Reading 1.2 How Do We Study Matter?

Section 1.2 How Do We Study Matter?

Lesson Objectives

The student will:

1.  describe the scientific method of problem solving.

2. list some values of the scientific method of problem solving.

3.  describe the difference between hypothesis, theory, and scientific law as scientific terms.
4. explain the necessity for experimental controls.

5. identify components in an experiment that represent experimental controls.

6. explain the concept of a model and why scientists use models.

7. explain the limitations of models as scientific representations of reality.

Vocabulary

» controlled experiment
e experiment

* hypothesis

e model

* problem

» scientific law

» scientific method

» theory

Introduction

Socrates (469-399 B.C.), Plato (427-347 B.C.), and Aristotle (384-322 B.C.) are among the most famous of
the Greek philosophers. Plato was a student of Socrates, and Aristotle was a student of Plato. These three
were probably the greatest thinkers of their time. Aristotle's views on physical science were, in particular,
highly influential and widely accepted until well into the 1300s.

Unfortunately, many of Aristotle's opinions were wrong. Aristotle was a brilliant man without doubt, but he was
using a method unsuitable for determining the nature of the physical world. The philosopher's method
depended on logical thinking and not on observing the natural world. This led to many errors in Aristotle's
views on nature. Let's consider two of Aristotle's ideas as examples.

In Aristotle's opinion, men were bigger and stronger than women, so it was logical to him and he concluded



that men would have more teeth than women do. Thus, Aristotle concluded this as a fact without actually
counting the number of teeth in any mouths. Had he done so, he would have found that men and women have
exactly the same number of teeth. As another example, Aristotle considered what would happen if he were to
drop two balls identical in all ways but mass. In his mind, it was clear that the heavier ball would fall faster
than a lighter one would, and he concluded that this must be a law of nature. Once again, he did not consider
doing an experiment to see which ball would fall faster. This conclusion, however, was also incorrect.
Eighteen centuries later, Galileo tried this experiment by dropping two balls of different masses off a building
(the Leaning Tower of Pisa, according to legend). Galileo discovered, by experimental observation, that the
two balls hit the ground at exactly the same time. Aristotle's logical conclusion was again wrong.

The Scientific Method of Problem Solving

In the 16th and 17th centuries, innovative thinkers were developing a new way to understand the nature of the
world around them. They were developing a method that relied upon making observations of phenomena and
drawing conclusions that corresponded to their observations.

The scientific method is a method of investigation involving experimentation and observation to acquire new
knowledge, solve problems, and answer questions. Scientists frequently list the scientific method as a series
of steps. Some scientists oppose this listing of steps because not all steps occur in every case, nor do they
always occur in the same order. The scientific method is listed here as a series of steps, but you should
remember that you are not required to rigidly follow this list. Instead, the scientific method is a valuable tool
that provides a basic and adaptable strategy for tackling scientific questions.

The Steps in the Scientific Method

Identify the Problem
Gather Data
—h Make a Hypothesis

Test the Hypothesis (Experiment)

NO YES
— Does the New Data Agree?

Step 1: Identify the problem or phenomenon that needs to be investigated. This is sometimes referred to as
“defining the problem.”

Step 2: Gather and organize data on the problem. This step is also known as “making observations.”



Step 3: Suggest a possible solution or explanation. A suggested solution is called a hypothesis.
Step 4: Test the hypothesis by making new observations.

Step 5: If the new observations support the hypothesis, you accept the hypothesis for further testing. If the
new observations do not agree with your hypothesis, add the new observations to your observation list and
return to Step 3.

Suppose you are required to maintain a large campfire, but you are completely unfamiliar with the property that
makes objects combustible (able to burn). The first step in the scientific method is to define the problem. The
problem statement for this investigation is: What property makes objects combustible?

The next step is to gather data on the problem. At the beginning, you may be collecting objects at random to
put into the fire. It is important to keep good records of what objects were tried and whether or not they burned.
A list of organized data (observations) is shown in Table below.

List of Items Tried in the Fire
Will Bumn Won’t Bum
tree limbs rocks
chair legs bricks
pencils marbles
baseball bat hubcaps

The list of organized observations helps because now you can focus on only collecting items on the “will burn”
list and not waste any effort by dragging items that won't burn to the fire. However, you would soon use up all
the items on the “will burn” list, making it necessary to guess what property the “will burn” objects have that
allow them to burn. If you had that answer, you could keep the fire going by bringing objects that may not be
on the “will burn” list but have the “will burn” property.

The third step in the scientific method is to suggest a hypothesis. A hypothesis is a tentative explanation that
can be tested by further investigation. Your guess about what property makes the “will burn” objects
combustible is a hypothesis. Suppose you notice that all the items on the “will burn” list are cylindrical in
shape, so you hypothesize that “cylindrical objects burn.”

