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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

• 2004 Ayusman Sen, Tom Mallouk and colleagues

https://pubs.acs.org/doi/10.1021/ja047697z



Colloidal motors

• Rod-shaped particles, 370 nm in diameter and consisting of 1 μm 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 μm long Pt/Au rods in pure water

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

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 H2O2 at a similar rate --- established that 
the asymmetric Pt/Au geometry was necessary for rapid axial 
movement.



How are these colloidal motors made?

• 1999, Michael Natan and Tom Mallouk

https://onlinelibrary.wiley.com/doi/10.1002/(S
ICI)1521-4095(199908)11:12%3C1021::AID-
ADMA1021%3E3.0.CO;2-S



How are these colloidal motors made?



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

• 2002 George Whitesides

https://onlinelibrary.wiley.com/doi/10.1002/1
521-3773(20020215)41:4%3C652::AID-
ANIE652%3E3.0.CO;2-U



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 (O2) bubbles released 
from the Pt catalyst, which 
was situated on only one side 
of the “transom” of the 
“boat.”



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

https://www.sciencedirect.com/science/article
/pii/0021979789900799?pes=vor



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

• 2002, Satoshi Nakata

https://pubs.acs.org/doi/10.1021/jp021675m





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.

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:

μ is the viscosity of the fluid

steady-state velocity (v)

oxygen evolution flux S
rod radius R and length L

solution surface tension 𝞬



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 H2O2 was driving the particles through the aqueous solution 
electrokinetically. 



Auto-electrophoresis

• 2005, Darrel Velegol, Tom Mallouk, Ayusman Sen

https://pubs.acs.org/doi/10.1021/jp064393l
https://pubs.acs.org/doi/10.1021/ja056069u



Auto-electrophoresis

• Protons (H+) generated by oxidation of H2O2 migrate from the anode (gold) to 
cathode (silver, center), generating electroosmotic flow (from anode (+) to 
cathode (-)).

Positively charged particles

Negatively charged particles

Electroosmosis (inward) 
vs. electrophoresis 
(based on charge)



Electroosmotic flow

https://en.wikipedia.org/wiki/Capillary_electrophoresis
https://en.wikipedia.org/wiki/Electro-osmosis



Auto-electrophoresis as a propulsion mechanism

• 2005, Nicolas Mano and Adam Heller

https://pubs.acs.org/doi/10.1021/ja053937e

Locomotion by the reaction of glucose and 
oxygen has not been previously reported.



Auto-electrophoresis as a propulsion mechanism

• a carbon fiber is propelled rapidly at the water−O2 interface when built with a 
terminal glucose oxidizing microanode and an O2 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 ∼1 cm s-1.

• In the direct bioelectrochemical to mechanical power conversion process of this 
communication, conductive carbon fibers, of 0.5−1 cm length and 7 μm 
diameter, were autonomously propelled by the glucose−oxygen reaction at 37 
°C and at pH 7 under 1 atm O2.

• 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 O2 to water, redox polymer wired bilirubin oxidase (BOD).

Anode reaction

Cathode reaction



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.



How to make Au nanoparticles?

• 1998, Egon Matijevic

https://www.sciencedirect.com/science/article
/pii/S0927775798007900



Prof. Michael Faraday 

1856

https://www.rigb.org/explore-science/explore/collection/michael-faradays-gold-colloids

1856, Basement laboratory at the Royal Institution

Nanoparticles in Liquids



Gold  Nanoparticles from M. Faraday

M. Faraday, The Bakerian Lecture: Experimental Relations of 
Gold (and Other Metals) to Light, Philos. Trans. R. Soc.  

Lond., 147 (1857) 145-181.

When Michael Faraday was 65 years old, he  
prepared pure colloidal gold using phosphorus to 

reduce gold chloride.

P. P. Edwards, J. M. Thomas, Gold in a Metallic Divided State—
From Faraday to Present-Day Nanoscience, Angew. Chem. 2007, 
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.



Sample 1

Sample 3

Sample 4

Sample 5

Sample 6

Sample 7



How to make Ag nanoparticles?

• 2003, Krassimir Velikov and Alfons van Blaaderen

https://pubs.acs.org/doi/10.1021/la026610p







Colloidal forces.  Particle aggregation 
depends on these forces.
• 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)? 



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

• 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 

• 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

(vol. fr.)

videos from Solomon group



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

• 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.



