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CHAPTER 1: WHAT’S WHAT: IDENTIFYING STUFF 
 

Beginnings are very difficult – because one begins with “basic” material. But what is “basic?” In 
graduate school, my friends and I would occasionally spend the lunch hour perusing books at one of 
the many used book stores near campus. I remember once, while in the “high-powered” math 
section, I noticed a book called “Basic Algebra.” I found it odd that such an introductory text would be 
in that section, so I thumbed through it. I discovered that it contained some of the most obscure math 
and language that I had ever seen. It became clear that this was not about things like “If x+2=5, what 
is x?” It was about things like what “plus” and “equals” and even “3” actually mean. Far from being 
introductory, this “basic” text was quite advanced. So it is with any subject.  

 
Any subject is built upon “basic” concepts. But many of these are seldom closely examined. 

More often, “basic” concepts are just used, with the hope that such use will convince one that they 
know what they are talking about – and so they will never look back. But this method has always 
struck me a bit like the Emperor’s New Clothes:  
http://www.andersen.sdu.dk/vaerk/hersholt/TheEmperorsNewClothes_e.html. Maybe it’s true that if 
we all just act like we understand what we’re talking about, then we can live in a world of shared 
illusion and be happy. But we will also be, in some fundamental way, ignorant. To avoid this, I like to 
start these notes by discussing some concepts which are, for chemistry, “basic” (i.e. hard to 
understand). These discussions annoy some students – especially those who want to get on to ‘the 
real stuff.’ I ask such students to be patient, to perhaps humor me, and to give what follows some 
serious thought. We will get to ‘the real stuff’ soon enough. And this may be the only chance in your 
education that you will get to ponder some of what is discussed below. So savor it…  
 
1) What is chemistry? 
 
  I think that chemistry is the art of observing, describing, explaining and predicting the ways 
that "things" differ from "other things."  
 

For example, look at this page. (If you haven’t printed it out, 
pretend that you have!). It’s white & flexible. Now look at the cover of 
the notebook into which you should pretend that you’ve put your 
virtually printed out page. The cover is probably not white is it? And it’s 
harder to bend isn’t it? Why? Sure, one’s a piece of paper and the 
other is a notebook cover. But what’s going on inside of each of them 
to give them those properties? Those are the sorts of questions that chemistry deals with… 
 

I think that this interest in how materials differ from each other separates chemistry from 
physics - which mostly focuses on the properties of "stuff" that are shared by all kinds of "stuff." For 
example, in physics, an important property of anything is its "momentum" = its mass multiplied by its 
velocity. Something's momentum, for example, determines what force you need to stop it or to deflect 
it. While momentum is certainly an important property, did you notice that something’s momentum is 
independent of what it is made of? A 1 pound granite rock moving at 1 meter per second has the 
same momentum as 1 pound of whipped cream moving at 1 meter per second. In contrast, chemistry 
focuses on explaining the properties of stuff that make it different from other stuff. For example, why 
would you rather be hit by a pound of whipped cream than by a pound of granite? Or why is whipped 
cream fluffy & white while granite is crystalline and pink? And so on.....This is a big job. After all, just 
look at the variety of things you use every day. For example:  
 

http://www.andersen.sdu.dk/vaerk/hersholt/TheEmperorsNewClothes_e.html
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My alarm clock went off this morning and I turned to see its light emitting diodes flashing a red 7:00. 
Hmm, if you pass electricity through most things they just get hot. Where does this red light come from? 
My sleepy fist banged the snooze button. Gee, the study plastic case didn’t shatter the way some things 
would. After the next alarm, I hopped out of bed, stumbling as I tried to pull on my socks after my feet 
landed on the freezing floor of my bedroom. Gee, why do my socks, which have spent the night on the 
floor, seem so much warmer than the floor? I stumbled to the bathroom and flicked the light switch. Gee, 
how come that little plastic switch keeps me from getting electrocuted? I stared into the mirror. (Is that 
really me?) How come that silvered glass is so much more reflective than the wall? And how come, 
luckily for me and my neighbors, that wall is so opaque anyway? I grabbed my aquamarine toothbrush. 
How come it’s that color? I turned on the water. How come my pipes and sink don't dissolve? I 
squeezed the toothpaste tube. How come that tube is so squishy? And I scrubbed my pearly whites. 
How come my toothpaste tastes minty instead of like rotten eggs? 

 

My point is that the diversity of stuff in our world is pretty amazing. Stuff varies almost as 
much as do people. In fact, I sometimes think of chemists as “material psychologists” - trying to figure 
out why things have the "personalities" that they have. (Chemists also try to figure out how such 
“personalities” can be changed – which I guess makes them a sort of ‘material therapist.’)  Sure, you 
already know that you can see through glass because glass can be seen through - what else is new? 
But chemists want to know WHY glass can be seen through. Besides satisfying their curiosity, 
answering such questions allows chemists to modify such properties or to make materials with new 
properties such as a glass whose transparency can be varied…  
  
2) What “exists?”  
 

Since chemistry deals with different kinds of ‘things,’ chemists need to be able to describe 
‘things.’ So we’re going to start by making sure we all understand the sorts of properties that 
chemists use to distinguish one sort of “thing” from others…  

 
For a very, very long time, we’ve believed that it’s useful to divide our experience into 

(more or less) “independent things.” When we look around us, we really just see “what’s around 
us.” But we’ve been taught to break down that “one-ness” into individual “separate” things (like my 
coffee cup, the coffee in it, my stapler, my sheets of paper, my pen, my calculator, etc.).  
 

But you need to be aware that “what exists” isn’t obvious. Different people often see different 
things when they look at the same thing, such as the 6 men from Indostan in the ancient Hindu fable: 

It was six men of Indostan 
To learning much inclined 

Who went to see the elephant 
(Though all of them were blind) 

That each by observation  
Might satisfy his mind 

The First approached the elephant  
And happening to fall 

Against his broad and sturdy side 
At once began to bawl 

"God bless me but the elephant 
Is very like a wall” 

 
The Second feeling of the tusk 
Cried "Ho, what have we here 

So very round and smooth and sharp 
To me 'tis might clear 

This wonder of an elephant 
Is very like a spear. 

The Third approached the animal 
And happening to take 

The squirming trunk within his hands 
Thus boldly up and spake 

"I see" quoth he "the Elephant 
Is very like a snake 

The Fourth reached out an eager hand  
And felt about the knee 

What most this wondrous beast is like 
is mighty plain quothe he 

“‘Tis clear enough the elephant 
is very like a tree.” 
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As a second example, consider how annoyingly blind we must appear to Eskimos. How could 
we possibly think that “snow” is “snow” - when they know that snow can be any of about 30 different 
things? (And no, these are not 30 types of 1 thing, they are 30 different things.) 

 

 
Finally, it’s good to realize that many “things” whose existence we take for granted (like “mass” 

or “energy”) have actually only been “seen” pretty recently – most since ~1800! And it’s amazing to 
me that while some such “things” have proven useful enough to have been given special names, 
others have not proven so useful. For example, “momentum” is defined as something’s mass x its 
velocity = mv. But, as far as I know, m/v or m

2
v or m/v

2
 have not been shown to be very useful 

quantities and so are not considered to be “things” like momentum. Of course, maybe we just haven’t 
yet figured out the usefulness of such things… 
 

I think that it’s good to remember that, in many ways, we are blind. I believe that what we think 
exists “out there” has at least as much to do with the structures of our senses and our minds and with 
our cultural upbringings as it does with what may “really” be there. I see no reason to believe that 
what we can sense is “all” that’s really out there. We only have access to a limited sampling of what 
may be a much broader “reality” - much as the blind men above, deprived of sight, must depend on 
what senses they do possess. And just as not all music or art or drama has yet been created, I see 
no reason to believe that all useful models of reality have been created. After all, I’m not sure that 
‘understanding reality’ has been a very powerful selection force in evolution. Indeed, worrying about 
the ultimate nature of reality may do more to inhibit one’s reproduction than to encourage it. So don’t 
be lulled into thinking that things like “atoms” and the “laws of thermodynamics” that you’re going to 
learn about in this class are “real” or “the best” view of reality - they’re just the best that we have right 
now…. I’m quite confident that in 200 years, our descendents will be smiling at the naïveté of our 
believing in such things. But then the Beatles didn’t know about rap either – yet they were still pretty 
amazing… 

 
Lots of students seem to think that the idea that “we may have it all wrong” is pretty far-

fetched. But it seems to me that we’ve usually “had it wrong.” For example, here are some past 

examples of what people have “thought to exist” and how such limited perceptions led to 

“unexpected impacts”:  
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"PROBLEM" 
 

"SOLUTION" involving 

‘something that exists’ 

 
“UNEXPECTED IMPACT" due to failure to 

see things in their wider context  
 
Smoke from 1960's 
stacks was unsightly, 
so  

 
Chemists figured out how to 

remove fly ash from 
smokestacks 

 
But alkaline fly ash was actually part of 

rain and removing it increased the 

acidity of the resulting rain…Oops. 
 
Early aerosol 
propellants were 
toxic and/or 
flammable, so ... 

 
Chemists developed un-
reactive & nontoxic 

chlorofluoro-carbons (CFCs) 

 
But CFCs were so stable that they were 

actually part of the stratosphere and 

attacked its ozone layer that protects the 
earth from UV light. …Oops. 

 
Diets high in 
"saturated" fats 
increase the risk of 
heart disease, so... 

 
Chemists develop margarine 
(partially saturated vegetable 
oils)  

 
But margarine’s “trans”-fats were actually 

parts of stiff cell membranes ( heart 

disease) and its polyunsaturated fats were 

actually parts of leaky cell membranes 

( cancer) …Oops.  
 
Much of global 
agricultural harvest is 
lost to insect pests, 
so... 

 
Chemists develop synthetic 

pesticides like DDT  

 
But synthetic pesticides may actually be 

part of non-target living things with have 

undesirable side-effects.…Oops 

 
Gasoline burns too 
readily in engines 
making them 
inefficient (causing 
Apinging”), so.... 

 
Chemists developed 
efficiency-increasing 

compounds containing lead 
to add to gas 

 
But such lead actually becomes part of 

air, water and soils leading to global 

lead pollution. …Oops 

 
Homes waste energy 
by being so drafty, 
so... 

 
Chemists developed extra 

insulation & caulking for  
cracks 

 
But such insulation is actually part of a 

home’s ventilation system & tighter 

houses increased the impacts of indoor 

air pollution. …Oops 
 
Nuclear power plants 
generate long-lived 
radioactive wastes, 
so... 

 

 
Chemists are working to 
develop efficient solar cells to 

harvest solar energy in the 
sunny parts of the world  

 
But solar energy is actually part of the 

global weather system & changes in it 

may lead to climate changes. Oops.  
(2010 US energy use ~26x1012kwh/yr; 
Arizona solar ~2500kwh/m2/yr x 3x1011m2; 
so would take ~4% of Arizona solar to 
meet US need)   

 
These examples of how limited views of ‘what exists’ has led to “failed solutions” are not 

meant to be depressing. Hopefully, human ecology’s emphasis on the actual connectedness among 
what may appear to be separate things will lessen such problems in the future. Even if “solutions” do 
continue to create new problems, the impact of any problem often depends on how long it is allowed 
to persist. Replacing one problem by a new one may result in less total impact than allowing any one 
problem to continue for an extended period of time. But I do think that it’s good to remember:  
 

Screw-ups are probably inevitable. Perhaps our goal should be to 
encourage diversity in order to limit the devastation caused by 

the failure of any particular approach? 
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  Diversification may have other benefits. I think that one of the greatest aims of education is to 
make us aware of the arbitrariness of our world-views and to make us more tolerant and respectful of 
the world-views of others. This welcoming of diverse perspectives may also be productive. Many 
believe that scientific "progress" or "success" often comes when those who have been trained in one 
area shift their interest to another area later in their careers, bringing the unique perspectives of one 
field to bear on another. I worry that our current trend toward the homogenization of world-views 
around the world may bode poorly for future scientific progress.  

 

ACTIVITY 1.1 
 

a) To help you become more aware of the variety of materials you use, list three substances and 
their properties that you’d like to understand better.  
 
b) Dream up a new substance - something with properties unlike anything you know of today. 
Describe its properties and explain how your new 'stuff' might be used to take advantage of them. 
 
c) Make up names for three “things” that exist, but which, as far as you know, do not (yet) have 
names. 

 

 

3) How do you know when two materials are the same? 
 

For a very, very long time, we’ve believed that some “different” things aren’t really so 

“different” from other things. If I move this chair over there, most people consider it to be the “same” 
chair – rather than thinking that the old chair somehow vanished and a new one appeared. And yes, 
this chair is “different” from that “other” chair across the room, but they are also enough alike that it 
makes sense to consider them to both be “chairs.” Many people believe that such searches for 
similarity within difference is essentially what science is all about. For example: 
 

 A liter of toxic hydrogen cyanide and a liter of life-giving oxygen are obviously different - but 
they would both shrink to ½ liter if you double the pressure on them. They are both ‘gases.’  

 We will come to call the smallest pieces of charcoal and the smallest pieces of the iron grill 
that contains it “atoms.” Yes, they will be different “types” of atoms, but they will share enough 
characteristics that we will find it useful to call them both the “same thing.”   

 The chemicals HCl and H2SO4 are very different. For example, at normal conditions, HCl is a 
gas and H2SO4 is a liquid. But HCl and H2SO4 share enough properties to, in some ways, be 
considered to be “the same” (i.e. both are “acids”). 

  
Such classifying of objects into categories saves lots of words: once you know what properties 

“acids” share you can just say that something is an “acid” and not have to list all the properties. But 
such classification can be dangerous unless you’re careful not to think that things that are “the same” 
in some respects are “the same” in all respects. Much of the progress of science is the elaboration of 
the realization that things which were previously thought to be “identical” (“proteins,” “nitrogen atoms,” 
etc.) actually come in different types. (One of my favorite books is The Same and Not the Same by 
the Nobel Prize winning organic chemist Roald Hoffman. It has a great discussion of the extent to 
which human behavior – both in and out of chemistry - reflects how we differentiate things.) 

 

Chemists consider substances to be “the same” if, when under “identical conditions,” 

they have identical “quantitative intensive properties”  
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3a) “Identical Conditions” 
 

OK, this is a tough one. Can any two things “be under identical conditions?” No. Whatever 
roses Gertrude Stein may have seen were certainly not “under identical conditions” as the ones 
growing beside my house – and yet “a rose is a rose is a rose.” They differ in location, elevation, 
time, distance from the sun, distance from nearby galaxies, the amount of radio waves they are 
exposed to, the material the nearest house is made from, who is looking at them, what sort of soil 
they are in, etc., etc. And yet chemists consider their conditions to be “pretty much identical.”  

 
Chemists realize that the quantitative intensive properties that they use to distinguish materials 

from each other may vary with things like location or time – but (they hope) – such variations are less 
than variations in such properties from one material to another. Why do they think this? I suspect 
because they have measured the properties of a sample of X after moving it from place to place or 
after letting it sit in a place for a month… Of course, such “places” are mostly limited to “on the 
surface of the earth” and such “times” are limited to “the last 100 years or so.” Even within such 
limitations, the properties of some “thing” do vary a bit – but not much. Except for some strange 
environments (e.g., being in a super strong electric or magnetic field), chemists chalk such variation 

up to variations in either (or both) of two environmental parameters: pressure and temperature. 
Both of these are actually quite tricky concepts. We will return to deal with them in more detail later. 
For now, just believe that you (sort of) understand them.  
 
3b) Quantitative Properties: 

 
Once a chemist has identified some “thing” that s/he thinks is worthy of “existing,” s/he 

describes it by listing its properties. Some very important characteristics of materials such as beauty, 
societal or environmental impact, taste, and smell, are notoriously difficult to describe. While an 
individual or group may "measure" such properties (such as when experts assign numbers to the 
aroma of wines) there is no guarantee that another group or individual would arrive at the same 
"measurement."  Nobody has devised a method of measuring such properties with which everyone 

agrees. Such characteristics are called "qualitative" properties - because they describe “qualities” of 
a thing. At the present, chemists don’t use qualitative properties to identify types of things. This 
doesn’t mean that such properties aren’t important or that chemists aren’t actively concerned with 
them. After all, chemists develop “pretty” paints, “sensual” perfumes and “mouth watering” methods 
of food processing. But they don’t deceive themselves by thinking that what they judge to be “pretty,” 
“sensual” or “mouth-watering” will be seen as such by all others. At present, the "science" of 
qualitative properties is more the realm of psychologists & of advertising agencies than of chemists. 
 
 Other properties of things are able to be described in “operational” ways that enable anyone to 

get (roughly) the same numerical value as anyone else. These are “quantitative” properties – and 
are what chemists use to describe materials. For example, “putting a rock on a balance and seeing 
what number appears” is a way to quantify the qualitative sense that “that rock is heavy.”   
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Activity 1.2 
Describe how you could quantify each of the following qualitative descriptions of properties. 