The fourth step in the scientific method is to test your hypothesis. To test the hypothesis that cylindrical
objects burn, you go out and collect a group of objects that are cylindrical, including iron pipes, soda bottles,
broom handles, and tin cans. When these cylindrical objects are placed in the fire and most of them do not
burn, you realize your hypothesis is not supported by these new observations. The new observations are the
test, but your hypothesis has failed the test.

When the new observations fail to support your hypothesis, you reject your original hypothesis, add your new
data to the table, and make a new hypothesis based on the updated observations list. A new updated table is
seen in Table below.

List of Items Tried in the Fire



Will Burn Won’t Burn
tree limbs rocks
chair legs bricks
pencils marbles
baseball bat hubcaps
broom handle soda bottles
tin cans
iron pipes

According to the schematic diagram of the scientific method, if the new data does not support the hypothesis,
the scientist returns to Step 3 and makes a new hypothesis. When the hypothesis is supported by the the
results of several experiments, you might think that the work is finished. For a hypothesis to be useful,
however, it must withstand repeated testing. This is because other scientists must be able to repeat the
experiments using the same materials and conditions and get the same results. Scientists submit reports of
research to other scientists, usually by publishing an article in a scientific journal, so that the work can be
verified.

Scientific Hypotheses, Theories, and Laws

Hypotheses that have passed many supportive tests are often called theories. A theory is an explanation that
summarizes a hypothesis or a set of hypotheses and has been supported with repeated testing. Theories have
a great deal more supportive testing behind them than do hypotheses. Suppose your new hypothesis is
“wooden objects burn.” You will find this hypothesis more satisfactory since all of the wooden objects you try
will burn. You can see from this example that the hypothesis does not become what we think of as a “fact” but
rather a tentatively accepted theory, which must undergo continuous testing and possible adjustments. Even if
your theory seems successful, you might be ignoring other types of combustible materials, such as a large
stack of old car tires, objects made of fabric or paper, or perhaps containers of petroleum. You can see that
even though you are quite satisfied with your theory because it does the job you want it to do, you actually do
not have a complete statement on all the properties that make objects burn.

In science, theories can either be descriptive (qualitative) or mathematical (quantitative). However, a scientific
theory must be falsifiable, or capable of being proved false, in order to be accepted as a theory. A theory is
never proven true and is never a “fact.” As long as a theory is consistent with all observations, scientists will
continue to use it. When a theory is contradicted by observations, it is often modified, replaced, or discarded.

A theory is also a possible explanation for a law. A scientific law is a statement that summarizes the results
of many observations and experiments. A law describes an observed pattern in data that occurs without any
known exception. A law that has withstood the test of time is incorporated into the field of knowledge.
Because they explain the patterns described in laws, theories can be used to predict future events.



One example of a scientific law was discovered around the 1800s by a group of scientists who were working
with gases to, among other reasons, improve the design of the hot air balloon. After many tests, Jacques
Charles and other scientists discovered that patterns and regularities existed in their observations of gas
behavior. They found that if the temperature of the gas increased, the volume of the gas also increased. This
relationship has held true over time and is now a scientific law. Any scientific theory that describes gas
behavior would need to reflect this law and predict that the volume of a gas increases whenever the
temperature increases.

Around the same time, another scientist named J. W. Henry was trying to find a pattern between the pressure
of a gas and the amount of the gas dissolved in water. Henry found that when one of these variables
increased, the other variable increased in the same proportion. If you have ever gone scuba diving, you may
already be familiar with this observation. During training, scuba divers learn about a problem known as “the
bends.” As scuba divers dive deeper, the increased pressure of the air they breathe causes more nitrogen to
be dissolved in the diver's blood. Coming up too quickly from a dive causes the pressure to decrease rapidly
and the nitrogen to leave the blood while still in the veins and arteries of the body. This leads to joint pains
known as “the bends.” Henry's Law is a scientific law because it indicates a repeatedly observed relationship
(regularity) between gas pressure and the amount of dissolved gas.

All of these observations were combined into the Ideal Gas Law. In the formation of this scientific law, all of
the observations of experiments surrounding gases were combined. The principles were then combined to
create a scientific law that explains all of the observations made in these experiments. You will be able to
learn about this law, as well as the experiments that formed the law, in a later module.