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

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



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.

• 2006, Darrell Velegol

https://pubs.acs.org/doi/10.1021/la061339n



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 “quantum 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 (ΦVDW) 
between two spherical particles of radius (a), separated by a distance (𝛿), is 

• The Hamaker constant (A) hides all of the complicated quantum mechanics.
• Typical values are A = 1.4×10-20 J for two polystyrene surfaces interacting 

across water, and for gold in water or vacuum A = 20×10-20 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 Φgrav = mgh . Just like the gravitational force is Fg = -d Φgrav /dh = -mg , the 
VDW force is 



Lecture 4 Poll: vdW Energy

• Estimate the VDW energy between two polystyrene 
particles suspended in water, if they have the same 
diameter 2a = 1.5 µm and are separated by a gap 𝛿 = 25 nm 
between their closest points. Recall A = 1.4×10-20 J for two 
polystyrene surfaces interacting across water.

• A. -3.5×10-23 J
• B. -3.5×10-20 J
• C. -3.5×10-17 J
• D. -3.5×10-14 J

https://forms.gle/dx18gxWCXybYnk4a6Long URL

Short URL https://shorturl.at/sFIK0

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

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




Answer: B



• 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). 

Electrostatic forces



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 (ρs) 

that has a typical value of 1 µC/cm2. A single charge group 
has the charge of a proton e = 1.6022×10-19 C, and so 1 
µC/cm2 corresponds to having one univalent charge group 
every 16 nm2, 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” (𝜅-1 or 
𝜆D), which is often called simply the 
“Debye length”. 



Electrostatic forces

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

• Typical magnitudes of the surface potential (Ψ) 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/m2) and the surface potential is: 

Surface potential Distance from the surface

Electrical permittivity



Electrostatic forces
• Between two particles of radius (a), the electrostatic energy (ΦES) 

resulting from the electrical potentials on a particle separated by 
a distance of closest approach (𝛿) is approximated by 

Electrical permittivity

Fluids with higher dielectric 
constants give larger electrostatic 

interactions energies, not only since 
ε 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. 



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. 

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



DLVO energy -- exercise

Would the particles aggregate?



DLVO energy -- exercise

Would the particles aggregate?



DLVO energy
• In maintaining stability, usually we consider the maximum energy 

barrier to aggregation (Φmax). 
• 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. 

Secondary energy minimum

Primary energy minimum



Stability. Aggregation occurs by 
diffusion or shear. 
• 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.

• 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 (𝜏) for roughly half of the particles in 
suspension to aggregate: 

• Stability ratio (W):

Fluid viscosity

Volume fraction of particleAggregation energy barrier



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



Colloidal aggregation rate exercise



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 = 

1.38065×10-23 J/K) multiplied by the absolute temperature 
(T). 
• The average kinetic energy of a molecule is m(vx2 + vy2 + 

vz2)/2 = 3kT/2.
• smaller particles move faster 

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



Average speed of a molecule 
undergoing random thermal motion



Average speed of a molecule 
undergoing random thermal motion



Brownian motion

• Our gold particles in this doublet fabrication, having a diameter 
of roughly 1 µm, 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. 



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 (FH) for a particle of radius (a) moving through a 
fluid of viscosity (η) at a velocity (U): 

• The analysis to find the Brownian motion of the gold particles is 
involved, and I 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 

• “root-mean-square” distance (LRMS) 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. 

where



Diffusion of a colloidal particle example



Diffusion of a colloidal particle example



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. 

• Say we have 1.1 µm diameter gold spheres in water at 298 K, at a volume 
fraction of particles φ = 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 KCl.

• 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. 

• I 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). 





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. 

• I 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 (ρp) settles in a fluid of density (ρf) and viscosity (𝞰) 
during a sedimentation operation at a velocity (U) given by 



• 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 (ρe) – 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)



Electrophoresis exercise

Fluid permittivity Zeta potential (surface 
potential)



Electrophoresis exercise



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 

aqueous 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. 



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. 

https://pubs.acs.org/doi/10.1021/la703894v



Literature presentations for 
Lecture 4



Literature and youtube
presentations for Lecture 5
• Random group assignments
• https://docs.google.com/spreadsheets/d/1EWhNB

hl2nLaJGBrVEoSe4y0x5w41fPwD1HhYuJGUd9Y/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