(Don’t look up any real data, just say what sort of data you could use. For example, to quantify the 
qualitative statement that “Gold can be pounded into thin sheets” you could suggest the fact that 
“One gram of gold can be pounded into an X cm thick sheet without tearing.”) 
 

Gold doesn’t rust. 
 

Chlorine gas is pale yellow in color. 
 

Alcohol evaporates quickly.  
 

Arsenic is toxic. 
 

Drinking alcohol slows your reaction time.  
 

Rocks can be crushed. 
 

 

Warning: (I grew up watching the “Lost in Space” TV show. In it there was this 
annoying robot which ran around in times of crisis shouting “Warning! Warning, Will 
Robinson!” I feel a bit like that robot…. I used to think that I understood terms like 
“quantitative.” But each year I get more confused – and so have adopted the Lost in 
Space robot to signal when I digress into such confusion.)  My confusion over 
“quantitative” began when discussing “Likert” scales with my wife (who is in grad 
school in education). Likert scales are those scales where you rate your feeling about 
something on a scale of 1-5. The question came up – are such responses 
‘quantitative?’ I mean, they are numbers… But is that enough to be quantitative?      

 
So I did what I always do when I’m confused about something: I Googled it. Lo and behold, I 

discovered a rich literature about the “philosophy of measurement.” For example, a committee of the 
British Association for the Advancement of Science debated the problem of “quantitative 
measurements of sensory events” from 1932-1938. Its deliberation apparently led only to 
disagreement, mainly about what is meant by the term “measurement.” A classic early paper on 
measurement is “On the Theory of Scales of Measurement” by S. S. Stevens, the Director of 
Harvard’s Psycho-Acoustic Laboratory (Science, 103(2684) 677-680 Jun. 7, 1946). In this paper, 
Stevens argues that “measurement,” in the broadest sense, is the assignment of numerals to objects 
or events according to rules and that scales of measurements are only possible because there is a 
certain correspondence between what we can do with the aspects of objects and the properties of 
the numbers– which allows the use of numbers to represent such aspects. Stevens enumerates 4 
different types of “quantitative” scales, each of which comes with different allowable ways of 
manipulating the “numbers” on the scale:  
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scale property examples meaningful manipulations 

Nominal numbers are used to 
represent different 
types 

#s on a football team’s 
jerseys  

None. A number tells you nothing 
about how any quality of its object 
compares to qualities of others 

Ordinal numbers are 
assigned in order of 
size but without any 
indication of relative 
sizes 

“counting off by age” or 
the Mohs “hardness” scale 
that’s used for minerals or 
ranking your preferences 
of restaurant types 

Such numbers can tell you which 
objects are greater or lesser in some 
way than another – but manipulations 
such as finding averages are 
meaningless.    

Interval numbers are 
assigned to indicate 
differences between 
values, but with an 
arbitrary “zero”  

Fahrenheit or Celsius 
temperature scales 

With such scales, one can talk about 
the difference between two values 
but it is meaningless to say that one 
value is 2x or 3x greater than 
another. For example, the difference 
between 35

o
F and 45

o
F is the same 

as the difference between 55
o
F and 

65
o
F. But it’s silly to say that 100

o
F is 

“twice as hot” as 50
o
F. 

Ratio Numbers indicate 
difference from a 
meaningful “zero”  

Mass, volume, absolute 
temperature 

It makes sense to talk about relative 
sizes (the X (property) of thing Y is 2x 
the X of thing Z) 

 
I guess my warning is just to be a bit wary of “quantitative” data. Not all “quantities” share the same 
properties… 
 
3c) Intensive Properties:  
 
 Besides being “quantitative,” the properties that chemists use to identify materials must be 

“intensive.” Intensive properties are those which are “independent of the amount of the 

something that you have.”  If they are independent of amount of stuff, who cares how you describe 
amount of stuff? Chemists consider a small piece of copper and a large piece of copper to be “the 
same” stuff – even though they obviously have some different properties such as mass, volume, 
value, how many pennies you can make from them. I think that this is really quite amazing…  
 

Most properties of things do depend on how much stuff you have. For example: mass, 
volume, how much heat it takes to warm something by 1 degree, what force it takes to slide one 
object across another, how much light is transmitted by an object, etc. These are “extensive 
properties” – they depend on the ‘extent’ of stuff that you have. 

 
Only a few properties are “intensive.” For example, something’s temperature, its hardness, the 

speed of light within it. But surely these are not enough to identify a material. No, chemists have 
figured out that the ratio of any two extensive properties is an intensive property. For example, how 
much heat it takes to warm an object by 1 degree (call this Q) and the mass of the object (call this m) 
are both extensive properties. So Q/m (the amount of heat it takes to war m 1 gram of a material by 1 
degree) is an intensive property. .    

 
There are many choices of denominators to use as a measure of how much stuff you’ve got - 

and which measure is “best” depends on your definition of “best.” 
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“Numbers of things” is sometimes a good way of measuring how much you’ve got. If each of 6 
lab groups needs a sample of chalk for an experiment, you’d need 6 samples. If you split one 
piece into 6 pieces, the “amount” (#) you have would change – but a chemist would think that 
you still had the “same amount” of chalk. Chemists do sometimes measure amounts of stuff in 
terms of #s of particles they have. For example, 2g of hydrogen gas contains the same # of 
particles as 32g of oxygen. Thus, in some sense 2g of hydrogen = 32g of oxygen. Chapter 3 
deals extensively with this way of measuring “amounts of stuff.” 
 
“Cost” is sometimes a good way of measuring how much of something you’ve got. You use 
this when you want to know how close you are to having spent your $3.25 at the chalk supply 
store. But to a chemist, $3.25 of expensive chalk would probably be a very different “amount” 
of chalk than $3.25 worth of inexpensive chalk. 

 
“Lifetime” is sometimes a good way of measuring how much of something you’ve got. This 
measure could be very useful when buying chalk. One piece of hard chalk that lasts 20 
classes could be considered the “same” as two pieces of softer chalk each of which lasts only 
lasts 10 classes. On the other hand, a chemist would probably consider two pieces as “more” 
chalk than one piece.  
 
“Volume” is sometimes a good way of measuring how much of something you’ve got. This is 
often used if “ease of measuring” is the way you judge how “good” something is. Maybe each 
lab group could get “a scoop” of chalk - But to a chemist, a “cup” of sifted chalk dust could be 
a very different “amount” than “a cup” of un-sifted flour. 

 
Despite the possible usefulness of each of the above measures of “amount” chemists usually 

use “mass” as their measure of “amount of stuff.” No, mass isn’t the easiest to measure or the most 
obvious measure of amount. But we’ll soon see that mass is “best” in at least three important ways. 
But first, we need to make sure we know “what mass is.” 
 
  

4) What are some important quantitative intensive properties?  
 

Sometime, browse through a handbook such as The Handbook of Chemistry and Physics to 
see the variety of properties of materials that people have explored.  
 

The following chart illustrates a small sample of the many properties of stuff which have been 
measured under "normal" conditions (a temperature of 25

o
C and a pressure of 1 atmosphere). For 

each property, the chart gives  
 

 a definition of the property 

 what it means if the property is large 

 what units the property is described by 

 values of the property for some common materials 

 a brief discussion of why the property is useful 

 how the property gets to be large 
 

Values that I use most often are in BOLD 
 



 
 Chapter 1: Identifying Stuff: page 10 

 

Property definition 
If property 

is large… 

Typical 

Units 
Sample values So what? 

How to be 

large…. 

MECHANICAL PROPERTIES 

Density 

= ρ (rho) 

The mass (M) of a 

unit volume (V) 
of stuff 

 

=M/V 

A given 
volume is 
very heavy 

g/cm
3
 

H2= .00009   dry air = .0012   cork = .24 
pine = .43     Ice = .917                  
polypropylene=.905       LDPE = .925 

HDPE = .959          25C water = .997      
seawater = 1.025    polystyrene = 1.05 

nylon = 1.14 

Polymethylmethacrylate = 1.19 
Polycarbonate=1.2     PET = 1.35 
PVC=1.4-1.6              chloroform = 1.5 

Sugar = 1.59              teflon = 2.17  

NaCl = 2.18                Pyrex = 2.23       

Granite = 2.5        soda-lime glass = 2.5  

Al = 2.7                     Cement = 3.1    

C, Diamond = 3.5     Fe & steel = 7.86 

Pb= 11.34                 Hg = 13.5 

Au = 19.3                  Osmium = 22.4 

What floats on what 
(1ft of freshwater above 

salt = 40ft of fresh below) 

Planet’s oceanic & 
atmospheric circulation 

 

Be made of 
small heavy 

units which are 
packed close 

together 

Dynamic 

Viscosity 

= η (eta) 

the force (F) in 
dynes needed to 
cause stuff at a 

unit distance (d = 
1cm) away from 
stationary stuff to 

move at a unit 

speed of 1cm/sec 
(v) 

 

F = η v d 

Stuff is 
gooey 

cP = 1/10 
poise 

=1/100 Pa 
sec 

 

1 poise = 
1dyne 

sec/cm
2 

Air = .018                     Liquid N2 = .16    

acetone = .3                CH3OH = .54    

C6H6 = .6                     H2O = .894    

C2H5OH = 1.07            Hg = 1.53   
ethylene glycol =16.1  H2SO4 = 24.2 

corn oil=65                  SAE10 = 65  

olive oil = 81                SAE20=125   
SAE30=200                 SAE40 = 319 

glycerol = 934              castor oil=985 
Corn syrup = 1380       honey = 2-10,000 

ketchup ~75,000     sour cream=100,000 

Peanut butter ~250,000  

Lard =1,000,000           tar = 30,000,000  

pitch = 230,000,000,000  

 weathering rates 

 Energy to pump 
(blood, etc) 

Have strong 
inter-molecular 

forces 

Kinematic 

viscosity 

=(nu)

Dynamic viscosity 

Density 
 

cP/(g/cm
3
) 

=Centistok
es 

H2O=1   milk = 4   cream = 21    

veg oil = 43   tomato juice = 220 

Honey=2200    mayonnaise=6250     

sour cream=19000 

 

Have strong 
intermolecular 
forces and low 

density 
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Property definition 
If property 

is large… 

Typical 

Units 
Sample values So what? 

How to be 

large…. 

surface 

tension 

=  (tau) 

the joules of work 
(W) needed to 
increase the 

surface area (A) 

of the stuff by unit 

area (1cm
2
) 

W = A 

Hard to 
penetrate 
surface 

erg/cm
2
 

Perfluorohexane=11.9   C6H14=18.4    
C8H16= 21.8                 C2H5OH = 22.3  
toluene=28.4                pyridine = 38     
nitrobenzene=43.9       formamide=58.2 

glycerol = 63                H2O =73    

Hg =425 

-small soils hold water 

-insects walk on water 

-hot soapy water cleans 
better 

-frost heaves over fine 
particles 

Have strong 
intermolecular 

forces and small 
particles? 

isothermal 
compressibility 

= (kappa) 

= 

1/bulk modulus 

the volume 

decrease (V) of 

a unit volume (V) 
when the 

pressure on it 

increases by unit 

pressure (P=1) 

V/V =P 

Stuff 
compresses 

easily 

Parts in 
10

8
 per psi 

C, Diamond = 1.2  Au=2.92 

  steel = 4.9   Ag=6.2 

cast iron = 7.9     brass = 8.6    

aluminum = 9.8   granite = 15.3    

glass = 15.3        mercury = 27.8    

C6H6 = 66            glycerol=160 

polystyrene = 222   nylon = 270         

H2O = 313   C2H5OH= 689    

CH3OH=713 PVC plastic = 1333 

Pentane=2018 

 

how P changes with 
depth 

circulatory systems 

hydraulics 

Cartesian divers 

Have E(r) with 
gentle interior 

Elasticity 

=Young’s 

Modulus 

= E 

The stress 

(force/unit area) 
needed to cause  
a given strain (= 
length increase 

per unit length = 

L/L) (within the 
elastic limit) 

L/L = (F/A) / E 

Stuff is stiff 

(vs flexible) 
GPa 

Rubber = .002                 LDPE=.2 

Vertebrae=.2                   teflon=.45      

wood across grain = .6 

HDPE=1                    Polypropylene=1.3 

PET=PVC=PS=3  

wood parallel to grain ~12 

Pb = 16       femur = 17          Al = 70    

Glass = 70    Ag = 74            Au = 78       
Brass ~100   Cu = 130        
cast Fe = 65-170    Fe & steel ~210   

C, diamond=700-1200  

 

 

 

 

 

 

       

Stiffness big 
accelerations big 

forces  damage so 
climb with nylon not steel 
and use stretchy tendons 

to support heads of 
galloping animals but 

stiffer tendons to connect 
muscles to bones 

Have strong 
bonds to resist 

separation 

(plastics < 
metals < 
ceramics) 
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Property definition 
If property 

is large… 

Typical 

Units 
Sample values So what? 

How to be 

large…. 

Poisson ratio 

=  (nu) 

Width decrease 

per unit increase 

in length = 

W/L 

 

Shrinks a lot 
in width 
when 

stretched 

(=..293  
no net 
volume 
change, 

<.293 V 

>.293 V 

CHECK?? 

Unitless 

Cork ~ 0               Be  = .08 

Concrete = pyrex=diamond=.20       

Sodalime glass = .23     Zn = .25 

Cast Fe = .26      W=.28    Mg=.29    
Steel=.30               Al=ice=.33        
Brass=Cu=.34       Ag=.37               
Nylon=.39              Au=.42                 
teflon=.46              Rubber = .5 

why cork  is used in 
wine bottles (vs rubber 

which would expand and 
jam – so are tapered 

when used for chemical 
resistance) 

distribution of stresses 
around cracks, about of 
bending perpendicular to 

forced bending 

 

Hardness 
Resistance to 
local stresses 

Stuff doesn’t 
scratch 
easily 

Mohs units 

Wax = .2   Lead = 1.5             tin = 1.6    

Al= 2-3     Cu = 2.5-3       brass = 3-4    

bronze = 4              Fe = 4-5   

glass = 5-6              steel = 5-8   flint = 7  

Knife edges = hard 

Soft metals  machine 
easily 

Flint  sparks if steel 
isn’t too hard 

 

Tensile 

strength 

Force per unit 

cross sectional 

area (=Stress 
=force/area) at 
which material 

fails = load it can 
carry 

Stuff can 
hold lots of 

stress 
MPa 

Concrete = 3          Polypropylene=20-80 

Pine~35                   leather ~ 40    

nylon = 75                hemp rope ~80 

oak~85                     bone = 100 

Al ~120                     cast Fe = 200 

brass ~210               Cu =220    

silk fiber ~ 260          cat gut ~420    

mild steel = 460        stainless steel=860 

Quartz fiber ~1000   spider web ~ 1200 

piano wire ~2000      carbon fiber = 5650 

carbon nanotube=62000     

Concrete is good in 
compression but not 
tension (use rebar) 

Strong 
intermolecular 

forces 

Toughness 

Total energy 

absorbed per unit 

volume before 
failing = 

resistance to 
fracture 

Stuff 
absorbs lots 

of energy 
before 
failing 

(usually is 
strong + 
ductile) 

J/m
3
 

Glasses=.004-.008    Ceramics=.003-.2 

Plastics = .1-100        metals=.34-145 

Fracture toughness = ability of a material 
containing a crack to resist fracture; 
units = MPa/m

.5
 

Concrete=.2-1.4          glass=.7-.8   
polystyrene=.7-1.1      polycarbonate=2 

nylon=PVC=2-3                 
polypropyene= 3-4.5 PET=5 

Al=14-28   steel = 50        Ti = 44-66 

Toughness decreases as 
strength increases 

Have more ways 
to dissipate 

energy (slide) 
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THERMAL PROPERTIES 

Property definition 
If property 

is large… 

Typical 

Units 
Sample values So what? 

How to be 

large…. 

specific 

heat 

= c 

the Joules of heat 
(Q) needed per 

unit mass (1 

gram) by 1
o
C (T) 

 

Q = mcT 

Stuff takes a 
lot of heat to 

warm up 

Joules/gra
mK. 

