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Dedication

This volume is dedicated to the memory of
Vernon Cheldelin under whose guidance and
leadership integration of the sclences for
Oregon secondary school youth was begun in

1963.
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Introduction

The Portland Project was initiated in the fall of 1962 when two
secondary school teachers, one with background in CBA chemistry, the
other having responsibility for PSSC physics, began to note and discuss
the redundancy in their respective courses. Why should students bz
subjected to this repetitious and fragmented representation of the physical
sciences? they asked. A Steering Committee met to pursue the problem
further and perhaps enlist the support of a funding organization to
permit its exploration in depth, Under the able and devoted leadership
of Vernon Cheldelin, Dean of the School of Science at Oregon State Univer-
sity (deceased), two proposals prepared for support by the National Science
Foundation were funded in the summers of 1963 and 1964.

Thirty-five scientists and teachers devoted various quantities
of time as writers, consultants, pilot teachers, and evaluators, with
the aim of ascertaining the feasibllity and efficiency of the integration
of chemistry and physics. Concurrently and subsequently, other groups in
other parts of the country have carried on studies that are approximately
parallel to this one.] Though the conceptual development and points of
emphasis differ, the various groups are satisfied that integration of §

science courses is not only feasible but highly desirable.

'Federation for Unified Sclence (FUSE) was recently organized to
act as a clearinghouse of information on integrated science courses.
Victor Showalter at Ohio University is the chairman of this committee.
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Dr. Michael F. sca of the Education and Science Staffs of Portland
State University conducted an evaluation which revealed that subject
matter achievement in chemistry and physics and critical thinking
abilities are enhanced among students who studied the integrated
courses over those who study the separate disciplines of chemistry and
physics. [t should be emphasized that though these differences were
apparent, it could not be demonstrated that they were statistically
significant.z A concomitant result showed that enrollments in the
two~year Integrated courses were dramatically greater than in the
separate courses.

A survey completed April 16, 1967 showed that there were
forty=-four schools in twenty states using the Portland Proiect
integrated chemistry-physics course.3

Mounting evidence in the literature from prominent persons
working in science education strongly supported this mode of organiza-
tion. Dr. Jerrold R. Zacharias, the prime instigator of the PSSC
physics program, exemplified the changing attitude of sclentists and

educators:

The division of science at the secondary school level,

Into biology, chemistry, and physics is both unreason=-
able and uneconomical.

“petailed results of this study may be obtained by writing to
Pr. Fiasca at Portland State University.

3Detailed enrollment figures and addresses of peopla who are
using the Portland Project courses may also be obtained from Dr. Flasca.

TN




ldeally, a three-year course that covered all

three disciplines would be far more suitable than a
sequence of courses which pretends to treat them as
distinct. Today such a three-year course would be
difficult to fit into the educational system, but much
of this difficulty might be overcome at once if such

a course existed, and It might well be that present
tendencies in education would soon overcome the rest.

In any case, a greater coordination of the three

subjects is possible even within the existing frame-

work. It Is understandable that the groups which

developed the existing programs, each of which faced

great problems of its own as It worked toward its

goals, were reluctant to embark on the larner task

of giving coherence to the sum of their efforts. )

With the programs now complete or approaching completion,

it may be that the time has arrlved for this necessary

step.
Stimulated by the apparent success of their original work tow:rds this
kind of integrated course, persons close to the Portland Project began
to discuss extension of their work to include biology with chemistry
and physics in a three-year sequence. A third proposal was prepared
in 1966 and granted <upport by the National Science Foundation. Dr.
Arthur Scott, member of the Chemistry Department at Reed College who
has had deep ‘nterest in the Portland Project since its Inception,
graciously offered his talents, energy and time to carry on the project

after Dean Cheldelin's death.

A writing conference was conducted on the Portland State

“From page 52 of Innovation and Experiment In Education, a
Progress Report of the panel on Educational Research and Development
to the U.S. Commissioner of Education, the Director of the National
Science Foundation, and the Special Assistant to the President for
Science and Technology, March, 1964,
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University campus during the summer of 1967 to develop materials such
as teacher and student guides. Eight local pilot schools committed
approximate.y five hundred students and twelve pilot teachers for
testing and evaluation. Or. Donald Stotler, Supervisor of Science
for the Portland 5chool District, has had an active part in this and
other phases of this project.

Twenty-six persons whose functions were w: cing, consulting,
analysis, and editing met on the Portland State campus beginning
June 14, 1967, to bagin preliminary work on the Integrated course.
Their first task was to formulate an outline that displayed logical
content development utilizing concepts out of biology, chemistry and
physfcs. Particular attention was paid to matching students'
abil tles, interest and maturity level with the sophisticstion of
concepts as nearly as this was possible to do. Then the committee
perused material developed by the national curriculum groups --
PSSC, Project Physics, CBA, CHEMS, BSCS and IPS -- in search of
material to implement the outline they constructed previously. in
the absence of appropriate materials, major and minor writing projects
were initiated.

The writing committee continued its work in the summers of
1968 and 1969 with Dr. Karl Dittmer, Dean of the Division of Science,
as director. Four major projects were tackled and completed: (I)
extensive revisions were effected in the three-year outline, (2) the

first and second year courses were revised based upon student and
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teacher feedback, (3) the third-year course was developed incorpora-
ting Harvard Project Physics materials as a main vehicle, and (4) an

evaluation program for the three-year course was developed.
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xii
Three-Year Course Rationale

The decision to try to develop a three-year integrated science
course which would replace the traditional three courses in blology,
chemistry, and physics is based on several considerations. Among
them are:

(1) A conviction that modern developments have made the i
division of science under these three headings obsolete;

(2) A recognitlon that the traditional courses overlap in
many areas, resulting in a great deal of duplicition and repetition
as in the gas laws, atomic and nuclear structure, calorimetry, and
the kinetic molecular theory;

(3) A feeling that terminal students, who take no more than
one year of sclence, deserve to get a taste of all of sclence rather
than just ene aspect, as they do In the conventional programs; and

(4) A desire to emphasize the unity In the approach to
natural pheromena and the similarity in the methods, technigues, and
apparatus used by scientists In all flelds.

A natural question arises as to what distingulshes thls course
from a general science course expanded to three years. The answer is
that thls course does net consist of a number of unrelated toplcs that
might be taken up In any order; rather, it treats science as a structure
that proceeds from observation to the development of general principles

and then to the application of those principles te more involved problems.

14
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xiii
The emphasis in a general sciencae course is on the results of science;
the emphasis here is on the methods and reasoning by which scientists
have arrived at these results,

The three-year course outline shows that a number of topics
such as properties of matter, energy, heat, and certain biological
concepts are discussed at the first-year level and agalin later In the
course. This recycling Is deliberate., It is intended to introduce
students In a semiquantitative way to some of the significant
generalizations of science and to show how these generallizations
arose, These toplcs are treated again in the second and third years
when greater facllity with mathematics on the part of students makes
it possible for them to understand and appreciate discussions of
these toplcs In the succinct and precise language of mathematics.

An excessively formal and quantitative approach is avolded
in the first year for several reasons. Students at this level do not
extract essentlal meaning from such a presentation of information;
furthermore, first encounters with nev ideas should proceed from an
Intultive, non-quantitative confrontation to one that Is more
quantitative, Teachers have spoken out ajalnst teaching and learning
methods which substitute equations, formulas and other quantitative
representations for first~hand experlence, word descriptions,
examples, and illustrations, These criticisms are just as valid
for students who are very capable and very Interested In sclence as

they are for other students., Moreover, the matheﬁatfcal

15
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xlv
sophistication of students at this level Is such that they are unable
to follow most mathematical arguments as explanations for natural
phenomena.

The typical stience experience of most secondary school
students consists of one or two years devoted to general sclence and
blology. Few study physics and chemistry., A signlflicant advantage
to the course of study described here Is that students are given a
chance to study physics and chemistry at a level of rigor that Is
conslistent with their ability and their mathematical maturity. Students
who terminate their study of science at the end of one year get a
significant exposure to the structure of biology, chemistry, and
physlcs as they are presented in the latest curricular developments.
Students who might not elect science beyond the first year because of
lack of Interest in biology may be attracted by the chemistry or
physics portions of the course and elect to take an additional year
or twe of science, Students who are ''turned on'' by blology may wish
to pursue further study of biochemical topics in Years |l and IIl.

Flrst Year Course

After conslidering these problems and goals, the general course
outline for the first year of the course was derived. It conslsts of
four main parts:

(1) Perception and Quantification

(2) Heat, Energy and Order

(3) Mice and Men

o i 6
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XV

(4) Environmental Balance?