Experimentation

The scientific method requires that observations be made. Sometimes the phenomenon we wish to observe
does not occur in nature or is inconvenient for us to observe. If we can arrange for the phenomenon to occur at
our convenience, we can control other variables and have all of our measuring instruments on hand to help us
make observations. An experiment is a controlled method of testing a hypothesis under set conditions in order
to make observations regarding that changes that occur in these conditions. When scientists conduct
experiments, they are usually seeking new information or trying to verify someone else's data. In comparison,
classroom experiments often demonstrate and verify information that is already known to scientists but may
be new to students.

Suppose a scientist observed two pools of water in bowl-shaped rocks that are located near each other while
walking along the beach on a very cold day following a rainstorm. One of the pools was partially covered with
ice, while the other pool had no ice on it. The unfrozen pool seemed to contain seawater that splashed up on

the rock from the surf, but the other pool was too high up for seawater to splash in and was most likely filled

with only rainwater.

Since both pools were at the same temperature, the scientist wondered why one pool was partially frozen and
the other was not. By tasting the water (not a good idea), the scientist determined that the unfrozen pool
tasted saltier than the partially frozen one. The scientist thought perhaps salt water might freeze at a lower
temperature than fresh water, so she decided to go home to test her hypothesis. In order to test this
hypothesis, the scientist will conduct an experiment during which she can make accurate observations. So far,
the scientist has identified a question, gathered a small amount of data, and suggested a hypothesis.



For the experiment, the scientist prepared two identical containers of fresh water and added some salt to one
of them. A thermometer was placed in each container, and both containers were placed in a freezer. The
scientist then observed the conditions and temperatures of the two liquids at regular intervals (see the table
below).

Temperature and Conditions of: Fresh | Temperature and Conditions of: Salt
Water Water
Fresh Water Salt Water
Time (min) [Temp. (°C) |Condition |Time (min) |Temp. (°C) |Condition
0 25 liquid 0 25 liquid
5 20 liquid 5 20 liquid
10 15 liquid 10 15 liquid
15 10 liquid 15 10 liquid
20 5 liquid 20 5 liquid
25 0 frozen 25 0 liquid
30 -5 frozen 30 -5 frozen

In the experiment, the fresh water became frozen at 0 °C while the salt water was still liquid. The salt water
did not freeze until the temperature reached -5 °C. In this way, the he scientist found support for her
hypothesis from this experiment: fresh water freezes at a higher temperature than salt water. Much more
support would be needed before the scientist is confident in this hypothesis. She would perhaps ask other
scientists to verify the work.

In the scientist's experiment, it was necessary that she freeze the salt water and fresh water under exactly the
same conditions. Why? The scientist was testing whether or not the presence of salt in water would alter its
freezing point. Interestingly, even changing the air pressure will alter the freezing point of water. Therefore, in
order to conclude that the presence of the salt was what caused the change in freezing point, all other
conditions had to be identical: air pressure, water source, and even the freezer being used. When doing an
experiment, it is important to set up the experiment so that relationships can be seen clearly. A controlled
experiment is one that compares the results of an experimental sample to a control sample. The control
sample is identical to the experimental sample in all ways except for the one variable being tested. The fresh



water sample is the control sample, while the sample containing salt is the experimental sample. The
presence of salt is the only thing allowed to change in the two samples and is the effect being tested. In an
experiment, there may be only one variable, and the purpose of the control is to guarantee that there is only
one variable. Unless experiments are controlled, the results are not valid.

Suppose you wish to determine which brand of microwave popcorn leaves the fewest unpopped kemels. You
will need a supply of various brands of microwave popcorn to test, and you will need a microwave oven. If you
used different brands of microwave ovens with different brands of popcorn, the percentage of unpopped
kemels could be caused by the different brands of popcorn or by the different brands of ovens. Under such
circumstances, the experimenter would be unable to conclude confidently whether the popcorn or the oven
caused the difference. To eliminate this problem, you must use the same microwave oven for every test. In
order to reasonably conclude that the change in one variable was caused by the change in another specific
variable, there must be no other variables in the experiment. By using the same microwave oven, you control
the number of variables in the experiment.

Scientific Models

Chemists rely on both careful observation and well-known physical laws. By putting observations and laws
together, chemists develop models. A model is a descriptive, graphic, or three-dimensional representation of a
hypothesis or theory used to help enhance understanding. Scientists often use models when they need a way
to communicate their understanding of what might be very small (such as an atom or molecule) or very large
(such as the universe).

A model is any simulation, substitute, or stand-in for what you are actually studying and provide a way of
predicting what will happen given a certain set of circumstances. A good model contains the essential
variables that you are concerned with in the real system, explains all the observations on the real system, and
is as simple as possible. A model may be as uncomplicated as a sphere representing the earth or billiard balls
representing gaseous molecules, but it may also be as complex as mathematical equations representing light.

