the electric field acts upon the charged fluid
of the EDL — which now behaves like a continuum of charged fluid
with a volumetric charge density (p,) — causing it to move with a
rather complex flow field field.

 The combination of the electric field acting on the charges on the
particle itself, plus the electric field causing movement of the fluid
in the EDL, causes the particle to move with an electrophoretic
velocity (U). One equation that predicts U is the Smoluchowski

diffusion equation: Fluid permittivity / Zeta potential (surface
potential)

&6E,,
7

U=



Electrophoresis exercise

Estimate how fast a 2.0 um diameter polystyrene sphere will move by
electrophoresis through an aqueous solution of 0.1 M KCl at T =293 K?
The applied electric field is Ex =3 V/cm = 300 V/m. The zeta potential
of the particle is { = +37 mV, since it i1s amidine-functionalized.
Compare this to speed to that of a pseudo-cubic hematite (a-Fe203)
peanut-shaped particle with a length 1.8 um and a diameter 0.8 pum,
which at a particular pH also has {=+37 mV.

Fluid permittivity / Zeta potential (surface
potential)

&GE,,
n

U=




Electrophoresis exercise

Estimate how fast a 2.0 um diameter polystyrene sphere will move by
electrophoresis through an aqueous solution of 0.1 M KCl at T = 293 K?
The applied electric field is Ex =3 V/cm = 300 V/m. The zeta potential
of the particle is { = +37 mV, since it i1s amidine-functionalized.
Compare this to speed to that of a pseudo-cubic hematite (a-Fe203)
peanut-shaped particle with a length 1.8 um and a diameter 0.8 pm,
which at a particular pH also has {=+37 mV.

answer: Both move with U = +7.9 um/s. This is a typical electrophoretic
speed, given in um/s. The size and shape of the particle do not affect the
speed, when the thickness of the double layer is thin compared to the size
of the particle (large xa). For a 1.0 um radius particle in 100 mM KCI,
ka = 1000.



Auto-electrophoresis

* Electrophoresis is one type of electrokinetic phenomenon.
There are others, such as diffusiophoresis, which we will
explore in more detail.

* The colloidal motor doublets also move by an electrokinetic
mechanism, called auto-electrophoresis.

* The silver-gold doublets are charged since they are in
agueous solution.

* The two metals catalyze the reaction of hydrogen peroxide
in solution, and this reaction causes a spontaneous electric
field to occur in the near vicinity of the particle.



https://pubs.acs.org/doi/10.1021/1a703894v

Auto-electrophoresis

* At its surface the gold particle produces protons (H+) that diffuse
and are convected toward the silver particle, where the protons
are consumed in a reaction.

* The moving protons are what set up the electric field in the
vicinity of the particle.

* This field acts on the charge groups on the particle and on the
charge groups in the diffuse layer of the EDL around the particles.




ecture 4

letters to nature

A colloidal model system with
an interaction tunable from
hard sphere to soft and dipolar

Anand Yethiraj*{ & Alfons van Blaaderen*

* Soft Condensed Matter, Debye Institute, Utrecht University, Padualaan 5,
3584CC Utrecht, and FOM Institute for Atomic and Molecular Physics,
Kruislaan 407, 1098 S] Amsterdam, The Netherlands

Monodisperse colloidal suspensions of micrometre-sized spheres
are playing an increasingly important role as model systems to
study, in real space, a variety of phenomena in condensed matter

Vol 464|25 March 2010|doi:10.1038/nature08906

_iterature presentations for

COMMUNICATION www.rsc.org/softmatter | Soft Matter

Tunable attractive and repulsive interactions between pH-responsive
microgels

Jae Kyu Cho,” Zhiyong Meng,” L. Andrew Lyon® and Victor Breedveld”

Received 19th June 2009, Accepted 16th July 2009
First published as an Advance Article on the web 31st July 2009
DOI: 10.1039/b912105f

We report direct measurements of the pairwise interparticle potential be explained relatively well by defining an effective volume fraction of
between poly(/N-isopropylacrylamide-co-acrylic acid) (pNIPAm-co- particles and using hard-sphere-like interactions, the incorporation of
nature Vol 4578 January 2009 |doi:10.1038/nature07610

LETTERS

Lock and key colloids

S.Sacanna', W. T. M. Irvine', P. M. Chaikin' & D. J. Pine'

Measured long-range repulsive Casimir-Lifshitz

forces

|_ E J. N. Munday', Federico Capasso® & V. Adrian Parsegian®

Quantum fluctuations create intermolecular forces that pervade  presented'>*' !, When working at small separations, however, the
macroscopic bodies'>. At molecular separations of a few nano-  polarity and orientation of the molecules may influence the force.

New functional materials can in principle be created using colloids  depletant—to the system, causing depletion interactions®* which
that self-assemble into a desired structure by means of a program-  have their origin in the entropy associated with the centre of mass
mable recognition and binding scheme. Thisidea has been explored  of the polymers. That is, each colloidal particle is surrounded by an

by attaching ‘programmed’ DNA strands to nanometre-'-

and  exclusion layer whose thickness is given by the radius r,, of a polymer



Literature and youtube
presentations for Lecture 5

* Random group assignments

* https://docs.google.com/spreadsheets/d/1EWhNB
h12nLaJGBrVEoSedyOx5w41fPwD1HhYuJGUd9Y/edit

#gid=267969935



https://docs.google.com/spreadsheets/d/1EWhNBhl2nLaJGBrVEoSe4y0x5w41fPwD1HhYuJGUd9Y/edit
https://docs.google.com/spreadsheets/d/1EWhNBhl2nLaJGBrVEoSe4y0x5w41fPwD1HhYuJGUd9Y/edit
https://docs.google.com/spreadsheets/d/1EWhNBhl2nLaJGBrVEoSe4y0x5w41fPwD1HhYuJGUd9Y/edit
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Video Presentation

First Paper Presentation

Second Paper Presentation




Week 2

Group Paper Title
A P2 Glotzer NatMat_anisotropy 07
B P3_kotov_science.1242477
C P1 deGennes-RevModPhys.64.645
D P4 whitesides-pq0802004769