The year begins with a study of the perceiver, moves on to the
percelved, and ends with the Interaction of the percelver with the
perceived. The flrst-year student starts out by gaining a better
awareness of the nature of his perception and senses == the
faculties that make him aware of the world around him, With an
Increased understanding of these perceptual abillties, he can turn to
the environment and then relate himself to It, He finds that his
perception is limited and that he often needs to call on technological
and corceptual extensions and that even these have their limitations.

The Importance of organlzation and classification as parts of

perception |s emphasized., The physical properties of matter are intro-

duced and studied as alds In organization and classification of
chemicals, The ldentification of unknowns by study of thelr physical
properties and use of organized data on punch cards Is the culminating
experiment of the Perception unit,

Apart from the great diversity exhibited In nature, which the
sclentlst must organize in order to comprehend, certain unifying prin-
ciples are essential for deeper understanding. The most powerful of
these Is the energy concept, which is explored in the '"Heat, Energy,
and Order'' unit In several of its ramificatlons - physical, chemical,
and biologlcal, The discussion begins by developing an experientially
important energy form, viz,, heat. The macroscoplc aspects of heat as

embodied in calorimetry are related to the microscoplc In terms of

17
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xvi
random molecular motion. This builds confidence in the idea of the
atomic nature of matter, which Is essentlal to much of the unit,
Various energy conversions form the vehicle for extending and
generalizing the energy concept. Nuclear energy Is developed in suf=
ficient detall to underscore Its environmental and social significance.
Finally, the thermodynamic limitations and implications of energy
conversion are explored, ending with a view of life as a supremely
artful organizer In nature, a mechanism powered by energy which
creates wondrous ''local order'', but always at the expense of influ-
encing its environment,

The growth of a mouse colony carries the thread of fthe unit
"Mice and Men." As it develops, students learn many things about
the concept of population. The food and water consumed and products
eliminated tie the mouse colony back to the unit ''"Heat, Energy and
Order' and point ahead to the chapter on communities and to the unit
""Environmental Balance?''.,

The cell concept is given prime position in this unit and Is
used to enter topics on reproduction, embryology and maturation which
are observed in the mice and other organisms, The mice selected for
the original colony are such that an experiment in Mendel ‘an genetics
comes out of the observations students mske as the colony develops.
In most of the chapters man is an Important organism and receives as
mueh attention as the mouse although the data are often secondhand.

A rather unpleasant fact that must be faced Is that as our

18
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xvii
populatian Increases and human activities are directed towards increas-
ing the standard of living for this population, stralns are placed upon
the environment. As students discovered in ''Mice and Men,'' the size of
the community has a relation to both the quantity of the food, water,
and energy required and tke quantity of waste products produced. To
develop the concept of a closed system and point out the necesslity for
environmental management, an analogy between the earth and a spaceship
is made. Students are then Introduced by a multl-media approach to the
nature of some of our common pollutants (with emphasis upon alr, water,
heat, nolse, and radiation) as well as thelr effects. Following this
students are encouraged to undertake a rather detalled study of a
particular type or aspect of pollution. Emphasis here is placed upon
student activity, which may take any number of farms, The culminating
activity centers arourd discussion of these special studles together
with the complex relations involved within the environment. It is
hoped that out of these studies students will become aware of threats
which exist to man's future on this planet,

Second Year Course
The second year of the course Is consliderably more quantitative
In 1ts approach than the first. This Is the case because (1) the
students are one more year along in their mathematical preparation,
(2) the students who elect to take a second year of sclence are more
likely to exert the effort to master more difficult topics, and (3) many

of the quantitative aspects of physics and chemlstry are basic to an
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xviil
understanding of molecular blology, which is an Important part of the
following year's work,

The second year consists of two parts:

(1) Motion and Energy

(2) Chemical Reactlions

Year Il begins with the study of motion, going from the
quantitative description of motion to a consideration-of what causes
motion and a discussion of Newton's laws. There follows the develop-
ment of the laws of conservation of momentum and energy, Including a
discussion of energy in biological systems. This section, which Is
primarlly mechanics, culminates with a discussion of kineclc molecular
theory.

\ Due to recent advances in both molecular biology and bio-

chemistry, the descriptive approcch to biology has gradually given way
to one that Is primarily analytical. It is now necessary, even on the
high school level, for the serious biology student to have a more
thorough understanding of those concepts normally embodied in the
‘modern'' high schonl physics and chemistry courses. The major
objective of '"Chemical Reactions'' is to bulld some of those basic
chemical concepts that are necessary for an analytical study of '"The

Chemistry of Living Matter'' and '"Energy Capture and Growth,'

The following subtopics of this section help In the realiza-

tion of the major objective: Some of the toplcs discussed are the mole

concept, equation writing, energetics assoclated with chemical reactions,

<20

~

A A hran it 3% b = ari s et




xix
the dynamic nature of particles and their interactions and the applica-
tion of energy and equilibrium to chemical systems,

Third Year Course

Year Il| consists of Cmur parts:

(1) Waves and Particles

(2) The Orbital Atem

(3) Chemistry of Living Matter

(4) Energy Capture and Growth

The underlying rationale of the third year Is a study of energy
and its importance to life, The first thrust Is te bulld the orbital
model of the atem using, as background, waves, electromagnetism and
historical models of the atom, Once the orbital model is established
as a representation of the localization and directieonalization ef
electronic energy, structural madsls are built to shsw how biopolymers
are spatially arranged and experiments are done te give evidence of
energy relationships. With shape, size and energy relatinnships of
molecules established, the DNA molecule Is intraduced. The culmination
of this wark comes In the final section when photosynthesls is conslidered.
With this topic, much that has gone before is brought te a logical focus.

These topics are most appropriately placed in the third year of
the integrated sequence after students have developed some facility with
basic ideas from chemistry and physics = e.g., quantitative knowledge
absut energy, mechanisms of chemical reactions,equilfbrium, rate of

reaction, the photon and wave nature of light, electrical phenomena,
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XX
and kinetic molecular theory. They chould not now simply parrot bio-
chemical processes such as photosynthesis and cell respiration but
should understand the many chemical and physical principles which

underlie these processes.

Time is allotted at the conclusion of Year ll{ for Individual

investigation and studies.
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Second Year

Part One: Motion and Energy

l.
.
Lif.

IV. Conservation
V. Energy = Work
VI. Kinetic Theory of Gases
Part Two: Chemical Reactlons
I. The Mole as a Counting Unit
i1, Combinations of Gases
tti., A Useful Form of P=kDT
IV, Chemical Equations
V. Electricail Nature of Matter
VI. Basic Particles
VII., Energy Effects in Chemical Reactions
Vill. Rates of Reactlons
IX. Equilibrium
X. Solubllity
Xl. Acid-Base

*HP designates Harvard Project Physics material,
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XIII. Stoichiometry CHEMS
Year Three
Part One: Waves end Particles
I. Waves HP
II. Light HP
III. Electricity and Magnetic Fields HP
IV. Faraday and the Electrical Age HP
V. Electromagnetic Radiation HP
VI. The Jhemical Basis cf Atomic Theocry HP
VIiI. Electrons and Quanta HP
VIII. The Rutherford~Bohr Mocdel of the Atom HP

IX. Some Ideas from Modern Physical Theories HP

Part Tvwo: The Orbital Atom
"
By I. Atoms in Three Dimensions PP
11. Many=-Electron Atoms CHEMS

III. 1Ionization Energy and the Periodic Table CHEMS
1V. Molecules in the Gas Phase CHEMS
V. The Bonding in Solids and Liquids CHEMS
Part Three: The Chemistry of Living Matter
I. Monomers and How They are Built PP
II. Polymers or Stringing Monomers Together PP

III. Polymers in 3-D or The Shape of Things to PP
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1V. Where the Actlon Is-=The Active Slte
V. How Polymers Make Polymers
VI. Genes, Proteins and Mutations
Part Four: Energy Capcure and Growth
|. Energy Capture
i1, Energy Consumption - Metabolism

[{l., Metabolism and Genes
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Suggestions for Laboratory Procedures

A laborstory is a place where scientists look at phenowena under
controlled conditions. It is a place for serious work. Always prepare
for an experiment by reading the directions in the manual before you
come to the lab, Msake a special effort to know all precautlons.

Do only the experiments approved by your teacher. If you wish
to do an extension {this is encouraged), check with your teacher. This
general rule is for the safety of you and your fellow students. Iab-
oratory safety 1s as much an attitude as a set of rules. The lab will
become a safe place for investigation if the student continually uses
common sense about his safety and the eafely of others, If any ac-
cident does occur, report to your teacher. What se=ms & minor injury

may have severe consequencesge.

