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ABSTRACT

In the first part quadratic, cubic, and quartic force constants
have been calculated from the known spectroscopic constants of both
ground and excited states of those diatomic molecules composed solely
of elements of the first row of the periodic table. The calculated
force constants have been compared with bond lengths, and correla-
tions between the force constants and bond lengths have been noted.
Force constants were also calculated using theoretical data, and the
theoretical constants have been compared with the experimenta] con-
stants. The force constant behavior is interpreted in terms of free-
electron theory and a constant repulsion curve.

In the second part the feasibility of applying various physical
effects in the frequency modulation of a light beam or source has
been determined, as related to the generation of a reference beam for
.atomic absorption analysis. The Zeeman effect was found to be the
best suited for such a purpose, and an apparatus for determining mer-
cury, which utilizes this effect, was constructed and tested. Because
of its background correction capability, the instrument can easily and
reliably detect nanogram quantities of mercury without the use of chem-
ical separation techniques.




PART 1

FORCE CONSTANT vs. BOND LENGTH RELATIONS




INTRODUCTION _

Many chemists and physicists have attempted to find a general
empirical relation between the force constant, or stiffness;, of a
molecule and the internuclear distance, since, as Herzberg(1) states,
". . . no satisfactory theoretical relation between the force con-

.stant and the bond length has been found". Recently effort has been
centergd on the determination of relationships for particular atom
pairs, and relations have been found which fit the experimental data
quite closely. To date only the atom pairs carbon-oxygen, nitrogen oxy-
gen, and nitrogen-nitrogen have been fitted to such a relation. This
work, then, is an attempt to enlarge the number of known individual
relations and to obserye any general patterns arising from them, with
the ultimate goal in mind of obtaining a general empirical force con-
stant vs. bond 1éngth relation. These empirical re]at{ons and those
for higher-order force constants will be of use in determining the
general behavior of mo]ecuiar potential energy curves and hopefully
will guide the way toward the development o? a satisfactory theoreti-
cal undérstanding of.the relation between the force constant and the
bond length. ' | '

One often hears of the importance of chemicatl intuftion in study-
ing the chemical bond. Yet, we seem to easily forget that thé flowers
of chemical intuition need the ferti]e soil of a large body of facts.

The compilation and study of data on diatomic molecules has been
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considered to be too far afield for the chemist, beneath the dignity

of the physicist, and one of those things for which the spectroscopist
never has enough time. The vast body of knowledge which we possess
concerning the diatomic molecules has not been collected and used as it
should in the study of the nature of the chemical bond, nor has it been
used in the study of simple polyatomic molecules. It 1is in this neQer-
never land between the diatomic and polyatomic molecules, where chem-
ical infuition for lack of easily accessible data cannot be applied,
that I have tried to reach.

The cataioguing of this’vast.bbdy of data is the first step in the
development of a "satisfaétory theory." Just as the datarcoTlected by
Tycho Brahe served for twenty-five years as the basis for Kepler's
studies, the collected data can be analyzed until all the molecular pro-
perties are correlated with one another. We may fﬁen hope that the ex-
planations for these correlations will provide the basis for some fund-
amental changes, -just as Newton's. predictive Taws of motion superseded

the explanations of Kepler.




CHAPTER I

Historical Review

The introduction of quantum mechanics in the 1920's made possible
the interpretation of molecular spectra in terms of fundamental molec-
ular constants. A. Kratzer(z), in 1920, was the‘first person to ob-
serve a relation between vibrational frequency and bond length of a
molecule. In 1925 R. Mecke(B) noticed that the vibrational frequency
and the bond length followed approkimate]y the relation

(bond 1ength)2(vibrationa1 frequency) = Constant (1-1)

for different electronic states of the same molecule. In 1929

P. Morse(4) found that a single relation,
(bond 1ength)3(vibrationa1 frequency) = Constant, (1-2)

could be used for the électronic states of different diatomic mole-
cules, giving a probable error of less than four percent. Thus, from .

a single empirical relation, if the bond length were known for one

state of a diatomic molecule, the vibrational frequency of that state
could be determined within a few percent, or vice versa. Morse also
noted that the best fit was obtained for molecules which were symmetric
and therefore postulated the need for the infroduction~of an "unsymmetry

factor" of the form (Zlm]m?;/[m]+m2])]/4 where my and m, are the masses of
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the atoms, to correct for the deviation shown by very unsymmetric mole-
cules such as the diatomic hydrides. He observed that the deviation of
a state from the relation corresponded to a poor fit of the data for
that state to a particular potential energy curve which is now commonly
called the Morse potential function. The Morse relation was later im-

proved by C]ark(s) to
R “w_n = C, - (1-3)

where n is the number of electrons outside the closed atomic shells, C
'is a constant that is the same for molecules with the same closed atomic
shells, and Re is the equilibrium bond length. The relation was then

~ further modified(6’7’8’9) to make it hold for.various isotopic molecules
by introducing the force constant, Ke’ in p]aﬁe of -the vibrational fre-

" quency, Wge The relation then becomés'

K.n=C. (1-4)

Another relation having a slightly different form was proposed by
Badger(10’11):

3
Ko(Ry = d;2)” = C.. (1-5)

1]

Here dij is a constant that is different for each type of molecule, and

C is the same for all molecules. This relation, known as "Badger's rule,"
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was found to be applicable to polyatomic molecules as well as to dia-
tomic molecules and has found wide use. Glockler and Evans(Tz) later
improved the accuracy of Badger's rule by giving C slightly different
values for different types of molecules.