Au = .13                     Hg = .14   

Cu = .38                     Wood = .42    

Fe = .45                      Glass = .50    

Diamond = .51            Pyrex = .75    

granite = .79               brick = .84 

Al  = .90                      Air = 1.01     

Water vapor = 2.08    Ice = 2.11 

Gasoline = 2.22         Water = 4.18     

He = 5.2                     H2 = 14.3    

-land mass determines 
climate 

-land/sea breezes 
-water movement = big E 

transfer 

-crocodiles survived 
climate change when 

dinosaurs didn’t 

Have many 
particles with 
lots of ways of 

absorbing 
energy 

thermal 

conductivity 

= k 

the amount of 
heat Q) that will 

pass through unit 

area (A=1cm
2
) of 

water per unit 

thickness 
(d=1cm) if its two 

sides differ by 

unit temperature 

(T=1
o
C) 

 

Q = k A T / d 

Stuff 
conducts 

heat quickly 

((J/secm
2
) 

/K)/m 

Radon=.003                 Cl2 = .008    

H2O = .015       air = .024   CH4 = .03      
Fiberglass = .035           wool = .05 

CCl4=.108      He = .14   C6H6 = .15   
hydrogen = .16             sheetrock = .16 

Acetone = .17               C2H5OH = .17   
glycerol = .29                H2O = .58    

concrete ~1                  Pyrex= 1.1    

ice = 2.3                       Hg = 6    

bronze = 53                  Fe = 83    

brass = 106                  W = 177    

Al  = 236     Au = 319   Cu = 403             

Ag = 428 C, diamond = 1700  

-water bodies warm up 
but not too much 

-body T more uniform 
-water is a good coolant 

(boil in birch bark) 

-wicking fabrics are 
warmer 

-Boston feels colder than 
Denver due to lower 

elevation = higher density 
= higher thermal 

conductivity 

Have strong 
intermolecular 

forces 

coefficient of 

thermal 

expansion 

= k 

the volume 

change (V) per  

unit volume (V) 

per unit 

temperature 

increase (T=1 
Kelvin 

 

V/V = kT 

Stuff 
expands a 
lot when 
warmed 

Ppm/K 

C, diamond = 3         pyrex = 9       

granite = 12-20    W=13.5  

sodalime glass = 22    

brick = 10-30       .7-1.4%C steel = 32   
cast iron = 36       cement = 20-40  

Wood along grain = 10-20  

Fe = 33   Au=43      Cu = 48   brass = 51 
bronze = 51    Ag=57       Al = 69 

Pb = 90      Wood across grain=100-200 

Mercury = 182       H2O = 210       

Glycerol = 490       C2H5OH = 1090   
Acetone = 1430     pentane=1580 

Ocean conveyor is slow 
Have E(r) curve 
be assymetrical 
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PROPERTIES OF FUSION (MELTING) 

Property definition 
If property 

is large… 

Typical 

Units 
Sample values So what? 

How to be 

large…. 

Standard solid 

entropy = S
o
s 

The sum of heat/T 

per unit mass (or 

mole) to get from 
0 K to 25C  
~disorder 

Stuff is 
disordered 

J/gK 

(J/molK) 

Diamond=2.44 H2O=2.66   graphite=5.69 

Al = 20.87   Cr=23.8   Fe=27.3   S = 32 

Cu=33.1   Ag = 42.7   Cd=51.5  Pb=64.8 

I2=116    C6H12O6=212   C12H22O11=360 

Things with lower 
entropies are more 

reactive? 

Large molecules 
with weak IM 

forces 

Standard 

Entropy of 

fusion 

= S
o
fus 

The change in 
entropy (disorder) 
when solid melts 

Liquid is 
much more 
disordered 
than solid 

J/K 

(J/molK) 

H2=4.2            O2=4.05       Pb=5.31  

N2=5.72          Fe=7.6         Hg=9.78 

Ag=9.15          Au=9.39       Cu=9.62  
CH4=10.87      Al=11.6         H2O=22   

C2H5OH=31.4  acetone=31.9    

CH3COOH=40.5    

 
Have ordered 

solid & 
disordered liquid 

Volume 

increase 

on melting 

Liquid volume – 
solid volume 

Liquid is 
less dense 
than solid 

cm
3
/g 

(cm
3
/mol) 

H2O=-.0875   Os=+.0051  Pb = +.0053 

Au=+.0057   Ag=+.0122   Cu=+.013 

Fe=+.015   Li=+.035   Al=+.050 

Ca=+.090 

-water speeds weathering 
-icebergs float (ice cube 
earth less likely, can live 
on or under ice get water 

from under ice; 
-frostbite; 

-frozen pipes; 

Closer packing 
in solid than in 

liquid 

Heat of fusion 

=  Hfus 

the energy 
needed to convert 
1g of the material 
from a solid to a 

liquid 

 

Q = m Hfus 

Once at mp, 
it requires 
lots of heat 

to melt 

kJ/g 

(kJ/mol) 

He= 5      Hg = 11.8   O2 = 13.8    

Pb = 24.5  N2= 25.5   Au= 64.4    

Ag= 88.3   Acetone=98  

Ethanol=104 Benzene=127  Cu= 133.9 

Octane=182   glycerol=200 H2O= 333   

-relatively hard to freeze 
or melt water (limits 

earth’s freezing) 

Have strong 
intermolecular 

forces 

Melting point 

the temperature at 
which (at P = 

1atm), the 
material changes 
from a solid to a 

liquid 

Stays solid 
to high T 

K 

H2=14.01   Ne=24.45   O2=54.75  

N2=63.29    C2H5OH=156    Cl2=172   

Acetone=C6H14=178  NH3=195   Hg=234  

Br2=266    H2O=273   benzene=279 
glycerol=291 Na=371   Cd=594  

Pb=600    Mg=924   Al=933   NaCl=1073 

Ag=1234   Cu=1356   Fe=1808   

Cr=2163    Al2O3=2318    MgO=3073 

W=3683   C,Diamond=3823 

 

 

Limits T increases 

Tfusion = 

Hfusion/Sfusion 
so Have large 

Hfusion and 

small Sfusion 
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PROPERTIES OF VAPORIZATION 

Property definition 
If property 

is large… 

Typical 

Units 
Sample values So what? 

How to be 

large…. 

Standard 

Entropy of 

vapor= S
o
g 

The sum of heat/T 
needed to get 

from 0 K to 25C  
~disorder 

Vapor is 
very 

disordered 

J/gK 

(J/molK) 

H2=131   C=158   Ag=173   Hg=175 

CH4=186  H2O=188.7  N2=191   CO=197 
O2=205  CO2=214 CH3OH=238  
C2H5OH=283  I2=261  C4H10=310 

 
Have a 

disordered 
vapor 

Standard 

Entropy of 
vaporization 

= S
o
vap 

Increase in 
disorder when 

vaporizes 

Vapor is 
much more 
disordered 
than liquid 

J/gK 

(J/molK) 

Hg = 99     CH3OH=111     H2O=118 

C2H5OH = 122 

All ~the same, so 
vaporization determined 

mostly by heat of 
vaporization 

Have ordered 
liquid 

heat of 

vaporization 

= Hvap 

The joules of 
energy it takes to 
convert 1g of the 
material from a 
liquid to a solid 

 

Q =m Hvap 

Once at bp, 
requires lots 

of heat to 
boil 

J/g 

(J/mol) 

He=21    N2 = 200   O2 = 213   Hg = 272 

Octane=340   Benzene=397  H2=452 

Acetone=560     Glycerol=830  

C2H5OH = 854   Pb= 870   Au = 1577   
H2O= 2255   Ag = 2334  Cu=5069 

evaporation/condensation 
= good heat redistribution 

-sweating (air 
conditioning) = good 

cooling 
-fire retardant plaster & 

sheetrock 
-steam power & burns 

-dehumidifiers heat 

Have strong 
intermolecular 

forces 

Vapor 

pressure= P 

the pressure of 
something’s vapor 

above it 

Vaporizes 
“easily” 

Torr 
C8H18 = 14   H2O = 23   ethanol=58 

CCl4=115   C6H14 = 151  CH2Cl2=435 

-amount in atm (clouds) 
-snow rounds 

-small drops evaporate 

weak inter-
molecular forces 
& ordered liquid 

boiling point 

the temperature at 
which (at P = 

1atm), the 
material changes 
from a liquid to a 
gas (at P = 1atm) 

Won’t boil 
until very 

hot 
K 

H2=20.5   Ne=27.1   N2=77.2   O2=90 

Cl2=238   NH3=242   Br2=332   

C6H14=341   C2H5OH=351 H2O=373   
Hg=630   Cd=1038  Na=1165    

Mg=1380  NaCl=1686   

Pb=2017    Ag=2485   Al=2740   

Cr=2755     Cu=2868   Al2O3=3253   

Fe=3273    MgO=3873    

c diamond=5100   W=6200 

Limits T increases 
(sheetrock) 

Tboil=Hvap/Svap 
so have large 

Hvap and small 

Svap 

ACOUSTICAL PROPERTIES 

speed of sound 
The distance 

sound travels in 1 
sec 

Sound 
travels fast 

m/sec 

 

Air = N2 = 350   CCl4=926  MeOH=1143 
H2 = 1270   Hg=1450 H2O= 1493   
glycerol = 1904   Fe= 4910   Al=5100 
W= 5174 

 

sonar 

Have strong 
intermolecular 

forces and small 
mass 
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ELECTROMAGNETIC PROPERTIES 

Property definition 
If property 

is large… 

Typical 

Units 
Sample values So what? 

How to be 

large…. 

Electrical 

Resistance = R 
V/I 

Get small 
current with 

given 
voltage 

Ohm/m/m
2
 

Ag=14.7E-9  Cu=15.8E-9  Au=20.1E-9 

Al=25E-9       Zn=54.5E-9  Fe=87.1E-9 

Hg=938E-9             graphite=1.4E-5  
NaClsatH2O=.044  diamond=2.7 

H2O=2.eE+9           glass=1E+12  

 
Have free 

electrons or ions 

Dielectric 

constant 

=epsilon)

ratio of the charge 
a battery can put 

on plates on either 
side of stuff to the 
charge obtained 
with a vacuum 

=C/Co 

Good at 
neutralizing 
chargees 

unitless 

Vacuum = 1 Air = 1.0006   Octane = 2 

Benzene=2.28   Polyethylene=2.25   

Mica=3-6    Glass=5-10  Ammonia = 25 
Ethanol = 24    Methanol = 35   

Glycerol = 42.5 Water = 80 

-water = good ion solvent- 
-ions & nerves 

-high [ ]osmo P 
turgor, blood P 

-preserving food with 
sugar or salt; -epsom 
salts good vs swelling 

Be small with 
large dipole 

moment 

Magnetic 
susceptibility 

=  (chi) 

induced mag / 
applied mag field 

Small field 
 large 

magnetism 
Unitless 

Hexane = -74.6   H2O=-12.93  
MeOH=21.4  EtOH=33.6  acetone=33.7 

Benzene=54.8  Chloroform = 59.3 

  

refractive 

index 

= n 

how many times 
faster light goes in 
a vacuum than in 

the stuff 

 

n = cvac / cstuff 

Light travels 
slow 

Unitless 

Vacuum=1.00000  Hydrogen = 1.000013  

water vapor=1.000256     Air=1.000292 

Methane=1.000444  acetoneg=1.00109 

Nitrogen = 1.0003     water = 1.33 

Ethanol = 1.36      Octane = 1.395 

Glycerol = 1.47   80%sugar = 1.49 

Crown glass=1.52  NaCl=1.54  

Polystyrene=1.58   CH2I2=1.74 
Sapphire=1.77     Diamond = 2.417   

Rainbows 

Paint coverage 

Dry vs wet sand 

Light & atmospheric 
particles 

have lots of 
loosely bound 

electrons 

Absorptivity 

= ~color 

the absorbance of 
d=1cm of the 
material when 

light of 

wavelength  
shines through a 

solution 
containing 1g/L 

Absorbs 
strongly 

the ab-
sorptivity 

of water at 
____nm is 

_____ 
 

-can photosynthesize 
underwater 

-warms by greenhouse 
effect 

-protects eggs from UV 
-eyes work (vitreous 

humors) 

wave ovens 

-IR abs by vibes 
that change 

dipole 

waves abs by 
rotating dipoles 
-visible abs by  

e
-
 in big spaces 

-UV abs by e- in 
small spaces 
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COMPOSITIONAL PROPERTIES 

Property definition 
If property 

is large… 

Typical 

Units 
Sample values So what? 

How to be 

large…. 

Composition 

Purifies/decamps 

into x% A, y% B 
and z% C 

n.a. 
% by 
mass 

•Seawater purifies3% salt + 97% H2O 

•Water decomposes11%H+89%O 
  

What it exists in 

equilibrium with 
  

[ ] of 
different 
things 

•~1/10,000,000 H2O’s  H+ + OH- Water has pH=7  

COMBINATORIAL PROPERTIES 

Solubility 
Amount that 

dissolves in given 
amount of solvent 

Is very 
soluble 

g/L 

 

Cleaning, waste disposal 

Similar 
intermolecular 
forces (things 

with –OH’s 
dissolve in 

water) 

Freezing point 
depression constant 

Decrease in 
freezing point 
when 1mole is 

dissolved in 1kg 

Good at 
preventing 

freezing 
K/m 

Diethyl ether=1.79  water=1.86 

Ethanol=1.99  acetic acid=3.9 

Chloroform=4.7   Benzene=4.9 

Carbon tetrachloride=30 

Salt makes ice melt <0
o
C  

Boiling point 
elevation constant 

Increase in boiling 
point when 1mole 
is dissolved in 1kg 

Good at 
preventing 

boiling 
K/m 

Water=.512 Ethanol=1.11  ether=2.02 
Benzene=2.53 Acetic acid=3.07    
Chloroform=3.63 Carbon tet =5.03 

  

Acute Toxicity 

Chance of ill 
effect with short 
term high level 

exposure 

Less toxic 

LD50 in 
mg/kg 
body 

weight 

VitC=11,900   ethanol=10,600 Salt=3000 

THC=1270 Caffeine =192  nicotine=50 

Strychnine=16 aflatoxin=.048  

frog toxin = .005 Botulism = .000001 

Be careful Complex… 

Chronic toxicity 

Chance of ill 
effect with long 
term low level 

exposure 

More toxic 

risk per 
mg/kg 

/day 

 

benzo(a)pyene = 7.3 Cd = 6.3 Cr(VI)=4.1 
1,2 dibromoethane=2  Arsenic=1.5 
benz(a)anthracene=.73 

1,2dichloroethane=.091 

Benzene = .055  TNT=.03 

Chrysene= .0073   ethylbenzene = .004 

 

Be careful Complex… 
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Property definition 
If property 

is large… 

Typical 

Units 
Sample values So what? 

How to be 

large…. 

Flash point 
T (C) above which 

vapor will ignite 
Less 

flammable 
 

Carbon disulfide = -30 diethyl ether= -45 

Hexane= -23   Methanol = +10   

acetone= -18   Benzene = +11 

  

Auto Ignition T 
T (C) above which 

 spontaneously 
ignites 

Less 
flammable 

K 

carbon disulfide =150 diethyl ether =160 

Kerosene=210 Hexane=225 

Methanol=385  acetone =465 

Propane=480 Ethane=515 Benzene=560 

Metabolic & industrial 
fuels 

Bonds weaker 
than those to O 

Reactivity  Less stable ?? ?? Boom… Complex… 

Taste & odor  ?? ?? ?? Yum, yuck, survival 
Shapes? 

Vibrations? 
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5) How do you measure mass? 
  

Because chemists usually use mass to measure amounts on things, it’s worth being sure you 
understand what mass is. You may think that mass is pretty easy to understand – but it isn’t. For 
example, consider: 

 
-Why does a piece of iron feel more massive than an equally massive piece of Styrofoam?  
-How can NASA determine the mass of "weightless" astronauts in the space station?  
-How can you determine the mass of helium in a (lighter than air) helium filled balloon? 
  
Whoa! Now hold on now... Did you really think about these questions? Remember: you’re not 

just trying to learn what other people think is “true.” You’re not just trying to learn the “right answer.” 

You’re trying to learn how to think - so think a bit about these questions before reading on...   
 

But don’t be dismayed if you find such questions difficult – you are in good company. For 
example, you might want to check out philosopher Max Jammer’s 1961 monograph on Concepts of 
Mass in Classical and Modern Physics. In this he writes “The modern concept of mass, in contrast to 

temperature, light, or force, has no sensory component nor does it directly reveal itself in any 
conceivable experiment. It is a construct. Mass may be compared with an actor who appears on 
stage in various disguises, but never as his true self. It may appear in the role of gravitational charge 
or of inertia or of energy, but nowhere does mass present itself to the senses as its unadorned self.”  
 

(If you think mass is a simple concept. You might also check out the 2012, 114 page text 
“Fundamentals of Mass Determination”…) 

 
As amazing as it may seem, “mass” didn’t even exist as a concept until Isaac Newton (1642-

1727) expanded on the work of Galileo (1564-1642)...  
 
For ~2000 years, from ~350BC to ~1600AD, humans mostly interpreted 

experience in terms put forth by the Greek philosopher Aristotle (384-322BC). Aristotle 
interpreted observations in terms of a number of fundamental principles which he 
arrived at using religious or metaphysical arguments.  