You will be asked to write laboratory reports. Opinions concerning

the content of thesec reports vary greatly. It follows that teacher
Judgment will determine the type of laboratory reports you are asked
to write. The following ways to improve laboratory reports are to be

taken as suggestions only.

(1) Mistakes should not be erased. If there is room for the cor-
rection, the mistake should be crossed out without obliterating it and

the correction made. If there is insufficient room, an extra plece of

paper should be added.
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(2) Spelling and punctuntion are importnat. Sentence fragments
should be avoided.,

(3) The report should be carefully planned. It is best to know
what type of observations should be sensed and, if pcssible, what regu-
larities can be found, Planning will lead to the placement of items in
a logical sequence in the report.

(4) The peme of the experiment should be included.

(5) The date on which the experiment was done should be included.

(6) The names of all participants should be included and the name
of the person who actuclly prepared the report should be designated.

(7) Some reports should include a simple statement or schematic
diagram of the apparatus used in the investigntion.

(8) Some reports will require a trief explanation of purpose and
procedure. If these are given in the laborat~ry manual, they should
not be included in the report. Copying items is "busy work.”

(9) Neerly all experiments require taking measurements and sub-
sequent collection of data. This must be carefully tabulated. If 1t
15 possible for you to make data tables before coming to the laboratory,
you will have more time for observation, which is a major part of any
laboratory experience.

(10) If computations are required to interpret results, they should
be included in the report. However, if several computations of a similar
nature are needed, they should be illustrated with a typical example.

Methematical equations, not arithmetical operations, should be shown.
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(ll) If the investigation could be altercd to get better results,
o statement to this effect should be included.,

(12) If the investigation suggests extensions, these should be
described,

(13) Reading professional reports from magnzines such as The

Journal of Chemical Education and Scientific American should result in

better reports.

(14) Many times the most significant information about the experi-
ment is to be found by graphing results. Whenever appropriate, graphs
should be included in the report; they give a picture from which regu-
larities can be sought, You will find the following suggestions very
helpful.

(a) Always use & full sheet of graph paper.

(b) Position the ordinate ond abscissa far enough from the edge of

the paper to cllow proper labeling,

(c) Assuming a relationship exists, the abscissa should represent f

the independent varieble; the ordinate, the depenflent variable.
As an example: The distance of the gns pedallfrom the floor-
board in an automobile would be the independent variable,
rlotted on the x axds; while the speed of the car would be the
dependent variable, plotted on the y axis.

(d) Each exis must show units - e,g., cm/sec.

(e) Labeling of each axis should run parsllel to the axis,
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(£)

(g)

(h)

(1)

6

The scale of each axis should be chosen such that the func-
tional plot covers most of the graph paper.

The name of the graph, the name of the experiment and the

date of the experiment should be suitably placed on the graph.

When plotting data, draw a circle around each point to
indicate the uncertainty associated with the measurements.

Draw the smoothest possible curve suggested by your data.
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I.

WAVES AND PARTICLES

WAVES

A. NATWRE OF WAVES
Read 12.1, 12.2, 12.3, 12.4 HP

B. INTRODUCTION TO WAVES
Read 12.5 HP

B.,l Experiment: INTRODUCTION TO WAVES
Expt. 30 HP

C. WAVE PHENOMENA
Read 12.6, 12.7, 12,8, 12.9, 12.10 HP
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A.l - OPTICS EXPERIMENT
Experiments in waves (HP ch.12)
have demonstrated wave phenomena,
including reflection and refrac-
tion. The behavior of light with
regard to reflection and refrac-
tion has been a source of many
technological developments such
as plane mirrors, curved mirrors
and lenses. In this experiment
we shall observe some interesting
outcomes of these uses of reflec-
tion and refraction properties of
light.

A.l.a - RETLECTIONS FROM A PLANE
MIRROR

Hold a pencil vertically at
arm's length. In your other
hand, hold a second pencil about
15 ¢m closer than the first.
Without moving the pencils, look
at them while you move your head
from side to side. Which way
does the nearer pencil appear to
move with respect to the one be-

hind it when you move your head




to the left? Now move the pencils
closer together and oObserve the
apparent relative motion between
them as you move your head.

Where must the pancils be ii

there is to be no apparent rela-

tive moticn, that is, no parallax,

between them?

Now we shall use parallax
to locate the image of 3 nail
seen in A plane mirror., Support
a vlane mirror vertically on the

table by rastening jt to =~ wood

block with a rubber band. 5tand
a nail on its nhead about 10 cm
in front of tie mirror. vhere
do you think the image oz the
nail is? DMove your head irom
side to side wiile looking at
tie nail and the image. Is the
image in front of, at the same
place as, or benind the real nail?
Locate the position of the image
of the nail by moving 2 second

nail around until there is no




parallax {(i.¢. no apparent rel-
ative motion) betwecen it and the
image of the first nail. 1In this
Gay, lo¢ate the position ci the

image for several positions

o+ the object. Compare the
perpendicular distances o« the
image and object irom the re-
ilecting suriface.

We can also locate the
mosition ©f an opject oy draw-
ing rays which show tine direction
in which light travels irom
it to our eye. Stick a pin ver-
tically into a piece of papar
resting on a sheet of soit card-
board. This will be the obicct
pin. A<Istablish the direction
in which light comes to your cye
trom the pin by sticking two
additional »jins intc the paper
along the line oi sight. Your

eye should pe atv arm's lengtn

ftrom the pins as you stick them

a6
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in place so that ell three pins
will be in clerx iocus éimultnn-
cously. Look at the object pin
trom several widely ditferent
directions and, with more pias,
mark the new lines oi sight to
thhe object Din. #where do these
lines intecrsect?

X< can use the same method

to locate an image, On a rresh

[ o1}

Diece of paper, locate the pos-
ition oi the image of a »in seen
in a plane mirror by tracing at
least three rays from widely
difisrent directions. Mark the
position of the mirzrcr on the
paper witn a straight line be-
tore removing it. nere Ao the
lines or sight converge?

Draw rays showing the patn
O« the lignt trom trne okject pin
to the points on the¢ mirror irom
which the lignt was reilected to

your eye. +what do you conclude

about the mngles rormed between

I-11
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tiie mirror surface anéd the light
patns?

Arrange two mirrors at rigaot
angles on the paper with » nail
»8 an object somewherz between
them. Locate Al1l the im~ges by
prrallax. From what you have
learned =~bout retflection in this
evoeriment, show that tiese
im>ges 3re where you would ex-
Dact to f£ind them.

A.l.b - IMAGxS fORMLD BY A CONCAVE
MIKROR

Look at your image in a
concave mirror. Is it right
side un or upside down? Do the
si.e Aand positicn of the image
ciignge viaen you amove the mirror
toward you Or Aaway Lrom ycoud?

10 investigate systemati-~
cally the images formed Ly @
concave mirror, =2rrangg a
mirror and 2 lighted tlasklight

bulb on a strip of naper as

shown in Fig. A.l1,., Start with
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the Hulb at cne end of the paper
tape and locate its image by
parallax. Is the image right

side up or usside down?

concave P T

-

Mirroxr -~ ~.
\‘ | ’\ ~
4

i
~

]

—

€

¢

o -

w. medeling
clay.. .-’

-

Figure 2.1

Now move the object toward
the mirror in small steps, mark-
ing ~nd labeling the p>csiticns
of both o¢wject 2nd image as you
go. Continue this until the
image moves ott the ead of the
tape and can no longer woe

recorded.
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How does the change in the pos-
ition oxi the image compare with
thiat ol the object? where on
your tape do you expect the
imrge to be when tne object is
>t least several meters away? v
Check it. #])ith the object rar
3way, you may find it easier to
locate its image by £inding
wihere it cocuses on 2 small
(1 or 2 cm) piece of paper.
The location of the image when
the object is very :iar sway is
the principal ifocus of the mirror.

Now place the bulb as close
to the mirror 3s vossible aand
locate the image by parasllax.
Is it upside down or right side
u2¢ Again move the objzct awny
rrom the rirror in small steps,
marking and lapeling the posi-
tion oi object and image until
the image is no longer on the
tape.,

Where will the image be i:

the object is »nlaced st the

40




principal focus? Cs3n you see it?

A .1l.¢ -~ REFRACTIOW

It is coavenient to study
the reiraction ox light in terms
or the =»ngle of incidence 2nd the
angle ox refraction. when ligat
passes from air into water, for
example, the angle o. refraction
is the ~ngle betweea 2 ray in
the water »nd the normal to tne
water surciace. In this experi-
ment ve sh>1ll try to £ind the
relstion between this angle znd
the angle of incidence.

