
Laboratory 1: Estimation and uncertainty
Do molecules exist and how small are they?

Fall 2017

Background

Part 1: Estimation

The ability to estimate—to within an order of magnitude or so—the
size or probability of various quantities is essential in science, as well
as other practical endeavors. It enables you to roughly check more
complex calculations or hypotheses; it allows you to approximate
quantities when other methods aren’t available; and it allows you to
get started thinking about problems that appear impossible at first
blush. Given its importance in critical thinking, we will return to
estimation over and over throughout the course of the semester.

Our first exercise in estimation is to tackle a problem that at first
seems impossible: to measure the size of a molecule using common
household supplies.

Part 2: ’Measuring’ the size of a molecule

A molecule, as you remember from chemistry, is the smallest possible
collection of atoms. For instance, a molecule of water is composed of
two hydrogen atoms and one oxygen atom. This week we will reprise
an experiment first conducted by Benjamin Franklin in the 1770s.
Although he had all of the necessary tools to estimate the size of a
molecule from his experiment, he did not. Indeed, the atomic and
molecular nature of matter wasn’t even settled until the early 1900s,
owing to the work of Albert Einstein and Jean Baptiste Perrin. We
will return to their contributions later in the semester.

Benjamin Franklin’s original experiment concerned the calming
effect of oil on turbulent water. In 1774, he described a series of ex-
periments in which he poured oil on a pond. He observed that a
teaspoon of olive oil poured on the surface would spread into a thin
film with an area of roughly one-half of an acre. However, always at
a certain point, the oil stopped spreading.

Figure 1: The volume of a sphere V
depends on the radius a cubed.

Enter estimation! If we assume that the oil stops spreading when it
forms a film that is one-molecule thick (it cannot spread thinner than
this), we can estimate the thickness of the oil film and thus the ’size’
of a molecule in the following way. Place a small droplet of oil with
a known volume V on the surface of water. Note that volume has
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dimensions of m3. Measure the area A of the thin film produced by
the spreading of the droplet. Area has dimensions of m2. Therefore,
if we assume that the film is one-molecule thick, we can estimate the
size of a molecule L by dividing the volume by the area:

Figure 2: The area of a circle A depends
on the radius a squared.

L ≈ V
A
[=]

m3

m2 [=]m. (1)

Note that [=] is meant to show the dimensions (or units) of the
variables in an equation. Paying attention to the units—an approach
called dimensional analysis—is an incredibly important skill and one
that we will revisit.

Figure 3: A monolayer of oil molecules
(oleic acid) of thickness L floating on
oil.

Part 3: Image analysis and ImageJ

Given the ubiquity of digital cameras—most of us have one in our
pockets at all times—image acquisition and analysis is becoming
commonplace in the physical and life sciences. ImageJ (sometimes
called FIJI) is a common, open-source image processing package
intended to be used in the life sciences to process and analyze data.
It is developed by scientists and engineers around the world and
maintained by a group at the University of Wisconsin-Madison.

As we will explore over the course of the semester, ImageJ can be
used to quantify many aspects of a digital image, including:

1. the brightness;

2. the distance between two points;

3. the area of selected regions;

4. the two-dimensional positions of objects;

5. and many others.
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In this experiment, we will use ImageJ to measure the area of a
roughly circular layer of soap molecules floating on the surface of
water.

One essential step in all image analysis is to relate the size of the
image in pixels to a physical dimension (i.e. meters). This requires
some kind of calibration. Consider a cell phone picture of a meter
stick. Because we know the physical length of the meter stick (i.e.
the distance between the tick marks), we can use it to calculate the
virtual size of the pixel. Now we have a calibration (or mapping)
relating measurements in units of ’pixels’ to measurements in units
of ’m,’ which are what we care about ultimately.

Pre-lab Assignment

Please answer the following questions before class. You will be re-
quired to turn answers in at the beginning of the laboratory section.
Late pre-labs will not be accepted under any circumstances.

1. Write a purpose for this lab in its entirety.

2. Familiarize yourself with the protocols for conducting and analyz-
ing your experiments.

3. Estimate the size of a one-molecule-thick oil film formed by
spreading 1 ml of oil on the surface of water. Assume that an
oil molecule is roughly 10 nm in size. Show your work.

4. Since we don’t have access to a pond, you will be conducting the
experiments in tanks with dimensions of roughly 10 in by 10 in.
Estimate the volume of oil you would need to cover half the total
area. Again assume a molecule is 10 nm. Show your work.