 
Some examples of Aristotelian thinking: 

 
Aristotle’s “fundamental 

philosophical beliefs” 

 
 inferred observations: 

(don’t really happen but people’s beliefs 
made them assume that they did) 

 
Vs actual observations 

(observed when people later 

actually checked…) 
 

“natural motion” is circular 

motion 

 
So planets move in circles 

 
planets move in ellipses 

 
bodies move to their 

>natural place= at the center 

of the universe = the center 

of the earth 

 
So any motion not to the center of the 
earth must be maintained by “impetus” 
which is “used up” as it moves until it 

stops 

 
motion continues forever unless 

a force acts to stop it 

 
moving objects slow as 

they lose their impetus 

 
objects fall at decreasing speed 

 
objects speed up as they fall 

 
nature abhors a vacuum 

 
atoms cannot exist  

(for what would be between them?) 

 
atoms exist 

 
To Aristotle, if an observation contradicted one of his beliefs, there must have been an error in 
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the observation. For example, if a planet’s orbit didn’t seem to be round, then there must be an error 
in the observation. This approach made Aristotle’s method remarkably successful, and yet it was also 
a very unproductive way of looking at the world. 
 

In Aristotle’s time, weight was seen as a quality of an object - much like its color, odor or 
brittleness. I mean, why would anyone consider what we today call a “pound” of gold to be “the same” 
as a “pound” of wood? They cost different amounts. People react differently when hit by them. One is 
gold colored and one isn’t. And so on… Because of this, many different units were used for weighing 
out different materials. Back then, a pound of gold may actually have weighed a different amount 
than a pound of feathers! There was no notion of a “pound” as a universal unit that could be used to 
describe amounts of anything.  
 

In contrast to Aristotle, Galileo emphasized “observation first.” He believed 

that what we observe must be true (or else God would not have given us the ability to 
observe it). This made him see the world very differently from others. He saw that as a 

ball rolled off a table onto the floor, its horizontal velocity (vh) remained constant (vh = 

constant) and its vertical velocity (vv) increased linearly with time, t, as it fell (vv = a x t 
where a = the change in something’s velocity per second = its “acceleration.”) These 
observations defied Aristotle’s “consumption of impetus” theory and led Galileo to the 
idea that nothing (no “impetus”) was needed to keep an object in constant motion - rather 
something was needed to change its motion. Objects had “inertia” which, in the absence of a “force,” 
kept them at rest if they were at rest and kept them moving in a straight line at constant speed if they 
were moving.  Objects stopped not because they ran out of impetus but because they were slowed 
by friction.  

 
Born in the year of Galileo’s death (1642), Isaac Newton accepted Galileo’s belief that 

constant motion was ‘natural’ and focused on what it was that made objects change motion (i.e., 
“accelerate”): forces. Newton considered what would happen if you put a book and a 
rock of equal volume on a frictionless table and pushed them with some force, F, 
constantly for some time “t” and then measured their velocities (call these “vBook” and 
“vRock”) at the end of the push. (Their accelerations would be aBook = vBook/t and aRock = 
vRock/t.) You will probably find that the rock is moving more slowly than the book: vRock 

< vBook so aRock < aBook. But why was this so? Why would applying the same force to 
different objects produce different changes in their motion? Newton had no idea, but 
he proposed calling the property of “experiencing less acceleration from an equal force” as “having 
more mass.”  

“Mass” = an object's resistance to changing its motion. 
 

Newton went on to explore what other properties this “mass” thing had.  
 

If Newton combined 2 or 3 identical objects and pushed them, they accelerated at ½ or 1/3 of 
the rate that at which 1 accelerated with the same push. The simplest way to explain this was to say 
that “masses” (resistances to acceleration) were additive and that the acceleration (a) that a force (F) 
produced was inversely proportional to the total mass (m) of the object: a = F/m.  

 

This meant that Newton now had a way of measuring something’s “mass:” if a=F/m, then m = 
F/a. That is, something’s “mass” could be determined by dividing the force applied to it by the 

acceleration the force causes: Mass = force / acceleration  or  m = F/a   
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This “m = F/a” formula of Newton’s should make physical sense to you. As “a” gets large, F/a 
gets small which means “m” gets small. That is, if something’s acceleration is large, its mass is small. 
Sure enough- that pebble to which your toe gave a large acceleration has a smaller mass than that 
boulder which accelerated much less when your toe smashed into it.  

 
Newton did have one problem... To make his “m = F/a” useful, he needed to know how to 

measure “F” and “a.”  
 
Measuring acceleration: 
 

It’s pretty easy to measure acceleration - you just divide how much something’s velocity has 

changed (v) by the time that it took to change (t): a = v/t. This means that acceleration has units 
of velocity/time – such as (meters/second)/second: if something was moving at 5 m/sec and 25 sec 
later it was moving at 8m/sec, its average acceleration was (8m/sec-5m/sec)/25sec = 

(0.12m/sec)/sec.  
 
Here’s another symbol like the Lost in Space Robot. I use this exclamation point to indicate places 

where you’re likely to mess up. Like here: Units like (m/sec)/sec are messy. They are fractions 
within fractions. In such cases, it’s crucial to use parentheses to avoid confusion. For example, it 
wouldn’t be clear what to make of “m/sec/sec.” Should you interpret it as (m/sec)/sec or as 
m/(sec/sec)? The former reduces to m/sec

2
 while the latter reduces to just “m.”  

 
To avoid both parentheses and ambiguity, fractions which contain fractions are 

often reduced to single fractions by remembering the rule from grade school that 
you “simplify fractions by inverting the bottom and multiplying by the top.” For 
example, (1/3)/(1/2) = (1/3) x (2/1) = 2/3.  

 
(This makes sense if you think about what division means. For example 6/3 means “how 
many times can 3 go into 6?” Since 2*3=6, it follows that 6/3 = 2. Analogously (1/3)/(1/2) 
means “how many times does ½ go into 1/3?” If you write ½ as 3/6 and 1/3 as 2/6, then you 
can see that 1/3 is 2/3 of ½. So ½ goes into 1/3 2/3 times. But that’s just what you get by 
writing (1/3)/(1/2) = (1/3)*(2/1) = 2/3.)   

 
Using this rule for simplifying fractions within fractions:  

                     (m/sec)/sec = (m/sec)/(sec/1) = (m/sec) x (1/sec) = m/sec
2
. 

 

Units like m/sec
2
 are often written as m*sec

-2
 using the fact that 1/x

n
 = x

-n
.  

 
The fact that 1/x

n
 = x

-n
 can be understood by remembering that you subtract exponents when dividing.  

For example, 1000/100 = 10 = 10
1
. But 1000/100 also = 10

3
/10

2
 = 10

3-2
 = 10

1
.  

Two interesting results follow from this.  
First: x

n
/x

n
 = x

n-n
 = x

0
 but also x

n
/x

n
 = 1, (so x

0
 = 1 no matter what x is). 

   Second: 10/1000 =1/100 = 1/10
2
 but also 10/1000 = 10

1
/10

3
 = 10

1-3
 = 10

-2
 (so 1/x

n
 = x

-n
) 

   
 

ACTIVITY 1.3 
Rewrite each of the following units so they contain only one fraction and using negative exponents 
instead of fractions: 

The rate at which an object of Kelvin temperature T emits light energy (ergs) per second per 

square centimeter of surface area = T
4
 where  (sigma) = 5.7x10

-5
 ((ergs/sec)/cm

2
)/K

4 

 
The amount of heat (joules) that flows in 1 second through 1 square meter of water that’s 1 

bc

ad

c

d
x

b

a

d

c
b

a
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meter wide and with the temperature on one side being 1 degree warmer than on the other 
side =  0.58 ((J*m/sec)/m

2
)/K   
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Complex units can also often be simplified using units which are “hidden” within other 

units. For example, we will soon see that one of the most useful conclusions of quantum mechanics 
is that the lowest energy (in “Joules”) allowed for a mass of “m kg” confined to a region of length “L 
meters” is “E=h

2
/8mL

2
.” Here h = “Planck’s constant” which has units of Joules x seconds.  If you 

plug all the units into this equation, you get  
 

 
 
 
This is confusing because if this equation is supposed to give us energy, its units should come out to 
just be Joules. You can resolve this confusion if you can remember some other formula for an energy 
in Joules. For example: 
     potential energy = mgh = mass x the acceleration of gravity x height = kg*m/sec

2
*m = kgm

2
/sec

2
 

     kinetic energy” = ½ mv
2
 = ½ mass x velocity squared = kg * (m/sec)

2
 = kgm

2
/sec

2
  

 
Either of these shows you that 1 Joule is the same as 1 kgm

2
/sec

2
. So if you replace one of the 

Joules
2
 in the quantum mechanical formula above by this collection of units, a lot of units will cancel 

and the previously messy collection of units becomes just “joules.” 

OK, back to measuring mass: 
 

To remind you: we’re trying to measure mass using Newton’s definition that m = F/a. The idea 

is that if you can measure the force (F) applied to an object and the acceleration (a) that the force 
causes, then the object’s mass is just (the force)/(the acceleration). It’s relatively easy to measure 
acceleration – you just divide how much your object’s velocity changes by the time it took to change. 
It’s a bit harder to figure out how to measure “force.” Folks could have come up with some “standard 
force” - such as defining “1 stoppage” as “the force which could stop in 1 second a 3"x3"x3" cube of 
gold after it has fallen 1 meter.” But they chose a different approach…. Instead of defining a standard 

force, they defined a “standard mass” and used it to define a standard force.  
 
In 1790 Louis XVI of France commissioned scientists to recommend a consistent system for 

weights and measures. On March 19
th
 1791, they recommended a new system of units to the French 

Academy of Sciences. One suggestion was that the “kilogram” (kg) be the standard unit of mass. 
One kg was defined as the mass of 1 “cubic decimeter” (=10cm x 10cm x 10cm) of distilled water (in 
a vacuum and at its freezing point). Over the next hundred years this definition was 
refined and a number of metal weights were manufactured to have a mass equal to 
it. In 1879, the water-based definition of the kilogram was finally abandoned when 
Johnson Matthey and Co. of London cast a “1kg” ingot of a very stable platinum and 
iridium alloy which became “the kilogram.” (It’s an ~4cm wide x ~4cm tall cylinder.) 
This standard kilogram (shown to the right) now lives in a vault near Paris. In 1889, 
forty copies of “the kilogram” were produced and distributed to the major national 
standards laboratories around the world. Today, there are a few more: 
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These are brought back to Paris for 
comparison to “the kg” every 40 years.  The 
masses of these “kilograms” are very stable – 
but over 100 years, they have diverged by a 
few micrograms (millions of a gram): 
Unfortunately, there is no way to know which 
are changing – or if they all are. Because of 
such variation, steps are underway to change 
to measures such as a certain number of a 
certain type of atom, or as a weight equivalent 
to the force exerted by a particular electric 
current. 

 
Once a standard mass was defined, it and F=ma were used to define a “standard force” as 

“the force that makes the standard kilogram accelerate at 1m/sec
2
.” Given that Newton first proposed 

F = ma, this “standard force” became known as “1 Newton.” 
 

1 Newton = the force that accelerates a 1kg mass at a rate of 1m/sec
2
 

(Note: because F = ma, 1 Newton can also be written as 1 kg*m/sec
2
) 

 (Note: 1 Newton = 0.224 lbs) 
 
With these definitions, science finally had a way to measure any mass:  

1) Figure out some way of generating a reproducible force (a force which always 
 accelerates an object “X” at the same rate)  

2) Apply your force to a 1kg object, measure its acceleration and then use F = ma to 
determine the strength of your force. (For example, if your force accelerates a 
1kg mass at 5m/sec

2
, the force must be a F = ma = 1*5 = a 5 Newton force)  

3) Apply your now known force, F, to the object whose mass you want to measure and 
measure its acceleration “a”. (For example, say that your reproducible 5N force 
accelerates your unknown object at a rate of a = 10m/sec

2
.) 

4) Calculate your object’s mass as m=F/a kilograms. (In the example of step 3,  
the object’s mass would be m = 5/10 = 0.5kg.)  

 
While this m = F/a approach may seem like a convoluted way to define 

mass, it can be quite useful. For example, NASA actually uses m=F/a to monitor 
the weight of its “weightless” astronauts. Each morning before breakfast aboard 
the Space Station, the astronauts take turns climbing into a spring-mounted chair 
called the “Body Mass Measuring Device.” (See picture.) A fellow astronaut cocks 
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a device which allows the seat to oscillate back and forth, and sets a timer. The astronaut holds a 
deep breath, his associate releases the seat, and the seat moves back and forth about three times 
as the timer records the oscillation period. Knowing the stiffness of the springs gives them the applied 
force, and the rate of oscillation gives them the acceleration, so the astronaut’s mass can be 
determined.  

 ACTIVITY 1.4 
1) Consider a 1000kg car moving at a speed of 25m/sec.  
      a) Use F = ma to calculate the force that will slow the car at a rate of 5m/sec

2
. (This means that   

          each second, its speed slows by 5m/sec.)   
      b) How long will it take the force in to stop the car? (That is, how long will it take something that’s 
          moving at 25m/sec to reach 0m/sec if it slows by 5m/sec each sec?) 
2) I’m going to determine the mass of my stapler by applying a “standard force” to it.  

a) When I apply my standard force to a 1 kg object, the 1 kg accelerates at 7.9 m/sec
2
. What   

               is the magnitude of my “standard force” in Newtons? (use F=ma)  
b) When I apply my “standard force” to my stapler, it accelerates at 5.7m/sec

2
. What is the 

     mass of my stapler? (use m=F/a) 
 

Note: Forces can be confusing because they don’t always produce accelerations. For example, if you exert a force 
on a wall it usually doesn’t accelerate! This is because several forces can cancel each other out, producing "zero" 
net force - and it’s only a net force that produces acceleration. Applying a force to something won’t make that 
something accelerate if there are other forces which counteract the force that you apply. When I apply a force to a 
wall it doesn't accelerate because the nails that hold it to the floor and ceiling push back on the wall with a force 
equal to that which I apply and which oppose my applied force. Similarly, if you lift a book at constant speed there 
is no net force (because there is no acceleration). You are, however, still exerting a force. It just happens to 
exactly balance the force exerted by the earth's gravitational field, so there is no "net force" on the book. This idea 
that a “nothing” (no net force) might actually be “two equal but opposite somethings” took people quite a while to 
get used to - but it will reappear in several other contexts in this class.   

 

6) So what’s so good about using “mass” to measure “amount of stuff?” 
 

Now that we know how to measure mass, we can return to the question of why chemists 
consider it to be the preferred way to measure ‘amount of stuff.” After all, “resistance to being 
accelerated” doesn’t really seem to be a very useful measure of “amount of stuff.” There are at least 
three reasons why chemists like mass: 
 

 a) ALL MATTER HAS (POSITIVE) MASS  
All “matter” has mass and anything that has mass is “matter.” The basic definition of matter is 

"that which takes up space and has mass." To me, this seems redundant. There are examples 
of non-matter things that take up space but don’t have mass – such as gravitational fields or 
light. But I can’t think of any examples of things with mass that don’t take up space. So let me 
know if you can figure out why the definition of matter needs the ‘occupies space’ part.  
 
While today we believe that all matter has mass >0, this has not always been the case. Until 
buoyancy was understood, it was common to imagine that things such as hot air had negative 
masses - after all, something had to make them rise! And until ~1800, it was commonly 
believed that a material known as 'phlogiston' also had negative mass. Phlogiston’s negative 
mass was used to explain why objects such as iron gained weight as they were heated to form 
rust. The heating was thought to drive out the negative mass phlogiston, causing the observed 
mass to increase!  

   Iron with phlogiston + heat   rusted iron + free phlogiston 
             7g            10g  -3g  
  (Today, we interpret this change by saying that the iron gained oxygen from the air.) 
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Another recent complication is that particles like electrons, which do have mass, are now thought to 
be “point particles.” That is, they have zero volume, they occupy no space. By the common definition 
of mass, this would mean they are not “matter” – but everyone considers them to be matter. This is 
all very confusing – and maybe I shouldn’t mention it. But by now you’re probably getting the idea that 
I don’t believe in hiding my confusion…   

 

b) MASS IS (SORT OF) CONSERVED 
 
If the mass of something drops from “X” to “X-Y” the mass of something else (usually) must 
have increased by “Y.” Lavoisier first demonstrated the conservation of mass in 1785. (There 
is a good demonstration of this in the Ring of Truth video: 
http://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=
0CCMQyCkwAA&url=http%3A%2F%2Fwww.youtube.com%2Fwatch%3Fv%3DaBj0ypOuiFY&
ei=FSkHVOepG8mMNtiEgaAI&usg=AFQjCNE1zAHESLbkA48ne_IKqAeMwztkSg&bvm=bv.74
115972,d.eXY.)  
 