Use a pin to scratch a
vertical line down the middle of
the straight side or 2 semicir-
cular, transp>rent »lastic box.
Fill the ocor half full o:f wvater
snd =lign it on a pizce ox graph
Paper resting on soit cardpoard
as snown in Fig. A.2, making
sure the bottom of the vertical
ling on the ox £a2lls on the

intersection of two linzs on the

a1
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Daper. Sticik a 2in oa the liae
passing peneath the center ol

the box as shown in the .igure,

Bes sure the pin is verticel.

Now. look -t thie pin fﬁrough
the water rfrom the curved side
and move your uead until the pin
and the verticrl mark oa the box
are .n line. Mark this line ci
sight with =notner »in. what
do you concluds about the oend-
ing cx ligbt 28 it passes from
air into water and from water
into Air a2t 2n angle 0f inci-

dence ot 0°7?

I-16
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Change the position ox the
rirst poin to obtain an angle o:f
incideace ©f 200. witn the
second pin, mark the path ot
light going £zom tane iirst pin
to tlie vertical line on the box
and throuch the water. Kepeat
this every 209 itor ~ngles of
incidence up to 30°. To <nsure
& sharp image or the zirst pin
~t large angles, it should never
be placed more than 4 cm away
irom the vertical lineg on the
box. (The pinholes give & per-
manent reccrd of the angles.)

Draw in lines on the paper

denoting the xront of the plastic
LOX, the line denoting the inci-
dent rays coi light, and the line
denoting the refractzd rays oz
light.

fs th: path oi the light
through the watcr the same when
its direction is raversed?

Investigate this with your

apparatus.
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Repeat the experimeat,
using oncotner licuid in the box,
and again draw in lines on paper
denoting the front ox the ox,
incident rays, =~nd refracted
rays. Compare the direction o:i
the refracted rays by superimposing
the diagrams for difrerent licquids
over the diagram ror water and
liolding them up to the light.
Does ¢ach of the cther licuids
-efract differently from water?
A.l.d - IMAGAS FORMED BY A

CONVuRGING L ENS

Look thrcocugh a converging
lens 2t an object. Is tue image
you see larger or smaller than
the object? 1Is it right side
upP or upside cdown? o the size
and position or tue image change
when you move the lens with
raspect to the object?

To investigate the images
formed by » converging lens,

arrange » lens and 2 lighted

44
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rlashlight bulb ou a loag
strip ci paper »s shown ia

Figure A.3.

-

. /
converging N\ \f\t:?:?\u,
lzus /i& ot /(-’\\_:

modeliag
clay

_ e |
: !
. |

Start with the bulb 2t one end

of tue paper tape and locate its
image by parallax. Is the image
right side up or upside down?

Now move the object toward the

lens in small steps, marking and

4o




lapeling the positions or both
okject and image as you ¢o.
Continue tais uatil the image
moves oif the end of tue trpe
2nd can no longer be recorded.
Fow does the change in the posi-
tion of  nuo image compare with
that of the object? Where (on
your tape) do you expect the
image tc be when the object is
at least several maeters avway?
Check it. with the object rar
away, you may i£iné it essier
te locate its immrge on a picce
or paper. The location of the
image when the okject is versy
far away is thne principal rocus
ot the lens. liow can you coavince
yourself that the lens Las two
principal foci, one on eacin side
and at the same distance irom
the center?

Now place the bulb as close
to the lzns as possible and again

locate the image by parallax.

1-20
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Is it upside down or right side
un? Again move the object away
ivom the lens ia small stewvs,
marking and labeling the posi-
tions of object and image until

the image is no longer on ths

m

tap
¥here Will the image be il
the cbject is placzd 2t the

orincipal focus? Can you see it?

Excrcises for Howe, Desk and lab (I/DL)

HOL's 1-21 are nrade up of prohlers fror
Harvard Project Physies.

22, Two students are positioned in
the fun house as showvn in Fig. 1. Pe-
cause studsnt A is fooled by the rirror,

vhare does he think student B is?

student O

My ey

student A
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23, What part of the driver can you
see in the rear view wirror from the rear
seat?

24, An arrow 6 cm long is placed 5
cn from principal focus between the focus
and a concave mirror with a focal length of
10 cm. What is the position, orientation
and size of the image?

25, If the arrow is placed % 7m freoo
the focal length away from the wirror, how
will it affect the position, orientation
and size of the image?

26, VWhat happens to the foecal length
on concave mirrors with larger and larger
radii of curvature?

27. How does the size, position ard
sricutation of the image change as the ob-
Ject moves into the surface of a concave
mirror from infinity?

28, If a ray rasses from one media
into another, as shown in Figure 2, which

redia has greater optical density, a or b?

a8




29, A ligh* ray enters a rectangular
block of glass as shown in Filgure 3 and is
refracted.

(a) What is the angle of refraction?

(b) What 1s the angle of incidence?

(c) When you replace the glass block

with a block of another material,
the angle of incidence must be
67° to have the ray remain re-
fracted to the same spot 3 cm
from the edge on the botton.
What 1s the index of refraction

on the new block?

\\\\‘\\\\ asy
‘I\ N\ tji(ﬁx':}ﬁ

)—‘ .

! .
m snd&x of
re Eracion
& Aumn =
. :
: --“,{.

30. In Figure 4 ray a passes from the
point of the arrow through a prineiple fo-
cus to the lens. Ray b passes the point

of the arrow parallel to the axis and goés

43
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to the lens,
(a) Where does ray a go next?
(v) Where does ray b go next?

(¢c) Where is the image of the

arrow?

|

g

Fcﬂ. {
31. 'hat {s the nuininur distance

between an object and the real image formed
by a converging lens? Make a graph of the
cotal distance versus the object distance.
Use the focal length £ of the lens as the
unit of distance. (SiSo = £° where Si

is the dlstance from the image to a prin-
cipal focus and So is the distanc> of the
object to a principal focus and f 1g¢ the

focal length.)

o0




I-25

32, In Figure 3, a parallel beam of

monochroratic 1light enters each box

W

from the left. Draw what could be in
each box to produce the effects shown. |
The single and double arrows on the e~ .
werging beam show the corresponding

edges of the entering beam.
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II.

LIGHT

A, MODELS ZXPLAIN LIGHT PHENOMANA
Rzad 13.1, 13.2, 13.3 HP

A.l Experiment: OPTICS (PP)

Be INTIRFERENCE EFFECTS AND THHE
WAVE MODEL
Rcad 13.< HP

C. YOUNG'S EXPERIMENT
Ft#ad 13.5 HP

C.l Experiment: YOUNG'S EXPERIMENT
hP Exp. 32

D. PROPMNG2TION OF LIGHT WAVES

~zad 13.¢, 13.7, 13.8 HP

52
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III. ELECTRICITY AND MAGNLTIC FIZSLDS

A, KeLATIONSHIP OF CHARGE TO FORCE
R;ad l".:‘.l, 1.4.2’ 14.3, 1‘3‘04 HP

A .1 maperiment: JOLECTRIC FORCES - COULOMBE LAW
HP sxo. 34,

B. A LOOK AT ELECT™.IC CH"RGLS
Read 1a.5, ld.c ke

C. MNOVING CHARGES
Read 14.7, 14.3 HP

De CUPRINTS "ID CIRCUITR
hzac 14,9, 14.10 np

Ze  RELATING cLuCTRIC END MAGNETIC fORCES

¥, MAGNETIC FIELDS AND MOVING CHARGES
Rzad 14.13 HP
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TV. FARADAY AND THE ELECTRICAL AGE

A.

B.

INVESTIGATING THE ELECTRIC FIELD
Read 15.1, 15.2, 15.3 HP

MAGNETS AND CURRENTS
Read 15.4 HP

ELECTROMAGNETISM PUT TOQ US5E
Read 15.5 HP

34
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V.

ELECTROMAGNETIC RADIATION

A. DISCUSSION OF MAXWELL'S WAVES

kead 1€6.1, 16.2 HP

B. ELECTROMAGNETIC WAVES AND LIGHT
kead lo.3, 16.4 KHP

C. MAXWELL - APPLICATIONS AND IMPLICATIONS
kead 16.5, 16.6, 16.7 HP

5H)
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VI.

v130

THe CHEMICAL BASIS OF ATOMIC THEORY

A.