5. Estimate the number of molecules in 1 ml of oil assuming they’re
10 nm in size. What assumptions do you have to make? Show
your work.

Experimental procedure

Work in groups of three for this lab.

Part 1: Estimating the size of a molecule

Today you will be estimating the size of a soap molecule using
materials available at the supermarket. You will be provided with
pipettes, dish soap, ground pepper, ethanol, and pie trays. You will
also need to use a cell phone with a digital camera to collect data,
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and a computer equipped with ImageJ for your analysis. As a group,
outline the steps of the experiment in detail.

Protocol for collecting data

Collecting data: Your investigation should provide you with enough
data to fill in the tables below and answer all results and discussion
questions. Raw data for this experiment will be in the form of digital
images. Your experiment should roughly proceed as follows:

1. Fill up your pie tray halfway with water and place it on your
bench top.

2. Once the water is still, sparingly sprinkle ground pepper on the
surface of the water. This will help you visualize the soap film.
You don’t need a lot.

3. Place a meter stick or some other object of known dimension next
to your experiment. Make sure you will be able to see it in the
photo. This will be essential for calibrating the pixel size.

4. Prepare your cellphone camera.

5. Using the 0.5-10 µl pipette, gently place a small droplet of 10%
dish soap/ethanol mixture onto the water surface.

6. Take a photo of the circular film produced by the spreading of the
soap molecules. You will have to be fast!

7. Repeat the experiment1. 1 Note: You may need to replace the
water and pepper grounds periodically
to maintain a relatively clean water-air
interface.

Important: Please be very thoughtful when using the pipettes and
handle them with care. They are easily damaged and can become
miscalibrated.

Protocol for analyzing data

Analyzing data: You will analyze your data using ImageJ. The goal
is to determine the area of the soap film produced by the spreading
of small droplets of dish soap/ethanol mixtures. For each image you
acquire you will need to:

1. Open the image in ImageJ by clicking ‘File’ and selecting ‘Open’
from the dropdown menu. Your image should appear.

2. Choose the line tool from the tool bar.

3. Draw a line between two points separated by a known distance
(for instance, between two different tick marks on the meterstick)
and type ‘control + m.’ This will take a measurement of the length
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of the line in units of ‘pixel,’ which will appear in a table called
‘Results.’

4. Record the length of the line and the corresponding physical dis-
tance. You will need these two values to calibrate the image size.

5. Choose the oval tool from the tool bar.

6. Draw an oval that closely matches the outline of your soap film
and type ‘control + m.’ This will take a measurement of the area of
the oval in units of ‘pixel2.’

7. Record the area. You will use this, together with your calibration,
to compute the area of your soap film in physical units.

8. Repeat the analysis for each image.

Results and discussion

A reminder: The solution that you are using contains 10% dish soap
and 90% ethanol by volume. The dish soap itself is also largely made
of water: Only about 20% of dish soap is detergent (most commonly
sodium lauryl sulfate)! You will need to take these facts into consid-
eration for your analysis.

1. Show a representative cellphone picture of a soap film. What was
the volume of the droplet? What is the area of the film in cm2?

2. Complete the following table:

Trial Vol (µl) VolSLS (µL) Dist (pixel) Dist (cm) Calib (cm/pixel) A (pixel2) A (cm2) Size (nm)
1 1

2 1

3 1

4 1

5 1

1 5

2 5

3 5

4 5

5 5

3. From your data, estimate the size of a soap molecule? The dom-
inant ingredient in dish soap is sodium lauryl sulfate (SLS). As-
sume that dish soap is 20% SLS by volume, a reasonable assump-
tion given the available information on detergents, and that the
ethanol evaporates rapidly and can be ignored.
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4. Given the known molecular structure of SLS and the typical
carbon-carbon bond length (about 0.15 nm), compute a separate
rough estimate of the size of an SLS molecule. How does it com-
pare to what you measured? Explain and show your work.

5. How much should we trust our measurement of the size? What
are some sources of uncertainty in our approach? Which do you
think most strongly influence the accuracy of our result?

6. How could we design our experiment differently to eliminate
some of these sources of uncertainty while still using a similar
approach? Provide 3 suggestions.

7. There is a bonus in today’s experiment; we can also use the same
data to estimate Avogadro’s number (i.e. the number of molecules
contained in a ‘mole’ of material.) Assuming the density of SLS is
the same as water—1 g/ml—estimate Avogadro’s number. What
assumptions did you make? Show your work.

Figure 4: A molecule of SLS.
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