The “usually” comes from Einstein’s E=mc
2
 which says that something’s energy (E) and mass (m) 

are related by the speed of light (c=300,000,000 m/sec). Writing this as m=E/c
2
 shows that 

something’s mass isn’t really constant – but increases with its energy. For example, say that if I’m 
standing still, my mass is 70kg. If I’m jogging at 6 miles per hour (=4.5m/sec) my kinetic energy = E 
= ½ mv

2
 = ½ * 70 * 4.5

2
 = 700 joules. But this means that my mass has increased by 

700/(300,000,000)
2
 = .0000000000000077 kg. OK, so mass isn’t constant – but unless you have a 

lot (a really big lot) of energy, it’s pretty darn close to being constant!  
 

Recently, another “usually” in “mass is usually conserved” has appeared. In July 2013, a 
German astrophysicist proposed that the mass of the universe, rather than its size has been 
increasing over time. For the last 100 years or so, the ‘red shift’ in the light emitted from distant 
stars has been interpreted as reflecting their rapid movement away from us. However, the light 
emitted from stars also depends on the masses of things like electrons in their atoms – and if, 
over time, electrons have been getting heavier, stars furthest from us (old stars) should emit 
redder light. Unfortunately, as of now, there’s no known way to confirm this theory – since 
masses are measured relative to other masses, and any uniform increase in all masses could 
not be detected. (For more details, see http://www.nature.com/news/cosmologist-claims-
universe-may-not-be-expanding-1.13379) 

 
A final worry about the constancy of mass came to me while revising these notes: 
If an object’s mass (resistance to acceleration) reflects its gravitational attraction to all the other 
mass in the universe,  
-and if the universe is expanding, so that objects are getting further apart   
-and if gravitational attraction decreases as separation increases 
-then shouldn’t an object’s mass be decreasing as the universe expands? 
I have no idea…but it seems like an interesting question…  

 

Many other possible measures of “amount of stuff” are not conserved. For example, the sizes 

of things usually change with conditions such as temperature or pressure, while mass 

does not. (OK, it might be possible to construct a theory of reality in which something like 
increasing temperature both “created more stuff” and “decreased the mass of a given amount 

of stuff” in such a way that the mass of a given amount of stuff would not be conserved but the 
total mass of anything would stay constant as things expanded as they were heated. But that’s 
not the commonly accepted view of reality....) 

 

http://www.nature.com/news/cosmologist-claims-universe-may-not-be-expanding-1.13379
http://www.nature.com/news/cosmologist-claims-universe-may-not-be-expanding-1.13379
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c) MASS IS ADDITIVE.  
 

Since mass is conserved, mass is additive. If you dissolve 5 grams of sugar in 100 grams of 
water, the total mass will be 105 grams.  
 
Beware: Most other quantities, such as volumes, are generally NOT additive, and so not conserved. If you 

dissolve 60cm
3
 of sugar in 100cm

3
 of water, you end up with a total volume of a bit over 160cm

3
. There are also 

quantities such as entropy (~”disorder” – about which we will soon have A LOT to say) which are additive but are 
not conserved. The entropy of 1cm

3
 of ice is 2.106 (in appropriate units, Joules/Kelvin). Entropies are additive so 

the entropy of 2 cm
3
 of ice is 2 x 2.106 = 4.212. But when 2cm

3
 of ice melts, its entropy increases to 6.46: entropy 

is not conserved.  

 

7) WHAT UNITS OTHER THAN KILOGRAMS ARE USED FOR MASS (AND WEIGHT) AND 

HOW DO YOU CONVERT FROM ONE TO ANOTHER?  

    
There are many units besides kilograms that are used to measure mass. Some that are worth 
knowing include the following:          
                    

Unit Abbrev Size Example: Approximate mass of… 

petagram Pg 10
15

 g Global fish biomass 

teragram Tg 10
12

 g Pyramid of Giza; mass/sec  E in sun 

gigagram Gg 10
9
 g Space shuttle at launch 

megagram Mg 10
6
 g Typical passenger car 

kilogram Kg 10
3
 g 1 liter of water 

milligram Mg 10
-3

 g A common small mosquito 

microgram g 10
-6

 g A human egg cell 

nanogram Ng 10
-9

 g An average human cell 

picogram Pg 10
-12

 g One wet E Coli bacterium 

femtogram Fg 10
-15

 g One HIV-1 virus particle 

 

  CAUTION: notice that Mg and Pg are different from mg and pg! 
 
 

Since at the earth’s surface, Fgrav = g * M1= 9.8m/sec
2
 * M1, at the earth's surface, a mass of 

one kilogram is attracted to the earth by a force of 9.8 Newtons (1kg “weighs” 9.8N). The 
common “pound” is a unit of force equal to 4.4482 Newtons. This makes a 1 kilogram mass 
experience a force of about 9.8N/(4.4482N/lb) = 2.2046 lb. Alternatively, an object that exerts 
a 1 pound force at the earth’s surface has a mass of .45359kg = 453.59g  

 
Some history: Our “pound” comes from the Latin libra pondo - a weight which equaled 12 unica (ounces), 
where each unica contained 437 grains. The abbreviation “lb” comes from the Latin word libra, which meant 
“balance scales” - hence the symbol for the astrological sign Libra, which was named after a constellation that 
was thought to resemble such scales. This Roman libra pondo was 
introduced into Britain where it was later increased so as to have 16 of 
the original 12 ounces or 6992 grains. This pound became known as 
the “avoirdupois” (avdp) pound, the word “avoirdupois” meaning 'goods 
of weight' or 'heavy goods.' This distinguished it from the smaller “troy 
pound” which was closer to the Roman pound (having 12 ounces each 
of 480 grains) and which was used for measurement of smaller items – 
like precious metals. Sometime prior to 1600 AD the avoirdupois pound 
was increased by 8 grains so that it would consist of 7,000 grains 
instead of 6,992. The use of the troy pound was abolished in England in 
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1879 but the “troy ounce” and its subdivisions were retained. Larger units developed from the pound were: 1 
clove  = 7 pounds, 1 stone = 2 cloves = 14lbs, 1 half hundredweight = 4 stones (= 56 pounds), 1 hundredweight 
= 2 half hundredweights (= 112lbs), 1 long ton = 20 hundredweights (= 2240lbs).  

 
If you look up “kilogram” in the units’ conversion section of a handbook such as the CRC 

Handbook of Chemistry and Physics or at an on-line site such as onlineconversion.com, you will find 
many more units of mass & weight: 

  
1 kg  = 2.2046 avdp lbs    = .06852177 slugs 

= 564.38339 avoirdupois drams = 15432.358 grains 
= 771.61792 apothecary scruples 

 
Given the variety of units in which people measure mass, it is important that you be able to 

compare measurements made with different units. For example, let’s convert the mass of a 'normal' 
chemistry textbook (about 2.6kg) into “grams” and into "scruples"  

 
 
 
To convert units you just need to multiply the measurement that you've got by a fraction (a 
"conversion factor") which contains the given measurement's units on the bottom, and the 
desired units on the top For example, to convert kg to g, you want to multiply by something 
with kg on the bottom (to make kg vanish) and g on the top (g/kg).  

 
In order that your multiplication only change the units of the original measurement, and not its 

value, the fraction that you multiply by must be equivalent to "one" - that is, its top (numerator) must 
be equivalent to its bottom (denominator). For example, since 1000g = 1 kg, you may multiply by 
1000g/1kg:  

   2.6kg    x   1000g  = 2600 g 
                         1kg  

To convert between more obscure units you may need to look up conversion factors. For 
example, you can find:  

"To convert from grams to scruples, multiply by .77161792."  
 
This means that 1 gram = .77161792 scruples. So, to convert 2700g to scruples: 
 

2600g x .77161792 scruples / 1gram = 2006.206592 scruples ~ 2006 scruples 

(We will soon discuss the appropriate number of numbers to keep in your answer) 
 

 ACTIVITY 1.9 
Find conversion factors in the text or on-line or in handbooks and convert these measurements to the 
indicated units:  

5,100,000,000,000,000,000kg (earth’s atmosphere)   = __________Pg 
1 year          =__________ sec 
50000 BTU (1 hr heat output of Harman pellet stove)   = __________Joules 

 400 bushels (apples per acre of typical orchard)   = __________liters 
35 acres (COA campus area)      = __________m

2
 

1 snaffle (a unit I made up )       = ________zoinks  
              (assume that 5 snaffles = 3 goozers, 4 marofs = 16 snirs, 25 snirs = 1 zoink and  
               3 marofs = 16 goozers) 
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Sometimes you may need to convert a measurement 
that contains more than 1 unit. For example, say you have 
one liter of something with a mass of 780 grams. How many 
pounds would a gallon of that stuff weigh?  
 

Here, you need to convert 789 grams per liter (789 g/l) 
to pounds per gallon (lb/gal).  This involves two conversions: 
grams  lbs and liters  gallons. This can be done by 
looking up and using two conversion factors: 

 
 

 ACTIVITY 1.10 
Find conversion factors in the text or on-line or in handbooks and convert these measurements to the 
indicated units:  

30,000 mi/hr (speed of asteroid that wiped out dinosaurs)  = _________ m/sec 
50,000 BTU/hr (output of Harman pellet stove)    =__________Joules/sec 
2.3 J/(m•sec•

o
C) (theral conductivity of ice)    = ________ BTU/(ft•day•

o
C) 

1 thul/gark (a unit I made up)      = ______ efebs/hutee  
                 (assume that 3 thuls = 4 efebs and 5 hutees = 11 garks) 

 
Using conversion factors is a very important skill. In fact, in some ways, much of 

science can be thought of as just an exercise in conversion factors. Say that you want to 
know tomorrow’s maximum temperature. You need some equation that, when you plug a 
much of data into (time of year, probability of rain, predicted cloudiness, or who knows what) 
will spit out the predicted maximum temperature. In a real sense, this can be thought of as 
converting what you know into what you want to know. GET USED TO WORKING WITH 
CONVERSION FACTORS 
 

8) How can you avoid dealing with lots of zeros when dealing with large and small amounts?  
     

Unless the object that you're measuring is about the same size as the unit that you're using to 
measure it, your measurement will have lots of zeros in it. You saw this with the speed of light and 
my mass increase above. Other examples:  

 
The mass of the earth is ~ 5,980,000,000,000,000,000,000,000 kg.     
The mass of a single carbon atom is ~ 0.000,000,000,000,000,000,000,02 kg. 
 
Such zeros are a pain. (Is it odd that a “nothing” – like a zero – can be a pain?) There are two 

ways to avoid writing lots of zeros:  
     
1) Measure things with units of about the same size as the thing you’re measuring.  
If you measure masses in units equal to the mass of the earth, then the earth has a mass of 
“1.” If you measure masses in units of the mass of a carbon atom, then a carbon atom has a 
mass of “1.” If there are no units of a convenient size, you can always make up some new 
units. This can be very entertaining. For instance, in measuring the diameters of grapefruit you 
might like to use units of zerds, where you define 1 zerd = the distance from the tip of your 
nose to the middle of your right ear canal. Then most grapefruits will have diameters of around 
“1 zerd.” Just be sure to tell people what your new units are equivalent to in some more 

gal

6.57lb

gal

3.785L
x

1g

.0022lb
x

L

789g
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generally accepted system…. There was a fellow in my research group in graduate school 
who was working on computer models of liquid argon. At a seminar, someone asked him how 
fast the atoms were moving in his model and he replied “about 5.” He had made up some new 
unit of speed and his atoms were moving at 5 of those units – but he had no idea what his unit 
was in, say, meters per second. He was quite embarrassed. Generally, for people to accept 
units that you make up, you have to either have had a VERY good idea, or be VERY famous. 
But sometimes, new units do appear. For example: 

 
- The likelihood of an atom’s nucleus capturing a subatomic particle known as a “neutron” 
depends on the “apparent cross-sectional area” of the nucleus. These areas are very small 
(~.000 000 000 000 000 000 000 001 cm

2
). Instead of using cm

2
 as their unit of area, nuclear 

physicists customarily use “barns” (as in "hitting the broad side of a barn”).  One barn = .000 
000 000 000 000 000 000 001 cm

2
).  

 
-To honor Neils Bohr, a pioneer in understanding the microscopic structure of atoms, 
the radii of atoms are often expressed in terms of "Bohr radii" where 1 Bohr radius = 
0.00000000529cm. It turns out that the radius of a hydrogen atom is ~1 Bohr radius.  

       
2)   Rather than making up new units, the more common way to avoid lots of zeros is to 

use "exponential" (also called "scientific") notation. This method uses the fact that: 
      adding 1 zero to a number = multiplying it by 10 = multiplying by 10

1
 

      adding 2 zeros to a number = multiplying it by 100 = multiplying by 10
2
 

      adding 3 zeros to a number = multiplying it by 1000 = multiplying by 10
3
 

      etc. 
 
          Since 1,000,000,000,000 is 1 with 12 zeros after it, you can write 1,000,000,000,000 as  

1 x 10
12

. You should be sure you understand why this is the same as 10x10
11

 or 100 x 10
10

 or 
0.1x10

13
 or .01x10

14
 or 1.0x10

12
 or 1.000x10

12
.

 

For reasons which will soon become apparent, it is conventional to make the number 

before the “x10
x
”

 
be between 1 and 10. That is, you write 1.0 x 10

12
 instead of 10 x 10

11
 or 

0.10 x 10
13

. 
 

In this system, the mass of the earth ~ 5,980,000,000,000,000,000,000,000 kg = 5.98x10
24

 kg 
   

Numbers that are smaller than one are handled using the rule that when you divide numbers 
with exponents you subtract the exponents. For example, 1000/100 = 10. But 1000/100 = 
10

3
/10

2
 and 10 = 10

1
 which = 10

3-2
 so 10

3
/10

2
 = 10

3-2
. If you apply this “subtract exponents” 

rule to a number <1 you get: 
                          0.1  = 1/10  = 10

0
 / 10

1
 = 10

(0-1)
 = 10

-1 

                   0.01 = 1/100 = 10
0
 / 10

2
 = 10

(0-2)
 = 10

-2 

                  etc. So 10
negative exponent

 indicate 1/10
positive exponent

 
 
          In this system, the mass of a carbon atom would be     

 
.000,000,000,000,000,000,000,000,02 kg = 2x10

-26
 kg 

 (Note: The negative power of 10 = the number of places to the right that you need to 
move the decimal point in the ‘real’ number to get the # in front of the 10

x
 or the number 

of places to the left you must move the decimal point in the number before the 10
x
 to 

get the “real” number.) 
 



 
 Chapter 1: Identifying Stuff: page 31 

ACTIVITY 1.6 
A) Write each of the following in scientific notation 

a) the mass of the earth = 5,980,000,000,000,000,000,000,000kg = ____________   
b) the average radius of the earth = 6,370,000m = _____________ 
c) the volume of the earth’s oceans = 1,350,000,000,000,000,000 m

3
 = ___________ 

d) the weight fraction of nitric oxide in the earth’s atmosphere = .000 000 000 050 = _______ 
e) the earths’ rate of methane production = .000 000 002 6kg/minm

2
 = _____________  

 
B) Write each of the following as normal numbers (with no exponents): 

a) the energy content of 1kg of gasoline = 48 x 10
6
 J  = ___________  

b) the radius of the sun = 6.96x10
8
 m  = _______________ 

c) the fraction of the earth’s crust that is vanadium  = 1.36x10
-4

 = ______________ 
d) the viscosity of air = 1.72x10

-4
 poise = ____________ 

 
Manipulations of numbers in exponential notation are easy if you remember to: 

 

            1) Add exponents when you multiply numbers 

       (3 x 10
3
) x (4 x 10

-5
) = 12 x 10

3+(-5)
 = 12 x 10

-2
 = 1.2 x 10

-1 

 

            2) Subtract exponents when you divide numbers 

           (3 x 10
3
) / (4 x 10

-5
)  = 3/4 x 10

(3-(-5))
 = .75 x 10

8
 = 7.5 x 10

7
 

 
            3) Make numbers have the same exponent before you add or subtract them 

             (3 x 10
3
) + (4 x 10

5
)  = 3x10

3
 + 400x10

3
 = 403 x 10

3
 = 4.03 x 10

5
 

 

WARNING: It can be a bit tricky to enter numbers given in scientific 

notation into some calculators.  