EARLY ATOMIC THEORISS
rkead 17.1, 17.242 HP

CHEMICAL PKOPERTIES AND THE PERIODIC
1ABLE
kegad 17.3, 17.4, 17.5 HP

SYNTHESIS OF ELECTRICITY AND MATTER
kead 17.06, 17.7, 17.8 HP

3
i)
i
i
%
:
¥
i
:
M
b
:
I
%
3
b3
i
Y
%
.
A
ks
e
3,
-

~




VII.

VII- 3l

SLECTRONS AND QUANTA

A, DISCOVERY OF TH& ELECTRON
Read 13.1, 13.2 HP

B. MEASUREMENT OF cLEMENTARY CaiRGs
Kzad 15.3 HP

B,l dxperiment: MAASUREMENT OF SLuMENTARY
HP sxXp. 49

C. PHOTOSLECTRIC wri'iCT
Read 13.4, 13.5 &P

C.l Experiment: PHOTOWLECTRIC EFFECT
P pxp. 42

D. % RAYS AND ATOMIC MODALS
Lkgad 13.5, 13.7 HP




VIII,

VIII-32

THE RUTHERFORD-BOHR MODEL OF THE ATOM

A.

SPECTRA OT GASES
Read 19.1 HP

SPECTROSCOPY
HP Exp. 43

BALMER RELATION
Read 13.2 HP

RUTHERFORD'S MODEL
Read 19.2, 19.4 HP

BOHR THEORY
Read 19.5, 19.6 HP

SHORTCOMINGS AND PRELUDE TO A NEW THEORY
Read 19.7, 19.8, 19.9 HP




IX- 33
!
Ix. SOMe IDERS FROM MODSKRN PHYSICAL THUORIES %
A, MASS ~ uNuRGY ECUIVALENCS
B. PARTICLE BLiHAVIOR OF dAVwS
Read 20.2 HP
C. WAVE BE&HAVIOR OF PARTICLUYS
kead 20.3, 20,4 EHP
D, JUANTUM MaSCHANICS
!
!
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THE

ORBITAL ATOM
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THE ORBITAL ATOM
ATOMS IN THREE DIMENSIONS
A. STANDING WAVES
B. QUANTUM NUMBERS
C. THE ORBITAL MODEL

D. RELATIVE ENERGY LEVELS
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Chapter {: ATOMS IN THREE DIMENSIONS

A, STANDING WAVES.
A. 1, ATOMS AND MATTER WAVES,

We are now In a position to be-
gin a realistic discussion of the
strucutre of atoms., On one hand we
have seen that the electrons that
surround the nucleus can be described
in terms of waves, so-called matter or
de Broglie waves. On the other hand,
we have learned a good deal! about
t-~ general properties of waves which,
we shall see, are applicable in
discussing these matter waves., An
inkling of the sort of ideas we will
be concerned with is given in Section
70.3 of the Harvard Project Physics.,
There we saw that consideration of the
standing wave patterns in a circular
path surrounding the nucleus of a
hydrogen atnm enables us to derive
Bohr's quentization condition, viz.,

that the angular momentum of the

1-36
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eiectrons in such an atom is limited
to certain di-ccrete values.

The case of the hydrogen atom is
the simple%t ;ossible case., Cor.ider-
ing matter waves confined to a circu~
lar path around the nucleus leads to
useful results, for the quantization
condition is the basis for predicting
the discrete energies of the hydrogen
atom. A standing wave with just one
wave length exactly occupying the cir-
cumference corresponds to the n=1
level in which the electron has the
lowest possible energy, This is called f
the ground state, (See HP section 19.5.)
Standing waves involving larger num-
bers of wave lengths correspend to
higher energy levels. ' A calculs-
tion of these possible energy states
leads to exactly the right relationship
to account for the observed hydrogen
spectrum. The spectra are interpreted
in terms of energy transitions be=-

tween states each one of which is

A B M i Whas e
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specified by an integer ''quantum
number'! which tells how many loops
there are in the standing wave.

We may not be surprised to learn
that the de Broglie wave length cor-
responding to an electron of moderate
energy is about the same as the size
of an atom. Now we suspect that this
is just what determines how big an
atom should be in the first place!

But this is clearly not the
whole story. The approach given above
predicts the correct energy values
for hydrogenatas but it leaves many
questions unanswered, For instance
it does not say enough about the lo-
cation of the electrons. According
to the probablility interpretation of
matter waves (HP Chapter 20) the ir~-
tensity of the wave at any particular
place is proportional to the probability
of the electron being found there.
What then are the intensities of the

waves in the various orbits? How

I-38
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shall we interpret the existence of
nodes at certain points in the orbits?
Are there thus no electrons in certain
positions around the atom? If g0, how
are these positions oriented? After all,
it is clear from our knowledge of the
structure of molecules and crystals
that atoms are joined together more
readily along certain directicns than
along others, but the foregoing theory
doesn't give any reasons for this. Mot
enough 1s revealed by these simple ideas
regarding the shape of atoms.

Arother difficulty is that not
much is yet explained about the ex-
istence of sublevels or about atoms
containing more than one electron in the
outermost shell. The above model
gives us valudble clues to explaining
the structure of atoms but it is
highly oversimplified. In order to
completely describe the state of the
electrons in an atom, more than one

quantum ncmber 1s required. It is

6o




not enough to specify the main shell in
which an electron is found. A complete
description requires numbers which tell
in which sublev2ls the electrons are
found, what the orientation of the or-

bits are, etc.

A.2. THE wASIC PROBLEM

A clue to how teo further develop
the theory is obtained by noting that
our assumption of a closed circular
path for the electron is an essentially
one-dimensional description which zan
yield only a single quantum number.
O0f course a circle is really a tw~
dimensional figure, but if we con-
sider nothing but th2 length of the
path around its circum®erence we will
have taken into account only cne dimen=-
sien for sound waves, the path length.
A bugle provides an analogous case;
this instrument makes use of standing-
wave patterns to select only certal n

pitches, What counts 's the length of

66
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the tube only, and no matter how it is
bent around into & more convenient shape,
it sounds the same as if it were straight,
Musically speaking, it is a one-di-
mensional instrument,

Real atoms, however, are three dimen-
sional; in addition to energy , they
hgve characteristics like shape and orien=
tation that affect the ways in which
they react to form molecules or crystals.
Perhaps we need to consider standing
waves in more than one dimenslon in
order to more fully explain the proper~
ties of atoms. We have already encoun-
tered a two-dimensional situation in
Chapter 12 of Harvard Project, when we
studied vibrations in a drumhead and in a
metal plate, Let us reexamine some of
these ideas in order to see how they can
yield a more complete description of

atomic phenomena.

A.3. DESCRIBING STANDING WAVES

Recall the experiments and film

loops of HP Chag - 12 in which you
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observed standing waves in a variety of
one~dimensiona! objects: a string, &
wire, a gas~fillea pipe, and a rubber
hose. For a given situation many dif~
ferent vibrating situations {(modes)

were possibie, For instance, in a string

R Phd

of a given length (Film loop 39; also
Section 12.7) there can be various num-
bers of segments of vibration between

the ends. A conveniernt way of desig=~

. nating these modes i< by the number of
segments: mode 1 would rafer to the
case of | segment between ends, mode
3 the case of 3 segments, etc., These
- numbers, each referring to a different h

f's+ata! of tue string can be thought

of as tne '"quantum number'! for that

state. The analogy with quantum nun-

bers of the Bohr atoriic model is appro-

priate in that it can be shown that sach

mode of vibration of a jiven stri.g

and at & given amplitude involves its

' own unique amoun-. of enerygy. Only one
aumber Is necessary to Heslignete a pare

tlaular state and hence a particular energy.