If you were asked to determine the contents of a box that cannot be opened, you could do a variety of
experiments in order to develop an idea (or a model) of what the box contains. You would probably shake the
box, perhaps put magnets near it, and possibly determine its mass. When you completed your experiments,
you would develop an idea of what is inside; that is, you would propose a model of what is inside the box that
cannot be opened. With your model, you could predict how the unopened box would behave under a different
set of conditions.

However, even though your model may be capable of accurately predicting some behavior of the unopened
box, you would find that the model does not always agree with new experimental results and observations.
The model is only be as good as the data you have collected. Because you would never be able to open the
box to see what is inside, you also would never be able to create a perfectly accurate model of the box. The
model can only be modified and refined with further experimentation.

Chemists have created models about what happens when different chemicals are mixed together, heated up,
cooled down, or compressed by using many observations from past experiments. They use these models to
predict what might happen during future experiments. Once chemists have models that predict the outcome of
experiments reasonably well, those working models can be applied for practical purposes, such as producing
an especially strong plastic or detecting potential toxins in your food.



A good example of how a model is useful to scientists is to examine how models were used to develop the
atomic theory. As you will learn in the chapter “The Atomic Theory,” the concept of an atom has changed over
many years. In order to understand the different theories of atomic structure proposed by various scientists,
models were drawn to make the concepts easier to understand.

Lesson Summary

The scientific method is a method of investigation involving experimentation and observation to acquire new
knowledge, solve problems, and answer questions.

The steps in the scientific method are:

Identify the problem.

Gather data (make observations).

Suggest a hypothesis.

Test the hypothesis (experiment).

Accept the hypothesis for further testing, or reject the hypothesis and make a new one.

o kroobd =

Accept the hypothesis for further testing, or reject the hypothesis and make a new one.

* A hypothesis is a tentative explanation that can be tested by further investigation.

* A theory is an explanation that summarizes a hypothesis or a set of hypotheses and has been supported
with repeated testing.

* A scientific law is a statement that summarizes the results of many observations and experiments.

* An experiment is a controlled method of testing a hypothesis.

» A controlled experiment is one that compares the results of an experimental sample to a control sample.

» The control sample is identical to the experimental sample in all ways except for the one variable whose
effect is being tested.

* A model is a descriptive, graphic, or three-dimensional representation of a hypothesis or theory used to
help enhance understanding.

» Scientists often use models when they need a way to communicate their understanding of what might be

very small (such as an atom or molecule) or very large (such as the universe).

Vocabulary

« controlled experiment: an experiment that compares the results of an experimental sample to a control
sample, where the control sample is identical to the experimental sample in all ways except for the one
variable being tested

* experiment: a controlled method of testing a hypothesis

» hypothesis: a tentative explanation that can be tested by further investigation

* model: a descriptive, graphic, or three-dimensional representation of a hypothesis or theory used to help
enhance understanding

« problem: the purpose for a scientific investigation

» scientific law: a statement that summarizes the results of many observations and experiments

» scientific method: a method of investigation involving experimentation and observation to acquire new
knowledge, solve problems, and answer questions



» theory: an explanation that summarizes a hypothesis or a set of hypotheses and has been supported with
repeated testing

Further Reading / Supplemental Links

This video covers the scientific method in about 10 minutes.

http://www.youtube.com/watch?v=GKGtkzgKfkc _(http://www.youtube.com/watch?v=GKGtkzgKfkc)

>

(http://www.youtube.com/watch?v=GKGtkzgKfkc)

In this video a teacher discusses the difference between a theory and a law (1f - I&E Stand.):

http://www.youtube.com/watch?v=eDED5fCY86s (http://www.youtube.com/watch?v=eDED5fCY86s)

>

(http://www.youtube.com/watch?v=eDED5fCY86s)

The learner.org website allows users to view the Annenberg series of chemistry videos. You are required to
register before you can watch the videos, but there is no charge to register. The website has two videos that
apply to this lesson. One video called “Thinking Like Scientists” relates to the scientific method. The other
video is called “Modeling the Unseen.”

http://learner.org/resources/series61.html (http://learner.org/resources/series61.html)

This website has a video that explores the history of the scientific method.

http://videos.howstuffworks.com/hsw/5881-scientific-method-history-video.htm

(http:/lvideos.howstuffworks.com/hsw/5881 -scientific-method-history-video.htm)

This video is a ChemStudy film called “High Temperature Research.” The film is somewhat dated but the
information is accurate.

http://www.youtube.com/watch?v=Tt2JEwbOtq8 (http://www.youtube.com/watch?v=Tt2JEwbOtq8)

>

(http://lwww.youtube.com/watch?v=Tt2JEwbOtq8)
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