 

You can enter 1.2x10
3
 (1200) as 1.2 x(multiply) 10^3   

or as 1.2 EE 3 (the EE button stands for "x10^") 

You cannot enter 1.2x10
3
  as 1.2 x 10 EE 3 

Your calculator would interpret EE 3 as x10
3
 & give you 1.2 x 10 x10

3
 = 12000 (not 1200) 

 

 ACTIVITY 1.7 
Evaluate each of the following without (and then with) a calculator: 
a) The average global yearly rainfall in m/yr = total volume of yearly rainfall / (earth’s surface area) =   
       (518x10

12
m

3
/yr) / (5.1x10

14
m

2
) = ________________________ 

b) The global average yearly methane production per square meter in kg/m
2
 =  

      (total yearly production)/(earth’s surface area) = (7x10
11

kg/yr) / (5.1x10
14

m
2
) = ____________ 

c)  The total mass of mercury in the ocean  
     = (the amount of mercury per m

3
) x (the ocean volume in m

3
)  

     = (3x10
-8

kg/m
3
) x (1.35x10

18
m

3
)
 
= ______________ 

 

9) WHAT ARE SOME TYPICAL MASSES?  (in grams): 

a carbon 
atom 

a sugar 
molecule 

a protein 
molecule 

a salt 
grain 

an average 
human 

an 
elephant 

an ocean 
liner 

the 
earth 

The 
sun 

The 
universe 

2x10
-23

 3x10
-22

 2x10
-19

 3x10
-4

 7x10
4
 5x10

6
 10

11
 6x10

27
 2x10

33
 1.59×10

58
 

l 
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10) HOW CAN EXPONENTS MAKE GRAPHS MORE USEFUL? 
 
Another reason to become comfortable with expressing numbers as powers of 10 is that they 

provide the standard way of graphing things which span large ranges. For example, say you wanted 
to plot the following data on the % of people who experience irritation after different gram/liter 
concentrations of some chemical “X” are applied to their skin: 
 
g X /liter applied 

 
.000000001 

 
.00000001 

 
.0000001 

 
.000001 

 
.00001 

 
.0001 

 
.001 

 
.01 

 
.1 

 
% with irritation 

 
1 

 
5 

 
10 

 
20 

 
30 

 
50 

 
75 

 
100 

 
100 

 
To the right is a “normal” graph of this data:  

 
This graph is not really very satisfying. To get the largest 

values of x onto the x axis, all of the smaller values of x end up 
lumped together. It’s very difficult to use this graph to tell, for 
example, exactly what concentration irritated 50% of the people.  
 

If instead of letting the x axis be “the concentration of X” that 
was applied to the skin, you let x = “the power that 10 must be raised 
to in order to get the concentration of X that was applied” we get a 
much nicer graph:  

 
Applied g/liter 

 
.000000001 

 
.00000001 

 
.0000001 

 
.000001 

 
.00001 

 
.0001 

 
.001 

 
.01 

 
.1 

 
X= power of 10 

 
-9 

 
-8 

 
-7 

 
-6 

 
-5 

 
-4 

 
-3 

 
-2 

 
-1 

 
% with irritation 

 
1 

 
5 

 
10 

 
20 

 
30 

 
50 

 
75 

 
100 

 
100 

 
See how all the different concentrations are now nicely spread out? 
It’s now easy to see that a concentration ~10

-4
 g/liter irritated 50% 

of the people. 
 

If you haven’t already realized it, this “using the power that 
10 must be raised to” is the same as using “base 10 logarithms” - 

because log10(x) (“log to the base 10 of x”) = the power that 10 

must be raised to in order to equal x.  
For example: 

log10(1000)=3 because 1000=10
3
   

log10(.001) = -3 because 10
-3

 = .001.  
 Logs are more versatile than ‘common’ exponents. For example, you probably know that 
1000=10

3
 and 100=10

2
. But what power of 10 is the same as 500? It should be between 2 and 3. 

You might guess it should be about 2.5 (since 500 is about halfway between 100 and 1000). But it’s 
hard to know exactly. Logs to the rescue! The power of 10 that gives you 500 is just log(500) – which 
a calculator will tell you is 2.7. That is, 10

2.7
=500.     

WARNING: You have to be careful when interpolating (reading between points) on a graph when an axis is logarithmic. If “3” on an 

axis stands for 103 = 1000 and “4” stands for 104 = 10,000, then midway between 3 and 4 stands for 103.5 = 3162, which is not ½ way 

between 1000 and 10000 (which would be 5500). If you wanted to find 5500 on a logarithmic axis, you’d go to whatever “x” made 10x = 

5500 – which would be log(5500) = 3.74.  

Plotting “x = the log of something” rather than “x = something” is the standard way of getting 
data of very different sizes to look nice on 1 graph. (The logarithms of things are also often used as 
measurements: the Richter scale of earthquakes, the pH scale, the decibel scale of loudness, etc. In 
all of these, a change of 1 unit = a change by a power of 10 or “an order of magnitude.”)  
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ACTIVITY 1.8 
a) Solve for X in each of the following without using a calculator: 

X = log(100)  X=log(.1)           5=log(X)  -3=log(X) 
b) Use a calculator to solve for X in each of the following: 

X=log(6.5)  X=log(2.3x10
-8

)  7.3=log(X)  -4.5=log(X) 
c) One common place where logs arise in chemistry is when measuring how much light is absorbed 
by a solution. What I think is easy to understand is “percent transmittance” (%T) = what % of the 
incident light gets through a solution. But, if you double the concentration of whatever’s absorbing the 
light, the % transmittance does NOT get cut in half as you might expect. Instead, something called 
the “absorbance” is cut in half– where “absorbance” (A) is defined by A = -log(%T/100).   
                i) What’s the absorbance of a solution with %T = 50? 
               ii) What would the absorbance of the solution in (i) be if its concentration was cut in 
                          half?               

   iii) What would the %T of the solution in (ii) be?   
d) Another place in chemistry where logs are often used is in describing the concentration of 
“hydrogen ions” (H

+
) in water. “Acids” are solutions that contain more than 10

-7
g of “hydrogen ions” 

per liter. As a “base” is added to an acid, the concentration (g/L) of H+ ions decreases.  Here’s some 
data for such a process: 
 volume (cm

3
) of “base” added  g/L H+ present  log of g/L H+ present 

  0     .013119   ___________ 
  5     .005589   ___________ 
  10     .001764   ___________ 
  15     .000489   ___________ 
  20     .000112   ___________ 
  25     .0000172   ___________ 
  30     .0000000426   ___________ 
  35     .00000000075   ___________ 
  40     .000000000152   ___________ 
  45     .0000000000271  ___________ 
  50     .00000000000427  ___________ 
  55     .00000000000157  ___________ 

        i) Try to graph y = (g/L H+ present) vs x = (the volume of base that’s been added). See how 
boring this graph is?  
       ii) Now calculate the log of each “g/L H

+
 present” and then plot these numbers as y (with x =(the 

volume  of base that’s been added) 
      iii) Why is the latter graph better?    

 

11) WHAT IS AN “ATOMIC MASS UNIT?” (“amu”) 
 

Having introduced the use of exponents to describe very small and very large things, you may 
as well get to know the “atomic mass unit.” Atoms have really, really tiny masses. Using “grams” to 
talk about the weight of an atom is like using a Hummer to get a quart of milk from the corner store. 
What sort of unit would be more convenient for measuring masses of atoms???? Well, it would be 
nice if atom masses came out to be small numbers of our units, like from ~1 to maybe ~300. How 
about if we made the mass of the lightest atom (hydrogen) = “1" of our new units. Then no atom 
would have a mass less than 1! This is actually what has been done. One “atomic mass unit” (1 amu) 
is defined as the mass of 1 atom of hydrogen. (One amu is actually defined as 1/12

th
 of the mass of 

an atom of the type of carbon known as carbon-12 – because it’s easier to accurately measure larger 
masses. But this makes an atom of hydrogen-1 have a mass of 1.0078 amu, which is pretty darn 
close to “1 amu”) If we agree to express the weights of other atoms in these units, it turns out that a 
typical nitrogen atom has a mass of ~14amus, and a typical oxygen atom has a mass of ~18 amus. 
In fact, these are the weights of different types of atoms given on the “periodic table.” (The weights 
aren’t exactly whole numbers because atoms of the same element can contain different numbers of 
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neutrons which makes them have slightly different weights. The weights on the periodic table are 
averages of the possible weights. We’ll get back to that later...)   
 

How big is 1 amu? It turns out 1 amu = 1.66x10
-24

 grams. This may seem like a pretty random 
number, but you can use it to convert  1 gram into amu’s: 1g x 1amu/1.66x10

-24
g = 6.022x10

23
 amu’s. 

This 6.022x10
23 

number may look familiar - it’s called “Avogadro’s number” which is the number of 
things in “1 mole of things.” Yes, 1 gram = “1 mole” of amu’s. This fact will prove to be quite useful in 
a bit...  

 

12)  WHAT’S THE DIFFERENCE BETWEEN MASS AND WEIGHT? 
 

Let’s return from math-land to our discussion of mass… It’s worth being sure that you 

understand the connection between mass and weight.  
 

Mass fundamentally represents an object’s resistance to being accelerated. But people don’t 
usually measure something’s mass by kicking it with a known force (F), measuring how much the 
thing accelerates (a) and then calculating mass as m=F/a. It is more common to measure the 
"amount of stuff" you have by measuring its "weight" - the force with which it's attracted to the earth. 
This works for a really cool reason: if object A accelerates half as much as does object B when 
kicked by an identical force, then object A is attracted to the earth twice as strongly as is 
object B. Mathematically, this means that the force of gravity on an object (Fgravity) = K1 x the object’s 
mass (where K1 is some constant). 

 
I hope you share my fascination with why an object that's harder to accelerate should be attracted more strongly 
to other masses such as the earth. I mean, at first glance, the two properties seem total unrelated. It’s as if 
someone who is twice the height of someone else always has twice as many eyes. I believe the reason is that 
something’s resistance to being accelerating actually reflects its gravitational attraction to all of the matter around it 
in the universe! Indeed, the fact that an object’s resistance to acceleration is independent of the direction in which 
you try to accelerate it, is one argument for the (more or less) uniform distribution of mass in the universe.       

 
When two objects attract each other, it’s arbitrary if you stand on object 1 and see object 2 

being attracted being to it, or if you stand on object 2 and see object 1 being attracted to it. This 
means that gravitational attraction must depend on the masses of both objects in a symmetrical way. 
Mathematically, this means that Fgravity must = K2 x M1 x M2 (where M1 and M2 are the two masses 
and K2 is some constant - different than the K1 mentioned above.) 
 

The force that masses exert on other masses (gravity) is odd in a couple of ways: 
 
1) If an object, call it “Don” is gravitationally attracting another object (call it “Suzy”) to it, and 
some third object (call it “Giselle”) approaches Don, Don can be gravitationally attracted to 

Giselle without diminishing his attraction for Suzy! Gravity is not a zero-sum game. It’s not as if 
there’s a certain amount of attraction that needs to be divided up among the bodies that are 
attracted. An attraction to a new body does not diminish previously existing attractions to other 
bodies. (Warning: It’s generally not a good idea to try similar reasoning about other sorts of 
attractions with one’s significant other…) 
  



 
 Chapter 1: Identifying Stuff: page 35 

2) If you double the distance between two masses, their attractive force does not get cut in 
half as you might expect - it drops to 1/4

th
 what it was at the initial distance. If you triple the 

distance, the force drops to 1/9
th
 of what it was originally. Mathematically, this means that 

Fgravitational = G x M1 x M2  /R
2
. In this formula: 

G = the "universal gravitational constant" = 6.673x10
-11

 Nm
2
/kg 

 (G = the gravitational force between two 1kg objects that are 1m apart) 
M1 = the mass of object 1 (its resistance to acceleration) (in kg),  
M2 = the mass of the object 2 (such as the earth) (in kg) 
R = the distance between the objects in meters (not between their surfaces, but 
between their “centers of mass”) 

 
 This equation is often re-written as Fgravitational = (GM2/R

2
) * M1 If you plug in the earth’s mass 

(M2=5.98x10
24

kg) and the earth’s radius (R=6.364x10
6
 meters which is an average of its equatorial 

6378km and polar 6357km radii) you get, at the surface of the earth, GM2/R
2
 = (6.673x10

-11
 x 

5.98x10
24

)/(6.364x10
6
)
2
 =   9.8 m/sec

2
 which is often written as "g," the "acceleration of gravity." (It 

would be a good idea for you to pull out your calculator and check this.) With this convention, the 
above equation (at the surface of the earth) reduces to  
 
 Fgrav = g * M1= 9.8m/sec

2
 * M1  

 
Because the gravitational force on an object is proportional to its mass, an object's mass can 

be measured by using something (a “balance”) to measure the earth's gravitational force on it - what 
we commonly call its weight. In a gravitational field, mass (weight) can be measured in two ways:  
  

a) A double-pan arrangement can be used to add known 
masses to a pan across a pivot point from the unknown 
mass until enough mass has been added to be attracted to 
the earth as much as the unknown mass is. The unknown 
mass must then equal the total of known masses used to 
balance it. 

 
b) Weight can also be measured with a spring balance 
because a spring exerts a stronger force on an object as 
the spring stretches (or compresses). The spring moves 
until the upwards force = the downwards force and the 
object stops moving. The force exerted by the spring is then 
equal to the force of gravity on the object. 

   
The commonly available types of balances include: 

            
                             ACCURACY            ~2013 PRICE 

              Spring balances          ~5          g             $15 
              Triple beam balances      ~0.1       g             $100 
              Analytical balances       ~0.0001     g             $4000 
              Micro analytical balances       ~0.000001  g             $12500 
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13) SO LET’S TRY TO MASS SOME THINGS 
 
Now that you should be pretty comfortable with the concept of mass, we’ll "mass" some 

samples of each of the following in class.... 
 

Copper Copper 100% Ethanol 30% Ethanol    Air         Helium filled 
 Sulfate                      70% Water   balloon 

 
  mass g _____    _______  __________   ________ ______ _____ 
 

Oops.... we will run into a bit of a problem with the last two. It’s not at all clear how to measure 
the mass of air in a container. And if you try to mass a helium filled balloon on a balance, it seems to 
have a negative mass. Yet we know it takes a force to accelerate both of these them - so they must 
have some mass but how can we measure it??? 
 

14) WHY ARE THE MASSES MEASURED BY BALANCES WRONG?  
 

Archimedes first appreciated this problem ~250BC – when he noticed that it was easier to lift 
things when they were in water than in air. (Try it! A 10cm x 10cm x 10cm granite rock has a mass of 
about 2750g ~ 6lb – but underwater, it weighs about 1000g ~ 2.2lb less!) Archimedes proceeded to 
ask a series of questions: Does the loss of weight depend on the material making up the object? On 
the liquid it is in? On the temperature? On the shape of the object? Etc. Etc. Finally, he came up with 
his "Archimedes Principle" of "buoyancy:"  

 

The “apparent” mass of something suspended in a fluid is equal to its  

real mass minus the mass of fluid that it’s displacing: 

      Mapparent = Mreal  -  Mdisplaced fluid 
(OK, given that “mass” wasn’t developed until Newton, 

Archimedes actually talked in terms of weight…) 
 

You actually already know how this operates from jumping into a lake or pool. Say that you 
weigh 175 lbs.  
 

When you first break the surface of the water and just your lower legs are submerged, you 
think, "Gee, I weigh about 175 lbs, but the water I'm displacing weighs about 20 lbs, so my 
apparent weight is 175-20=155lbs. It’s still >0, so I guess I'll sink some more.  
 
After you've become completely submerged, you think "Gee, The water I'm displacing weighs 
about 185 lbs, so my apparent weight is 175-185 = -10 lbs. Hmm... this means there should be 
an upwards force on me, so I think I’ll go up. 
 
As you start to rise above the surface you start to displace less and less water. When an 
amount of you that displaces exactly 10 lbs of water has risen above the surface, the part of 
you below the surface displaces 175 lbs of water so your apparent weight is now 175-175 = 
0lbs – so you stop moving up or down. You’re floating. Cool eh? 

 
Cool factoid: You sink until you displace a volume of fluid with mass equal to yours. Since seawater is ~30% 
denser than fresh water, you sink 30% less in seawater than in fresh water. Mercury (the toxic liquid metal that 
used to be used in thermometers) is about 13x denser than water - so if you stepped into a pool of mercury you’d 
only sink about 1/13th (8%) the distance that you sink in water - i.e., you’d only sink up to your knees! Given some 
outriggers for balance, you should actually be able to walk “on” a pool of mercury! 
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So what does this mean for measuring a mass 
on a balance? Well, air counts as a fluid. So  
when an object (of mass = MOBJ) is balanced by 
some standard mass (MSTD), it’s really their 
“masses adjusted by buoyancy” which balance. 

If the mass of air displaced by the object is 

MADBO and the mass of air displaced by the 

standard mass is MADBS, then MOBJ – MADBO = 
MSTD – MADBS or MOBJ = MSTD +MADBO – MADBS. 
Since balance weights are made of very dense 
materials, the standard usually displaces less air than the object, so MADBO is usually greater 
than MADBS so MOBJ is usually greater than MSTD. That is, an object’s real mass is usually 
greater than that registered on a balance.  