!
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However, a two-dimensional me-
dium like a drumhead or a metal tank
can transmit waves along more than one
direction and, as a result, more than
orie independent set of ctanding waves
can exist in such a medium, Another
two-dimensional example is a rectang-
ular ripple tank in which standing-
wave patterns can be made by straight
waves that move from one end of the
tank to the other. Upon reflection
from that end, standing waves are set up
whose modes and loops lie along lines
parallel to the ends. Llikewise, an-
other set of standing waves is gen=
erated by straight waves moving back
and forth between the sides of the tank.
Two entirely Independent sets of stand-
ing waves are passibla, each one 1im=-
ited only by the condition that a
whole number of loops must exactly
fit into the space between the refiect«
Ing walls. In Fig. A.1 (a) and (b)

samples of standing-wave patterns In
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a rectangular ripple tank are reproduced.
If the length of the ripple tank is L
and its width is W, then one set of
standing waves is specified by the

equation

L= n(;/2)

where n must be an integer and the
other set by the equation

We=m(+/2)
where m must be an integer. Thus
two sets of integers are necessary in
order to allcow for all possibilities.
For a ripple tank having some par-
ticular ratio of length to width,
there may be certal n wave frequencies
that permit members of both sets of
standing waves to exist at the same
time, See Fig. A.1 (c). Indeed very
intricate and intriguing patterns can
result from such combinations but in
every case no single set of integers
Is enough to describe the possible
patterns. Two sets are always re-

quired,




Let us next think about a slightly
more corplicated situation that comes
closer to the atomic model of interest
to us. In a circular or ring-shaped
ripple tank, standing waves like those of
Fig. A,1 (d) can be formed by waves
which move back and forth along radii
of the tank. In a ring tank formed
between concentric circular walls of
radius R, and R,, the standing waves

satisfy the equation

Rl i Rz = n(’\/Z)

where n is any integer., It is also
possible to form ctanding waves as in
Fige A.1 (e) by using a straight gen-
erator with its edge along a radlus.
In this case the waves go around the
circle and satisfy the equation

2%r = )kn
analogous to the standing elec-
tron waves discussed earlier, Here
m Is an integer and r must lie batween

R, and Rz.




Again it is found that two in-
dependent sets of integers are required
in order to allow for all the possibil-
ities in a twe-dimensional medium, By
independent sets it is meant that each
set can exist without the other and that
choice of a value from one set does 1ot
necessarily determine a value from the
other., If, for example, we look for
standing waves of the same frequency

in both sets simultaneously, then there

may be Vimits impcsed on the possible

cholices by the particular shape of the
madium,

If waves are produced in a three-
dimensionatl medium such as a block of
gelating, three independent sets of
standing waves can be produced and three
sets of integers are required for i3 com-
plete deseription of soch "mede” of ose
cillation corresponding to =-particulgr

corbinntion of standi{ng waves., It is




natural to expect, thus, that the mathe-
matical solution for electron standing
waves in an atom involve three sets of
integers. As we shall see, these cor-
respond to quantum numbers whichk label
all the shells and subshells occupied
by an electron in a particular atcmic
state.
A4, THREE-DIMENSIONAL STANDING WAVES

AND THE ATOM

A detailed calculation of all the
possible modes for a given three-dimen-
sional medium can beccme rather com~
plicated, particularly if the shape of
the medium Is not very simple. Such is
the problem faced by an architect who
w-nts to design an auditorium capable of
transmitting all the frequencies of the
orchestra equally toall the listeners

in the audience (in this case, he will

want to avoid standing-wave patterns).

The problem may be so complicated that
he will prefer to build a miniature or

simplified model which he can test ex-




perimentally to obtain information that
will guide his final design. The atomic
scientist too, can be guided by exper=

imental observations such as those with
spectra and thus be greatly assisted in
his attempts to solve similar difficult

problems,

The methods of wave mechanics
developed in the 1920's make it possible
in principle to compute the de Broglie
standing-wave modes with the ''medium'
surrounding an atom, |In this case the
'shape'' will be determined by the
electric and magnetic fields in the
vicinity of the atom, and the math~
ematical! solutions will give the
probability of an eleciron being found
at any given point.

There are, unfortunately, some
difficulties that make it hard to use
the method. For one thing, the ''shape'’
of a given atom is not often known in
advance of the calculation. Further-

more, all atoms,except hydrogen, contain
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more than one ele. “nn and the
forces exerted by these electrons on one
another greatly complicate the problem.

However, since spectroscopic studies give

information about .he energy changes that

do take place under various known
conditions, part of the solution can be
deduced, and can be made by trying to
work the problem backwards from this
information, What arrangement of energy
levels might allow for the changes that
are observed? What ''shape'' of force
fields might lead t¢c these energies

as a solution? The scientist may fry to
work out an idealized representation (a
model) of the atom and then compare
predictions based on his model with the
experimental observations., |In the next
part of this course we will see some of
the things that can be understood about
chemistry by using one suchk atomic model,

the ‘'orbital model.'
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B.l PRINCIFAL QUANTUM NUMBERS

When the spectrum of hydrogen is
observed carefully under verious con-
ditioné, including, for example, light
from hydrogen atoms in «n electric or
magnetic field, 1t is found that the
set of integer quantum numbers i.e.
rm 1, 2, 3, 4, ... derived esrlier
is not enough by itself to specify
all the possibilities. Two sdditional
sets are necessary. (This sheuld be
no surprise to you if you think of
hydrogen atoms as "real" three-dimen-
simal objects,) You have already
net one of the sets, the principal
quantum aumbers, . They specify
major electrcnlc states of the atom
which, as you have seen, vary in en-
ergy lnversely withlﬂ?. In the or-
bital model we will be using, the
princiral quantum number 1is associated
with the physical size of the “nrbital,”

the region around the nucleus in which

=,
”




an electron in a particular energy

state is most likely to be.

B.2 ORBITAL QUANTUM NUMBER

As we have seen, a complete
description of the electron wave
pettern in three dimensions cannot
be vbtained with only one quantum
number. The principal quantum num-
ber is related to the size of the

"orbital,"” i.e., to the size of the

standing wave pattern which describes
the probable locations of the electron
in the vicinity of the nucleus. As
for the shape of the orbital, a

second quantum number designates

this. It is call=d the orbital

quantum number and is given the symbol

,47. That these two quantum numbers

can exist simultaneously and refer to
two distinct properties of the wave
patterns might be seen by consider-
ing an analogous two dimensional case

which is easier to picture.




The two-dimensional example is
that of the vibration of a drumhead.
In Figure B.l various modes are illus-
trated by picturing a top view of a
drumhead in various states of vibration.
At a particular instant of vibration
portions of the membrane will either
be above or below the flat stretched
position; they are designated by +
(above) or - (below). Lines separ-

ating these regions are positions of

nodes, lines along which the membrane

is not in motion. 7 gives the number of

circular nodal lines and I gives the

nunber of radial nodal lines. As we
shall see these are analogous to the
n and I quantum numbers of the atomic

case.
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Fig. B.l - Various modes of vibration of a drumhead.

Notice that L more or less de- .
termines the way in which the vibraticen
pattern stretches out from the center.
Of course in a drumhead, the actual
size of the pattern is limited by the
diameter of the hoop holding the mem-
brane, whereas in the analagous three-
dirensional atomic case the "medium"
is defined only by the gradual ta-
pering off of the electric field of
the nucleus. Hence the size of the

pattern depends on the value of J\. .
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As to the walue of.% , it has to
do with the "directivity' of the pattern.
When é? = 0, there is no direction in
which any part of the pattern points;
for other values of }2’ there are 4if-
ferences in the pattern when viewed
along different directions. Likewise
in the atomic case it will be seen
that the orbitals have orientation in
space for higher wvelues of f? .

In terms of the metion of the electron
it also turns out that i? specifies
the number of units of angular mo-
mentum that the electron posseses,

There is one great difference
between the drumhead vibrations and
the corresponding atomic case.
Whereas all possible combinations of

7{ and 0 are possible in the two=
dimensional case, in an atom the or-
bital quantum number has a restricted

set of values depending on the value »f

7 with which it is associated,

&1




In fact, it is found the.tg can have

the value O or any positive integer

up to n-1., Thus ifyy is one,ﬁ must

be zero., If i is 3, Qcan be zero,

one or two., J3uccessive values of Q P
starting from zero, are usually re-
ferred to by the letters s, p, 4, and .
The orbital quantum number is associated
with th> shape of the orbitals which

will be described later.

B.,3 MAGNETIC QUANTUM NUMBER.
The third set of iategers, called

magnetic quantum numbers, are related to

the possible orientations of the orbitals
with respect to each other. Magnetic
quantum nunbers are designated by M
and they can have any integer value from
-Q up to o,e + For example, if

A « 2, thenjy can bave any of the
values -2, -1, 0, 1, or 2. Hydrogen
atoms can exist in any state (any stand-
ing-wave mode) described by any com-
bination of possible values of Ny

f , and p . There 1s only one possible
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state forn = 1 since then both 0

and. ¥ can only be zero. This is

the stable "ground state" of hydrogen
having the lowest energy possible.

If 3] = 2, there are four possible
combinations on and ;yy_: O, O;

l, -1; 1, O; and 1, 1. You can readily
show that for any value of /| there are

'r'ue possible combinations @9 and W .