 
You can see how large an effect this is, by plugging in some typical numbers. For example, 
say you (with volume = 64,000cm

3
) stand in air (.0012g/cm

3
) on a scale and are balanced by 

65,000g of brass weights (volume = 7647cm
3
). What is your actual mass?  

 

 Well, use:  MOBJ = MSTD +MADBO – MADBS 

 MSTD = 65,000g 

 You (the object) displace 64,000cm
3
 of air having a mass of .0012g/cm

3
 so you 

displace a total mass of air of 64,000 x .0012 = 76.8g = MADBO 

 The brass weights (the standard) displace 7647cm3 of air having a mass of 7646 
x .0012 = 9.17g = MADBS 

 So MOBJ = 65,000 + 76.8 – 9.17 =  65067g 

 Yep, your real mass is a bit (67g) more than registered on the balance 

 The buoyancy correction = 67g or 67/65000x100 = .1% 
 
The assumption is often made that the standard masses are so dense that MADBS ~0.  With 
this approximation, the above correction becomes: MOBJ = MSTD +MADBO. This is equivalent to 
saying that the apparent mass of an object (MSTD) is less than the actual mass (MOBJ) by the 
mass of air displaced by the object (MADBO):  MSTD = MOBJ - MADBO. This is just Archimedes 
Principle.  
 
Buoyancy really only because significant when you are trying to mass things that are big (so 
they displace a lot of air and MADBO becomes large) and lightweight (so the mass of displaced 
air is significant compared to their own mass). For example, if you try to mass 1kg of air, it 
displaces 1kg of air so its apparent mass is 1kg - 1kg = 0 kg. Oops. A given volume of helium 
has a smaller mass than the same volume of air - which is why its apparent weight is <0! 

 

ACTIVITY 1.11 (In these, use MOBJ = MSTD +MAir Displaced By Object) 

 

a) What is the actual mass of a man whose mass on a spring scale reads 70kg if the man's volume is 
1.5 cubic meters and if 1 cubic meter of air has a mass of 1.185kg? 
b) What is the mass of air in a 20g balloon which is inflated to a volume of 2000cm

3
 if its measured 

mass is 22.48g (in an air-filled room). Neglect the balloon's initial volume, and assume that 1 cm
3
 of 

air has a mass of .00124g. 
c) What is the actual mass of a .5 cubic meter helium filled balloon if its apparent mass is -10 grams? 
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15) DO THINGS REALLY HAVE "A" MASS?  
 

The last thing I want to mention about mass also applies to any measurement. It’s customary 
to talk about THE mass of something- as if it had one, and only one, mass. Yet if you repeatedly 
measure something's mass, your measurements will seldom exactly agree. Normally, we believe that 
such variation reflects "measurement errors" - rather than saying that something’s mass depends on 
some characteristic such as the time of the measurement, or the mood of the person making the 
measurement or some other variable. (I think that wondering about why we believe this is worth more 
time than we can give it…)   

 
Since a range of values IS always obtained for any repeated measurement, the question 

arises as to which of all the observed values one should use as THE mass of an object – and what 
does one mean by that value? Generally, it’s best to report ALL data and let readers draw their own 
conclusions about it, but most people settle for reporting some sort of "average value" and some 
measure of the "spread" of the individual measurements….  
 

 
The "average" normally used as “the” value of something is the "arithmetic mean" of several 

repeated measurements - usually symbolized by the Greek lower case “mu:” μ.  
 

The arithmetic mean of N repeated measurements (xi's) is defined as: 

The capital Greek sigma () stands for "the sum of" whatever comes 

after it. In this case, it means to add up all of your individual measurements (symbolized by 
“xi” which stands for x1 (the 1

st
 measurement), x2 (the 2

nd
 measurement), x3, etc.). For 

example, the mean of 1, 1, 3, 5, and 10 is  = (1+1+3+5+10)/5 = 4. 
 

Now in your “Question Authority” mode, you should be wondering “Why this is preferred over 
other possible measures of "average?" After all, you could use: 

 the median = the value in the middle of those obtained (the median of 1,1,3,5,10 is 3) 

 the mode = the value that occurs most often (the mode of 1, 1, 3, 5,10 is 1)  

 the geometric mean = the Nth root of the product of the N values (the geometric mean of 1, 

1, 3, 5,10 is (1x1x3x5x10)
1/5

 = 2.72)  
 

So, depending on your definition of “average,” the average of 1,1,3,5,10 could be 4, 3, 1 or 2.72. Why 
do most people use the “arithmetic mean” and get “4?” And no, “Because Mrs. Jones told me in the 
4

th
 grade to use the arithmetic mean” is NOT a very good answer. While it’s definitely worth taking a 

statistics class to explore these questions in more depth, there are at least two things about the 
arithmetic mean that you should know: 
 

1) The arithmetic mean is the one value which, if it were the result of each and every 

measurement, would give the same sum of all the masses as what it actually is.  
 

If you’re interested in the sum of some property (like the mass) of 50 things (like bushels of 

apples) but don’t want to weigh them all, you want to find the arithmetic mean of the masses of a 
few bushels and then multiply it by 50. For example, say that you weigh 5 bushels and get 5, 20, 35, 
50 and 65 lbs. The arithmetic mean = (5+20+35+50+65)/5 = 35lbs, so your 50 bushels, on average, 
would weigh 50 x 35 = 1750 lbs. 

 
 

μ = xi/N 
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But if you were more interested in the product of some property of things then you’d want an 
average value which, if each item had, would give an overall product equal to what it really is. In the 
above example of apple weights, their real product is 5x20x35x50x66 = 11,375,000. If each value 
was the 5

th
 root of this (=25.77lbs), then the product would be the same. This 25.77 value is the 

geometric mean of the measurements. Notice that it is different from the arithmetic mean (35lbs).   
 

Now I have no idea why you would ever care about the product of the weights of bushels of 
apples – which is why the geometric mean makes no sense in this case. But you are interested in 
products of things when dealing with things like rates of growth and decay or probabilities.  

 

For example, the probability of different independent things all happening is the product of the 
probabilities of each individual thing happening. If the probabilities of 3 different things happening are 
.10 (10%), .50 (50%) and .60 (60%), then the overall probability of all three things happening is 
(.10)*(.50)*(.60) = .03 (3%)  
 

If you find the arithmetic mean of these probabilities, you get (.10+.50+.60)/3 = .4 
(40%). If all three events occurred with probability = .4, the probability of all 3 occurring 
would be (.4)x(.4)x(.4) = .064 - over twice the real total probability!  
 

On the other hand, if you calculate the geometric mean of the probabilities (the Nth 
root of the product of N values), you get (.10 x .50 x .60)

.3333
 = .31. If the three events 

each had this probability, then their overall probability would be (.31) x (.31) x (.31) = 
.03 –which is correct.   

 
For another example, say you can invest $100 in a) a savings account that pays you 1% the 
1

st
 year, 10% the 2

nd
 year and 50% the 3

rd
 year or b) an account that pays you 15% each year 

for three years. Which will make you more money?  
 
 In choice (a), after the first year you’ll have 1.01(100). After the 2

nd
 year you’ll have 1.1x 

this = 1.1(1.01)(100). And after the 3
rd

 year you’ll have 1.5x this = 1.5(1.1)(1.01)(100) = $166. 
The one constant interest rate that gives the same total is the geometric mean of these three = 
.186 = 18.6%. You can check this because 1.186(1.186)(1.186)(100) = $166. If you only get 
15% each year, after 3 years you’d have 1.15(1.15)(1.15)(100) = $152.   
 

The lesson: be careful to pick the average that’s appropriate for what you’re after.   

 

Activity 1.12 
Would you prefer an arithmetic or geometric mean for each of the following? Why? 

 -the average price per pound of buying 3lbs of oranges if you buy 1lb at $3/lb, 1lb at $4/lb  
      and 1lb at $5/lb (so that the total price = 3 x the “average price/lb”)  
 -the average yearly % depreciation on something if it depreciates at 4%/yr for 2 years, at 
      6%/yr for 2 years and at 8%/yr for 2 years.  (so the actual total depreciation = 6 years of 
      the “average depreciation/year”)  
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Warning: I wonder if you’re getting tired of these pictures of this robot? I thought of another 
complication the other day while moving at about 10mph in a traffic jam in my hybrid car. I noticed that 
since I was running just on its battery (no gas), it said I was getting 100mpg (miles per gallon) and had 
been getting an “average” of 52mpg. It struck me that I had no idea how the car calculated this 
“average.” I can think of at least three possible ways…. For example, suppose I drove for 1 hour at 25 
mph, getting 50 mpg and then I drove for another 1 hour at 50 mph getting 30mpg. What would my 
average mpg be?  
Well, if I weighted each mpg by the time I traveled at it, my average would be: 

(50mpg x 1hr + 30mpg x 1hr) / (1hr + 1hr) = 80mpghr/2hr = 40mpg 

      But if I weighted each mpg by the distance I travelled at it, my average would be:  

(50mpg x 25mi + 30mpg x 50mi) / (25mi+50mi) = 36.66 mpg 

      And if I weighted each mpg by the gallons of fuel consumed during it, my average would be:  

(50mpg x 0.5gal + 30mpg * 1.67gal) / (0.5gal+1.67gal) = 34.61 mpg  

        I have no idea how it’s actually calculated.  

 
2) An even more useful property of the arithmetic mean of a bunch of data is that: the arithmetic 
means of repeated random samples from any distribution of measurements are distributed 
“normally” (ie in a bell-shaped distribution) with a mean equal to the mean of the actual 
distribution.    

  

Don’t gloss over this. Try to understand what it says...and what it doesn’t say. 
 

Say that you want to know the average concentration of lead in the soil at an old industrial 
facility. So you take a sample, analyze it and find a concentration of 4 ppm (parts per million = 4mg of 
lead per 1,000,000mg = 1kg of soil). What does that mean? Not much – because it’s only one 
measurement. So you take another sample and measure the lead in it. Say that you find 43 ppm. 
Wow, that’s pretty different from 4ppm. You’d better do some more measurements. Say that two 
more measurements give 38ppm and 6ppm. OK, you have 4 measurements. You can calculate their 
mean (4+43+38+6)/4 = 23 = average ppm. But how likely is it that, if little Johnny Smith eats some 
soil from your site that the soil he ingests actually contains 23ppm lead? How likely is it to contain 
65ppm? How likely is it to contain 3ppm? Well, say you do 12 more sets of 4 measurements each 
and calculate the means of each set: 

 
Set Individual ppms Arith mean Geo mean Set Individual ppms Arith mean Geo mean 

1 4, 43, 38, 6 23 14 8 74, 24, 52, 1 38 17 

2 82, 22, 10, 61 44 18 9 0, 57, 94, 37 47 38 

3 51, 56, 2, 98 52 27 10 47, 82, 97, 26 63 59 

4 48, 37, 41, 47 43 43 11 57, 55, 4, 71 47 31 

5 72, 98, 99, 67 84 83 12 88, 45, 96, 51 70 66 

6 67, 53, 36, 81 59 57 13 23, 17, 73, 9 31 23 

7 58, 62, 8, 3 33 17     

 
 Bored yet? Hold on… This will be good in a minute… 
 

If you count the numbers of the 52 individual ppm results that lie in different ranges (0-20, 20-
40, etc.) and then plot your results, you get the left-hand graph below: a pretty uniform distribution. (I 
actually obtained these ppm numbers from a random number generator that produced numbers 
between 0 and 99, so they should be spread evenly over that range, with an overall average of 50). 
However, if you graph the numbers of arithmetic means of your 4-count sets that are in each range, 
you get the right hand graph below: 
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OK, go on, say “Wow!” - the arithmetic means of your repeated samples are distributed 
~”normally” (that is, in a “normal” “bell-shaped distribution”) around the actual mean of all your 
measurements. This is an amazing result. It can be proven that if you take many random samples 
from any large set of possible measurements, the arithmetic means of your random samples 
will be distributed “normally” around the real mean of the total possible measurements (in 
this case, 50) - no matter what the actual total distribution looks like.  

 
And it gets even better - statistics can say a lot of powerful things about bell shaped curves. 

For example, “35% of the time, a measurement will be more than 1 ‘standard deviation’ away from 
the mean.” This means that you can say something about the chances of getting different values of 
things (like your arithmetic means) which are distributed “normally.” This is why arithmetic means 
are so popular and powerful. But note well: A single mean isn’t really all that useful. Repeated 
sets of measurements which yield repeated arithmetic means are much more useful. It’s really 
not very likely that if someone went out and took 4 measurements and averaged them that they’d get 
50ppm. It’s more likely someone would get ~50 if s/he took 10 sets of 4 measurements and averaged 
their means. 

 
(We can show this with ‘real’ data in lab, but a great online simulation of this principle is at 

http://www.math.shu.edu/thinklets/Math/Statistics/CLT/clt.html) 
 
By the way, other means (such as the geometric 

means of the above samples) are NOT distributed in a 
normal bell shaped curve, as the graph to the right of 
the distribution of the geometric means of our ppm 
measurements shows:     

 
It is also not true that repeated measurements 

are always distributed in a “normal” bell-shaped curve. 
They may be – but they may not be. It is only the 
means of repeated sets of random measurements that 
are distributed in a bell shaped curve. Actual data may be distributed in many, many different ways.  

 
Some of the more common distributions are displayed at websites such as 

http://www.itl.nist.gov/div898/handbook/eda/section3/eda366.htm: 

 

http://www.itl.nist.gov/div898/handbook/eda/section3/eda366.htm
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16) WHAT’S THE DIFFERENCE BETWEEN “PRECISE” AND “ACCURATE” MEASUREMENTS?  
 

While the mean of repeated determinations of “average” values tell you something about of 
what the mean of several more repeated measurements is likely to be, it says nothing about how 

likely it is that any one other measurement would actually be close to it. (If the average weight loss 
on a diet is 11 lbs, the average weight loss of 10 people on the diet is most likely to be 11 lbs. But it 
may be that one person lost 200 lbs and nine others each gained 10 lbs. This would give an average 

loss of 11 lbs – but 9 of the 10 dieters actually gained weight!) The likelihood that any individual 

result is close to the average depends on the spread of repeated measurements.  
 

For example, consider three sets 
of repeated measurements of the parts 
per million (ppm) lead in soil with 1000 
measurements in each set. The #s of 
times that each ppm value was found 
are graphed here: (The x axis = ppm 
and the y axis is the # of times that each 
ppm measurement on the x axis was 
obtained): 

 
Say that a million measurements 

of ppm lead in soil reveal its “true” average to be “50ppm.” What can you say about the three sets of 
measurements graphed here? 
 

Well, the “dashed” and “dotted” data sets have the same average (50) as the “true” value, but 
they differ in the “spread” of their measurements around that average. These sets are both said to be 
“accurate” (their means are close to the “true” value), but to differ in their “precision” (the spread of 
their data). The more narrow “dotted” distribution is “more precise” than the broader (“less precise”) 
“dashed” distribution. Something is going on to make these measurements sometimes larger and 
sometimes smaller than the “true” value. Because the error is equally likely to be in either direction, 
it’s called a “random error.” The size of random errors (the spread in data) can be assessed by 
repeating a measurement several times. 

  
 The third set of data (the solid line in the graph) is just as “precise” (reproducible) as the more 
precise of the two accurate sets - but it’s “less accurate” because it’s centered at the wrong answer 
(60 rather than 50). This set of measurements has something going on that makes the measurement 
systematically larger than it should be - a “systematic error.” Repeated measurements will not reveal 
systematic errors. The way to assess if you have a systematic error is to repeat your measurement 
using some other, independent method.   
 

The differences among different sorts of accurate and/or precise measurements can be 
displayed by comparing several measured values of some measurement (xxx's) to the 
measurement’s "true" value (T): 

Accurate and precise:        xTx  (narrow spread around true value) 
Precise but inaccurate:     xxx         T   (narrow spread but around wrong value) 
Accurate but imprecise:          xxx         T         xxx (wide spread but around true value) 
Imprecise and inaccurate      x    x    x  T   (big spread & around wrong value) 

 
Warning: Accurate but imprecise instruments are only useful if you’re taking repeated 

measurements. Remember: the accuracy of an instrument (how close the mean value of repeated 
measurements is to the “true” value) says nothing about how close to the true value any one 
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measurement will be. The average of many measurements can be right on - but there may be a large 
spread in individual measurements. Any one reading on a scale that’s “accurate” to .001g (= whose 
average of many measurements is within .001g of the true value) may be off by anything – like even 
by 100g!  