B.4 ELECTRON: SPIN

When electrons were first iden-
tified by J. J. Thomson and for a long
time afterward, almost nothing was
known about them except that they were
very small charged objects. Thay could
easlly be considered as point charges
without physical size or shape. Ilater
it was found that in addition to hav-
ing charge and mass, each electron
behaved as if it were a tiny magnet.
We cannot say even today how this
magnetism is produced, but it is pos-

sible to think of it as though the
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electron is a small charged sphere
spinning like a top, thus giving rise
to magnetic flelds similar to other
cases of charges moving in a circle,
The electron is referred to as pos-
sessing "spin "

In the presence of another mag-
netic fileld, the electronic magnet
will tend to point along the field.
When pointed in the "easy" direction
(completely lined up with the field)
the electron has the least magnetic
energy. When pointed in a completely
opprosed direction it has the most
magnetic energy. As in other atomic
situations, only certain energles are
allowed; for this magnetic case only
these “parallel” and "anti-parallel"
states are permitted.

In an atom, particularly one
having several electrons, it is nec-
essary to distinguish electrons whose

moments are parasllel to the magnetic

field in the atom from those that are
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anti-parallel, as this may influence
their behavior, A simple wey to do so
is to treat the spin orientation as
another quantum number, one that can
have only two possible values; a
minus value for parmllel and & plus
value for anti-parallel., This spin
"quantum number" is denoted by s, and its
two possible values are often written
as - and ¢+, (For convenience in atomic
calculations these are assigned the
values -+ and s%.) Hence, for any

2

velue of y\ there are 2n® possible

combinations of g » and.S.

B.5 ATOMS WITH SEVERAL ELECTRONS
With these four sets of quantum
nunbers and information about their
allowable values as a starting point,
it has been possible to arrive at a
satisfactory wave mechanical model of

the hydrogen atom which accounts
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very well for practically all of

the observed behavicr of hydrogen *

and hydrocen-like atoms (atoas orx

- A

ions that consist of & aucleus ~nd
a single clectron). Correspoinding
tO &acli possible combinztion o:x
guantum numbers, the model spec-
ities an orbital whiciy descoibes
the region of high probability tor
the wlectron when it is in that
narticul»r energy state. V¥hat
about the other ~toms”? C=2n A
model based on similesr reasoning
be workzd out for 2ny atom?’

One might start by assuming
a model of the acom in which the
forces sxerted byv 21l the elec-
trons o2a eacl other arxe taken
into r~ccecunt along with those
exsrred by tihe nuclevs., Then the
possibkble standing-vave patteras

for this a2tom micht be computed

and 2n atctemnt made to cind out

how the electrons would arrange

themselves smong these states.

tven 1f such A complex calculation




could actually be cearried out,
however, there wculd be reasons
to doubt its validity uantil
certcain cuestions are answered
which come up because the various
electrons cannot be distinguished
from €ach other. I: each electron
simply finds a2 place witiin the
possible states without regard

tc the others, wouldn't they =11
go into the lowest cnergy state?
Wouldn't the whole collection
collapse into a sort of modiried
hydrocen with =211 the electrons
together 1in the 1ls state? Yet
everything vie know about the
spectra and cnemical behavior oi
atoms denies this! Carbon does
not behave like "modified hydrogen”
nor does oxygen nor any other
atom except nydrogen itselr.

Each element is unigue, dififerent
from all others. Out ox consid-
erations of this kind, backed up

by detailed study of the spectra

8'7
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of different elements, comes

rule known as the exclusion

principle, which was first stated
by Wolfgang Pauli in 1925.

The <xclusion principle states
simply that two electrons in the
same Aatom cannot have comgletely
identical qua.itum numbexrs. This
appears to be one or tne fixed
"ground rules' for atom building.
It is 2 little bit like the cca.mon-
sense rule that no two objects
can be in ex~mctly the same place
at the same time. wWith the
exclusion principle as a guide,
it is possible to build up reason-
able models for more complicated
atoms. And althougl s&x3ct sol-
utions are so involved that they
were act even attempted until
aiter the invention of higli-speed
zlectroaic computers, approximate
sclutions as well 28 tihe very

few complete solutions that have
been carried through all iadicats

that the wave mechanical model

&8




of an atom in terms of standing-
wave '"orbitals" is capable of
giving & very good description
of the real behavior of atoms.
The energy states that re-
sult from an atom consisting of
several electrons and a nucleus
are not identical to those for
the one~electron hydrogen atom.
Each combination will lead to its
own unique set of states. Never-
theless, they all have some degree
of similarity to the set for
hydrogen. For example, the
energy states always occur in
groups that can designated by
four quantum numbers in the same
manner as for hydrogen. It is
convenient, therefore, to use
exactly the same quantum number
designations for corresponding
energy states of any atom, even
though the actual energy of the
states may be different from one

atom to another.

&3
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C. THE ORBITAL MODEL

We have seen that four
quantum numbers are needed to
"describe" each energy level in
an atom. Let us now use the four
quantun numbers to build the
orbital model of an atom which
sclentists may use to explain the
bonding of molecules and the
structure cf matter. The first
quantum number (# = 1, 2, 3, . . .)
is assocliated with the size of
the region is which there is a
high probability of finding
electrons. The second quantum
number (Z = 0, 1, . . . n-1)
is associated with the shape of
the orbital in which the proba-
bility of finding the electrons
is high. The third quantun
number (m = -7, . . 0, . . +)
is associated with the orientation
of the orbitals with respect to
each other. The fourth quantum
number (s = ¥ 1/2) is, as we have

seen previously, dependent on the
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"spin" of the electron. Table
A.l illustrates the allowable
values cf.j;, m, »nd s for
several values of n. As an €xex-
cise, complete the table to n = 5.
Using thase puysical inter-
oretations of the guantum numbers
as a guide, we may now describe
an orbitsl model for any atom.
Our description will refer to
the lowest possible total energy
fcr the whole atom that is con-
sistent with the exclusion prin-
ciple of Pauli. Thus in sn atom
of say ten electrons, we assume
that of all the enzrgy states of
this astom the electrons will be
in those ten having the lowest
total enercy. Let us use the
scdium atom as an example and
describe each electrom, stariing
with tune least energetic. 1If
n =1, then ,2/= 0 is the only
allowable value for the second
guantum numoer. %% = 0 is the s

orbital and is thought of as a

I1-65




sphere of hich proba2bility

around the nucleus. IX / = 0,
then m can bh»ve only one vAalue,

0, vhicl. means there is only

one crientation of the s orbital
in s»ace. (Could a sphere have
more than one orientstion?)

Since s = +1/2, we have now pro-
vided for two electrons and have
fillzd the first principal quaatum
level. If n = 2, then -f7= 0 or 1.
we know that for .fF: 0 we are
describing » spherical s orbital
witch only one orientetion wiiich
may contain two electrons (s = +1/2).
Kor /{ = 1, we thiak of 3 regiocn
shaped somewhat like 2 dumbbell
which is callea 2 p orbital. The
p orbitsl has three possible
orientntions, m = -1, 0, +1.

These are arranged at 99° vitn
raspect to each other. Allowing
two electrons (+ spin) in <ach or

the p orbitals accounts for six

more electrons.

prray Ygey
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Table C.1

Relations Between Quantum Numbers

n j m S
1 0 +1/2
2 0 0 +1/2
1 1 +1/2
0 +1/2
-1 +1/2
3 0 0 +1/2
1 1 +1/2
0 +1/2
-1 +1/2
2 2 +1/2
1 +1/2
0 +1/2
-1 +1/2
-2 +1/2
4 0 0 +1/2
1 1 +1/2
0 £1/2
-1 +1/2
2 2 +1/2
1 +1/2
0 +1/2
-1 +1/2
-2 ¥1/2

? ? ?

©

ERIC 93

Aruitoxt provided by Eic:
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We have now "described" two
electrons in the ls orbital, three
in the 2s orkital, ~nd six in the
2p orbitals for a total of tea
electrons. All possible values

for n = 1 and n = 2 heves been

usced, so we now use n = 3 forxr which

A =0,1, 2. sgain 4 =0 is
the s orpitel, which is snherical
in shape and has only one orien-
tation in space. Since £odium
has an ~tomic number of 11, we
need place only one electron in
the 3s orbital t¢ complete our
model for sodium. Is this model
consistent with tihe fact th=2t the
sodium ion hes 2 charge of +1?

I{ we were to contianue with
the n = 3 energy level, we woulcd
lhave, in »ddition to the s orbi-
tal (,(ﬁ= 0, m = 0) and the

three orientations of the p orbi-

tals 4? =1, m= -1, 0, +1), the

jZ = 2 orbitals. When ,F: 2, m
has five 2llowable values, <2, -1,
0, +1, +2. The 4 = 2 orbitals

are called the d orbitals and the
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five values of m indicate that
there are five poussible orienta-
cions for the d orbitals. Wwhen

4, we Aagain have the s orbi-

|

n
tals (_ﬂ = J), the p orbitals

(f= 1), ané the 3 orbitals

(j7=: 2). For n 4,,? can also
have the value 3, for which

there are seven possible values
for m (-3, -2, -1, 0, +1, +2, +3).
Theljy= 3 orbitals are called

the f orbitals 2nd the seven
values tor m indicate seven
possible orientations of the £

orbitals.

D. RELATIVE ENERGY LEVELS

Since we use the rules that
the electron is always "Jdescribed”
in the lowest available energy
lavel, we must consider the rel-
ative energies of the orbitals
beiore we continu:z with our model
building. Actual mathematical
analysis of the spectrum oif ele-
wents (using cuantum mechanics)
lzads to the relative energy scale

in Table A.2.
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We see¢ from T2ole A.2 thet

the 4s orbital is lower in energy
than the 24 c¢rbitels; the 5s orbi-
t2l is below the 4d orhitals; the
5p orbitals are below the 4f orbi-
tals; and the 6s orbital is less
<=nergetic than the <if or 5& orbi-
tals. Vith the relative energy
scale to guide us, we can describe
the orbitsl model for any atom.
The common notation for oruital
descripcion is the ng > notaticn.
Where a = the priacipal quantum
number, f = the orbital shape
(s, p, 4, ), and x = th& number
or electrons (two allowed for
each orientation or the orbital).
s an example, iron (fe) atomic
number 26 would be written as tollows:

Iron 182 2s2 2p6 352 396 %8 3@°
Notice that the summ of the super-~
scripts is the toctal number of
electrons. How would you write
the orbital notation (sometimes
called the z2lectron coniiguraticn)
for arsenic, clement number 3372

The orbital model h=s pro-

vided tlic scientist witn a
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powerful tool for explaining much
cf the belavior of the elements.
As you continue in CdEMS chapters
15, 16 and 17, the model is used
to explain periodic properties,
chiemical behavior and certain
nhysical properties. dowever, as
has been true of other models,

we shall see that this model

has limitations »nd must be re-
visad and extended as more inform-
aticn becomes 2vailabls. Remember
a model is A concepnt, not a scale
victure of a real object. A
scientist should not hesitate to
discard or rzvise a3 model to

fit experimental facts. The best
model, bowever, is one wnich is
consistent with toe most ouser-
vations. To test tre oover ox
the orbital model, see if you

can find any regulerity between
the org=ni.ation o:i the periodic
table ~nd the notion that there
are two clectrons ia cach s

orbital, six electrcns in tns
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chree orientations cf the p
orpoitals, ten electrons in the
five available 4@ orbitals, and
fourteen electrons in the £

orbitals.
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Exercises for Home, Desk and Iab (HDL)

(1)

(3)

Explain the difference

between the orbital model

of the atom and the Bohr-
Sommperfeld model of the atom
which postulated quantized
orbits.

Describe the locations of a

1ls electron on the surface

of a sphere concentric with

the nucleus.

The energy difference between
the two electronic states is
46.12 kcal/mole. What fre-
quency of light is emitted
when the electron goes from
the higher to the lower state?
What wavelength does this light
have. (How does the wavelength
compare to the approximate

size of atoms?)

h = 9.52 x 10°* Keal-sec/mole

1¢1
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(4) Wwnat bappens when the electron
in the hydrogen atoms is to
change energy levels from 1s
to 2s? Can you specify this
numerically?

(5) Neme the elements that
correspond to the following
electron configurations.

ls2 251

132 252

185 25° 2p3

182 252 2p6 3sl

182 232 2p6 352 3p6 hsz 3d7

(6) Make an outline of the

periodic table and fill in
the yr] * notation for the
outermost electron for the
first four periods. What
regularity do you see?
There are exceptions to

this regularity which will

ba discussed 1n class,.

o B L5
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II. MANY-ELECTRON ATOMS

A,

B.

ENERGY LEVELS OF MANY-ELECTRON ATOMS
Read section 15-2.1 CHEMS

TEE PERIODIC TABLE
Read section 15-2.2 CHEMS

1€C3
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III-78

TONIZATION ENERGY AND THE PERIODIC TABLE

A. MEASUREMENT OF IONIZATION ENERGY
Read section 15-3.1 CHEMS

B. TRENDS IN IONIZATION ENERGY
Read section 15-3.2 CHEMS

C. IONIZATION ENERGLES AND VALENCE ELECTRONS
Read Section 15-3.3 CHEMS

D. THE FOURTH ROW OF THE PERIODIC TABLE
Read section 15-3.4 CHEMS

104
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fg
IV. MOLECULES IN THE GAS PHASE
A, THs COVALENT BOND
l. THE HYDROGEN MOLECULE
Re¢ad section lo-1.1 CHzMS
2 INTERACTION BETWEEN RELIUM ATOMS
Read section 16-1.2 CHEMS
3. REPRESENTATIONS OF CRuMICAL BONDING
Rzad section 16-~1.3 CHsME
4, THE BONDING OF FLUORINS
Read section 15-1 .4 CHEMS
s
;
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B. BONDING CAPACITY OF THE SECOND-ROW ELEMENTS

1.

3.

Ths BONDING CAPACITY OF OXYGEN ATOMS
Read section 16-2.,1 CHiIMS

TH!X BONDING CAPACITY OF NITROGEN ATOMS
Readé szction 1l€-2.,2 CHEMS

THE BONDING CAPACITY OF CARBON ATOMS
Raad section 16-2.3 CHEMS

THE BONDING CAPACITY Of BORON ATOMS
Read section 1&-2.4 CHEMS

THE BOWDING CAPACITY OF BRYLLIOM ATOMS
Rzad secticn lo-2.5 ChLulMS

TH: BONDING CAPACITY OF LITHIUM ATOMS
Rcad sect’on 1lu-2.5 CHEMS

VALsNCE
R<ad section 16-2.7 CH:SMS

1¢6
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C. TREND I BOND TYPE AMONG THZ FIRST-ROW FLUORIDES

THZ BONDING IN GASLOUS LITHIUM FLUORIDE

1.
kead scection 16-3.1 CHEMS

2. 1IONIC CHARACTZER IN BONDS TO FLUOKRINE
Read section 16-3.2 CHulS

3. IONIC CHARACTIR IN BONDS TO HYDROGENW

Read section 13-3.3 CHuMS

4, BOD ENBRGIES AND ELECTRIC DIPOLES
Read section 15-3.4 CHEMS

147
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H
D. MOLECULAR ARCHITZECTURE
1., THE sSHMPZS OF H,O AND F,0
Read sectioa 16-4.1 CHIMS
2., THE SHAPJLS OF NH, AND NF;
Read section 16-4,2 CHEMS
3, THE SH*P&iS OF CH, AND CF
Read section 1€-4.3 CHEM
4. THE SHAPL OF BFj
Read section 10-4.,4 CHEMS
5, THI SH4PE OF Bal
6. SUMMARY OF BONDING ORBITALS 3WND MOLwWCULPR SHAPA ™
Read secction 1&-4.,.6 CHEMS
7. MOLECULAR SHAPE 2ND LLECTRIC DIPOLES
Read section 1o-4,7 CHERMS
|
{
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E. DOUBLE BOnNDS
1. BONDING IN THE OXYGiN MOLECULE
Read section 16-5.1 CREMS

2. ETHYLENE: A CARBON~-CARBON DOQUBLE BOND
Read section 156-5.2 CHEMS

2.a Bxperiment: CIS~TRANS ISOMERS
CExp. 26
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V. THE BONDING IN SOLIDS 2ND LIQUIDS
A. THE ELEMENTS
1., VAN DER WAALS FORCLS
Read section 17-1.1 CEMS

2. COVALENT BONDS AND NETWORK SOLIDS
Rsad sectioan 17-1.2 CHANS

2.a Experximent: PACKING OF ATOMS
Cexp. 27

3. METALLIC BONDING
Read section 17-1.3 CHEMS
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COMPOUNDS
1. V&N DLK wWAALS FORCES AND
MOLECULAR SUBSTANCES
Read secticn 17-2.1 CHEMS
2. COVALENT BONDS AND 1TuTWORK
SOLID COMPOUNDS
Read section 17-2.2 CHLMS
3. METALLIC ALLOYS
Read section 17-2.3 CHEMS
4, IONIC SOLIDS

Read section 17-2.4 CHEMS

EFFECTS DUE TO CHARGE SEPARATION
Read section 17-2.5 CEEMS

HYDROGEN BONDS
Rcad section 17-2.5 CHEMS

.