 
Precise (reproducible) instruments are generally better – even if they’re inaccurate - because 

you know that:  
a) repeated readings will not vary much, so 1 reading is about as good as many – 

which saves time 
b) your reading will always be wrong by a fixed amount - which can be corrected for by 

applying some  correction factor (so you end up with both precision & accuracy) 
For example, if you have a scale with a precision of 0.001g, and you weigh something and get 
100.656 g, repeated weighings will only vary by ~.001g. Of course, you need to calibrate your scale, 
and might find that it’s always high by 10g – but you can correct for this by just subtracting 10g from 
any weight you determine.   
 
Here’s a summary of the 4 types of measurements that you may run into & their pros & cons: 

Type of data  Description OK if… not OK if… 
 

accurate & 
precise 

 
Average = 
correct & 

reproducible 

 
-you can afford it 

 
-you can’t afford it 

 
inaccurate  

but precise 

 
Wrong but 

reproducible  

 
-you’re comparing things or 1 thing 
over time (e.g., Which sample is 
warmer? How does a lake’s pH vary 
with depth or over a day?) 
-you have the correction factor (e.g., 
“add 5ppm to each measurement”) 

 
-you care about absolute values (e.g., 
What’s your body temperature? 
What’s the pH of a rain event?) 

 
accurate  

but imprecise 

 
average is OK 
but with a wide 

spread 

 
-you just care about average values 
(e.g., long term vs monthly profit) 
-OK if you can take lots of 
measurements 

 
-you care about individual values (e.g. 
speed on your speedometer, time on 
a clock) 

 
inaccurate & 

imprecise 

 
Wrong & wide 

spread 

 
-you want to waste time & money  

 
-you want measurements that mean 
anything 

 
To illustrate the importance of precision (reproducibility), consider the following: 

 
Suppose that you're buying yarn to use in your knitting business. You contract with a supplier 
to buy 190 kg of yarn at $5/kg ($950 total) - assuming that no more than 1% of the material (1 
kg in every 100 kg) shows a defect. If more than 1 kg in every 100 kg is defective, then you 
will receive a 10% rebate ($95) from the supplier. When your shipment arrives, you run the 
material through your computerized scanner, and find that 2 kg out of the 190 kg are defective. 
Do you get your rebate or not? 
 
This seems like an easy problem. The % with the defect = (2/190) x 100 = 1.05% Since 1.05% 
> 1%, you should claim your rebate.  

 

However, you haven't indicated the precision of your data! When pressed, you run some 
known samples through your tester and find that its numbers are really only precise to the 
nearest 0.2 kg. This means that your measured "2 kg out of 190 kg" really means that there 

could have been as little as 2-0.2 =1.8 faulty kg out of 190+0.2=190.2, or .95%. Or, there 

might have been as much as 2+0.2=2.2 faulty kg out of only 190-0.2=189.8, or 1.16%. In 
other words, you don't know if you deserve a rebate or not! Your equipment is not precise 
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enough to claim the rebate. You either have to be willing to accept possible greater 
imperfection than the 1% negotiated - or you'd better get better equipment. 

 
   REMEMBER: A PIECE OF DATA WHICH IS NOT ACCOMPANIED BY SOME INDICATION 

OF BOTH ITS ACCURACY AND ITS PRECISION IS USUALLY LESS VALUABLE, AND 
MORE SUSCEPTIBLE TO MISUSE THAN IS NO DATA AT ALL.  

 

Activity 1.13 
 
a) What’s the difference between buying a balance with an accuracy of .001g and one with a 
precision of .001g? 
 
b) Why might precision be better than accuracy in each of the following? 

-measuring the temperature of your darkroom water used to develop film  
-your clock 
-a stopwatch used to see how much faster you can run a mile than i can 
-an instrument designed to see how levels of oxygen dissolved in water change over a day 

 
c) Why might accuracy be better than precision in each of the following: 

-a theater owner’s estimates of the numbers of people who’d pay for admission to concerts 
-yearly % returns on your retirement investments 
-numbers of nails in 3-5lb bags you sell at a hardware store 

 

17) How can you indicate the precision (i.e. the spread) of data?  
 

The first convention is to always estimate readings on instruments to 

one more decimal point than there are markings. For example, the 
graduated cylinder to the right has markings at every 1 unit – so you should 
report volumes including tenths of units. (The volume to the right should be 
reported as 88.5 units.)  

 
With this convention, it’s assumed that all reported digits are correct - 
except maybe the last – which can be off by about ~1. The above volume 
of “88.5 units” should be thought of the 5 actually being between 4 and 6 – so the real 
measurement is 88.4-88.6 units. The 88.5 is said to have 3 “significant figures,” one of which 
(the .5) is uncertain by ±.1. This ±1 error out of 885 - or 1/885 - means that you sort of know 
the data to ~1 part in 1000 or ~.1%. 

 
As another example, if you see a mass reported to be .0015g, the assumption would be that 
this means .0014-.0016 - or that you know the mass to ~1 part in 15. This means you have 2 
(not 4) significant figures. The zeros to the right of the decimal point and in front of the 
“15" are not “significant” (in terms of precision) - they just tell you in what decimal places the 2 
significant figures are.  
 
There are two other types of zeros to consider: 
 
First, there are zeros that appear to the right of both any numbers and to the right of the 
decimal point such as the red zeros in 200.00 or .00400. These zeros mean something. They 
wouldn’t be there if they didn’t. They indicate which digit is the uncertain one – and it’s always 
the 0 to the furthest right. This means that 200.00 means 199.99-200.01 and .00400 means 
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.00399-.00401. This means that 200.00 has 5 significant figures while .00400 has 3 significant 
figures.  
 
It’s less clear what zeros that appear to the right of any digits but to the left of the decimal 
point mean – like the red zeros in 100. Are both of these zeros “real” – in which case the real 
mass would be 99-101g. Or is only the leftmost zero real – meaning that your measurement is 

actually 90-110g? The way to avoid this ambiguity is to use the "scientific" or 

"exponential" notation mentioned earlier: write numbers as a number between 1 and 10 

multiplied by some power of 10. If you mean 90-110, write 1.0x10
2
 and people will assume 

you mean 0.9 x10
2 
- 1.1x10

2
 which is the same as 90-110 which is what you meant. If you 

knew the mass was 99-101g, instead of ambiguously saying it was “100g,” write 1.00x10
2
 - 

and people will read this as 0.99 x10
2 
-1.01x10

2
g = 99-101g – which is what you meant. 

 
To summarize:  

number 
Exponential 

notation 
# of significant figures why 

XX.X X.XX x 10
1
 3 Seems obvious 

0.00XXX X.XX x 10
-3

 3 0’s only serve to locate digits 

XX.X000 X.XX000 x 10
1
 6 0’s wouldn’t be there if not ‘real’ 

XX00 
X.X x 10

3
 

Or X.X0 x 10
3
 

Or X.X00 x 10
3
 

Not clear 
0’s could be real or just to 

locate digits 

 
People who like significant figures feel that they make it relatively easy to carry some 

estimate of precision through calculations, by rounding off their answer to the same # of 
significant digits as in the input with the lowest number of them. So, for example, if you whack 
an object with a 5.0 Newton force and measure that it accelerates at 5.22767 m/sec

2
. You 

might be tempted to calculate its mass as m = F/a = 5.0/5.22767 = 0.95645 kg. But this 
implies an uncertainty of ~.00001kg and such precision is unwarranted, given the imprecise 
nature of “5.0 Newtons.” The sig-fig crowd would say you should report your mass as 0.96 (2 

sig figs) because 5.0 has 2 sig figs. Note: don’t round off as you go along. If you do, you 
can get some crazy answers. For example, if you want the total mass of 5 rocks that weigh: 
 

2.0kg, 0.4kg, 0.4kg, 0.4kg and 0.4kg,  
 
You should add them up to get 3.6kg and then round off to 1 significant figure to get 4kg which 
makes sense. If, on the other hand, you round off at each step, you get: 
 2.0 + 0.4 = 2.4 = 2 (to 1 sig fig) 
 2 + 0.4 = 2.4 = 2 (to 1 sig fig) 
 2 + 0.4 = 2.4 = 2 (to 1 sig fig) 
 2 + 0.4 = 2.4 = 2 (to 1 sig fig), so overall it = 2 – which is sort of silly. 

 



 
 Chapter 1: Identifying Stuff: page 46 

On the other hand, some people feel  
 

“The whole notion of significant digits is heavily flawed. Anything that can be done by 
means of significant digits can be done much better and more easily by other means. 
People who care about their data don’t use significant digits. You should never assume 
that counting the digits in a numeral implies anything about the significance, 
uncertainty, accuracy, precision, tolerance, or anything else. There are plenty of 
important cases where the digit-count wildly overestimates the uncertainty or wildly 
underestimate the uncertainty.” (http://www.av8n.com/physics/uncertainty.htm) 

 

  ACTIVITY 1.14 
Assume that we agree that 1 century = 100 years and that 1 week = 7 days. Try using significant 
figures to calculate  the total number of days in a century assuming each of the following: 
 
a) If 1 year = 365.242199 days (the currently most accurate estimate) then 1 century = ______ days 
(9 sig figs) 
 
b) If 1 year = 365.25 days (allows for leap years), then 1 century = ________ days (5 sig figs)  
 
c) If 1 year = 365 days, then 1 century = ______ days (3 sig figs). 
 
d) If 1 year = 52 weeks, then 1 century = ___________days (2 sig figs). 
 
e) If 1 year = 12 months and if 1 month = 4 weeks, then 1 century =  ________ days (1 sig fig)  
 
f) You should be able to show that your answers agree within the limits of their significant figures. 
 

 
Significant figures are certainly about the crudest way to see how precision & imprecision 

works itself through calculations. There are better ways. 
 

For example:  
 
1) The “Crank 3 Times” method: First, do your calculations with your best-estimate values. 
Then redo the calculations with each value at the top and bottom ends of its error range. For 
the masses above (2.0kg +.4kg +.4kg + .4kg +.4kg) the biggest values could be 
2.1+.5+.5+.5+.5 = 4.1 and the lowest 1.9+.3+.3+.3+.3 = 3.1, so you could report a range of 
3.1-4.1 (or 3.6 ± .5). 

 
 
 
2) A more sophisticated method of indicating precision is to indicate the "standard deviations" 

of repeated determinations of the measurements. The standard deviation () of a set of 
measurements is defined by: 

  
(the xi’s are the N individual measurements, the  x̅ is their mean) 
 
Once you have the standard deviations of any measurements, you can estimate the standard 
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deviations of various calculations which use those measurements:  
 
-If two measurements A and B are uncorrelated and distributed normally (along a bell 

shaped curves with means A & B and standard deviations A and B ) then the standard 

deviation of A+B = (A+B) can be found from: 
 

(A+B) = (A
2
+B

2
)
½
 
 

 
For example, if you have a pile of rocks with normally distributed masses and mean 
mass = 5kg and std dev = 1kg and a pile of watermelons with mean mass = 2kg and 
std dev = 0.5kg, then, if you repeatedly mass 1 rock + 1 watermelon (each chosen at 
random) you’ll end up with a mean mass of 7 kg with a standard deviation of (1

2
+.5

2
)
 

½
 = 1.12 kg.  

 
- If two measurements, A and B, are uncorrelated and distributed normally (along a bell 

shaped curves with means A & B and standard deviations A and B), then the standard 

deviation of A*B = (A*B) can be found from:   

(A*B)/(A*B) = ((A/A)
2
 + (B/B)

2
)
½
   

And the standard deviation of A
N
 = (A^N) can be found from  

(A*N) /AN = N * A/A 
 

For example, say that you want to know how much income you’ll get from selling 

apples. You guess that you’ll get about $2/lb (with =$.25), that there will be about 

50lbs/bushel ( = .5lbs) and that you expect to harvest about 2000 bushels (with  = 
150 bushels).  Using your expected (average) values, you should bring in 2000bu x 
50lb/bu x $2/lb = $200,000. But how precise is this estimate? To see, work in 2 
steps.  

 
1) First work on your expected # of pounds = 2000 bushels x 50lb/bushel = 

100,000lbs. The standard deviation of this is:  

(2000*50)/(2000*50) = ((2000/2000)
2
 + (50/50)

2
)2 

= ((150/2000)
2
 + (.5/50)

2
) 2  

= (.0056 + .0001)2 
= .075 

So (2000*50) = 7550 lbs 
2) Now get your expected income: 100,000 lbs x $2/lb = $200,000 and the standard 

 deviation of this is: 

(100000*2)/(100000*2)  = ((100000/100000)
2
 + (2/2)

2
)2 

= ((7550/100000)
2
 + (.25/2)

2
) 2  

= (.057 + .0156)2  
= .269 

So the standard deviation of your expected $200,000 income (100000*2) is .269 * 
(100,000*2) = $53,898 
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Standard deviations are useful because, for truly random 
measuring errors, the standard deviation allows one to 
calculate the probability of getting particular measurements. 
As you can see from the figure to the right, 68% of the time, 

you’ll be within ~1 of the mean. 95% of the time you’ll be 

within 2 of the mean.  
 

Standard deviations are also useful in determining the 
probability that repeated sets of measurements on two objects 
or on one object under different conditions are really different. 
 Take a statistics class to learn how…. 
 

  ACTIVITY 1.15 
a) Suppose you are selling apples and oranges and you want to estimate the uncertainty in your profi 
for the coming year from the following data for your sales over the last few years. Assume that sales 
and prices are uncorrelated and distributed normally.  
 

year 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 

lbs apples 2500 2400 2000 2700 2800 1900 2300 2200 2100 2000 

$ per lb 2 2.5 1.5 2 1.5 2.5 1.75 2.25 2.5 2 

lbs oranges 2125 2050 1750 2275 2350 1675 1975 1900 1825 1750 

$ per lb 3 2.75 2 3.25 3 2.5 2 3.25 2.75 2 

a) Calculate the mean and standard deviations for the lbs of apples and of oranges and the price per 
lb of each 
b) Calculated the mean and standard deviation of the expected $ from apples = lbs apples x $/lb and 
the expected $ from oranges 
c) Calculate the mean and std deviation of your total $ = $ from apples + $ from oranges 
d) What range of total $ are you 95% sure to be within?  

 
3) A 3

rd
 way of dealing with precision is to let technology help. You use a program like Crystal 

Ball which can quickly calculate thousands of possible answers given input values chosen 
from a variety of probability 
distributions. Such “Monte Carlo” 
methods are both very useful - and 
fun! We can play with this in lab.  
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18) HOW DOES PHYSICS COMPLICATE THINGS?  
 
Physics makes measuring mass more interesting in at least 3 ways.  
 

1) Physics asserts that when an object with mass Mo at 
rest moves with respect to an observer at a velocity v, 
the observer sees its mass increase (c=speed of 
light): 

 
 
The graph of this shows that this 
mass increase is usually negligible: 
 

Although, if v = 0.9c (If you’re moving at 90% of the 
speed of light), your mass is 2.3x what it is when 
stationary. Fortunately, chemists seldom need to deal 
with such situations. (Relativistic effects do need to be 
invoked to explain why, for example, mercury is a 
liquid, or why gold is not the steely gray color of other 
metals. For those with some background: the inner 
most electrons in mercury atoms are moving at v~.58c, 
which makes their mass ~1.23x the normal mass of an 
electron. This decreases the distance at which they 
and other electrons surround the atom’s nucleus, which makes them more stable & less able to contribute to the atom-
atom attractions necessary to form a solid and so Hg is a liquid at room temperature and pressure. For more details, 
see J Chem Ed 68(2) 110 2/2/91)   

 
2) Quantum physics introduces the complication that making any measurement changes the state of 
the thing measured - so if you measure the mass of something, you really only know its mass 
BEFORE it was measured - and don't know what it is AFTER you make the measurement. 
Fortunately, such effects are minuscule until we begin talking on an atomic (very small) scale.  
 
 
 
 
 
3) Some physicists feel that physical quantities like mass may actually be more "complex" than is 
commonly believed: having both "real" and "imaginary" parts. ("Imaginary" numbers are multiples of 
the square root of -1, which is symbolized by a lower case "i" – for imaginary. Normal people don’t 
think that -1 has a square root – because when you square any ‘normal’ number, you get a positive 
answer. But that doesn’t stop mathematicians from talking about how the square root of -1 would 
behave if it existed! A “complex” number is a number with real and imaginary parts - like 5+6i.) 
While we may have no direct sensation of the imaginary part of common quantities, when two 
quantities with imaginary parts are multiplied, they may produce a real result! For example, if an 
object's mass is 5+2i and its velocity is 3+4i, then its classical momentum (m*v) would be 5x3=15. 
But if we consider its imaginary parts, its momentum would be:  

   M x v = (5+2i)  x  (3+4i) = 15 + 6i + 20i + 8i
2
 

                               = 15 + 26i + 8(-1)  
                                                                      = 7 + 26 i 

That is, the real part would be 7, not 15! So far there is no confirming evidence for such theories, but time will tell.... 
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