Starting in the 1930's, many attempts were made to find accurate
but general and simp]é functions relating potential energy to intera-
tomic distance and the force constant. Huggins(]3’]4), by modifying
the Morse potential function, obtained a force cbnstant reTation which

was later further simplified to the form
jn(Ke) = ARe + B (1-6)

(15). At about the same time Linnett(16’17) suggested a

by Wu and Chao
new potential function which gave a force constant relation closely re-
sembling the purely empiricaf relation which had been proposed by Morse.
The validity of the various force constant and potential‘functions'which
were postulated, however, could not be tested simply because of a lack
.of detailed information on the force constants and potential functions
of most molecules. Subsequent attempts to develop valid functions were
also hampered by a 1ack of data to provide adequate testing.

Attempts have also been made to relate force constants to molecular

constants other than the interatomic distance. Relations relating the

force constant and bond length with the heat of dissociation were
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proposed(]8’]9) but confirmation of the re]atioﬁs'again could not be
made because of large uncertainties in the va]des of the dissociation
energies of many important molecules. Also, the dissociation energy.
depends upon the long rangeuforce fields to a much greater extent than
do the force constant and bond length. The last major effort to de-
vise a general force constént relation was made by Walter Gordy(zo),
who took into account bond order, N, and electronegativity, x, as well

as bond length, r, and obtained a formula,

Ke = aN(x xb/r2)3/4 + b, : S (1-7)

with an average deviation of two percent for seventy-one cases.

In the last ten years spectroscopic constants have been determined
for a large number of states of some of the simp]ér-molecules. This -has
encouraged several authors t0'reformU]éte new force constant relations
by concentrating on single molecules for which a large amount of data is
present. In 1961 Ladd, et. al. (21) collected the available data on the
carbon-oxygen bond and fit the force constants and bond distances to the

relation

K = ARM. o (1-8)

They later extended this work to a study of the nitrogen-oxygen bond(zz)

and obtained an accurate relation of the same form for it. In 1966
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(23) published a similar study of the nitrogen-nitrogen

J. C. Decius
bond and found a relation of the same form which was valid over several
orders of magnitude in the force constant.

No one, however, has published a comprehensive and up-to-date col-
lection of the known spectroscopic constants, nor has anyone published a
comprehensive study of the force.constant relatioﬁs forlother types of
chemical bonds, though some attempts have been made to observe correla-
tions between the spectroscopic and molecular constants of ground-state
molecules. Herschbach and Laurie(24) in 1961 studied the dependence of
anharmonic potential constants on bond length for some grouhd-state mol-

(25)

ecules. Also, in 1964 Johnson suggested the extension of force

constant relations to the noble-gas or Lennard-Jones type atom pairs.
In 1968, during the course of this work, Calder qnd Reudenberg(zs) ex-
amined the spectroscopic constants and_force constants of ground-state

diatomic molecules and determined some relations between the constants.




CHAPTER 1II
Theoretical Review and General Theoretical Results

The force constant of a molecular bond is defined in terms of the
potential energy function of that molecule. The problem of understand-
ing molecular force constant relations, therefore, is essentially one
of understanding the pbtentia] functions of molecules. The potential
function is most readily defined within the context of the Born-Oppen-

heimer approximation,!®

which essentially states that the atomic nuclei
are infinitely heavier or s Tower than the electrons. Under the Born-
Oppenheimer approximation nuclei move sufficiently slowly so that they
can be considered to be at rest for a given electronic state. Then
for any internuc]ear distance, R, there will correspond an actual en-
ergy E(R). The energy E(Ri) for a given internuclear separation, Ri’
is called the "potential energy," though the term is inaccurate in

that E(Ri) includes the kinetic energy of the electronic motion. Thus,
the potential function or potential energy curve, which is defined as

E(R), includes both kinetic and potential energies. E(R), however,

acts as a potential energy for the nuclear motion, so that there is

~

!The Born-Oppenheimer approximation is sometimes called the adiabatic
approximation; however, in modern usage(27) it is considered to be a

special case of the adiabatic approximation.
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some justification for the use of the term "potential energy."!

For a diatomic molecule the potential function, E(R), closely ap-_
proximates a parabola near the minimum. The nuclei of the molecule be-
have, therefore, very much Tike a harmonic oscillator near the equilib-
rium position. The force constant, being simply the curvature or second
derivative of the curve at the minimum, allows the detérmination of the
shape of the potential curve near the equilibrium position. A study of
the relation of the harmonic oscillator force constant to other molecu-
lar constants then gives insight into the behavior of potential energy
curves near the equilibrium position.

The harmonic oscillator apﬁroximation is, though, of Timited value
in any analysis of the shape of the potential curve; a much more flex-
ible and accurate approximation may be used by making what is commonly
called the "force constant" the first-order term in a power series.ex-
pansion about the equilibrium internuclear distance, Re' This ordinary
force constant is then called the quadratic or harmonic force constant,
and the higher order coefficients in the expansion are called the'cubic,
quartic, etc., force constants and represent the contribution of curvés

of the form

L

=_©(n_n3 - e /n_p -
E=—2 (R-R)% E=55 (R-R)", ... (2-1)

=

The issue is further confused by the fact that through the use of the

Hellman-Feyman theorem one may calculate the "potential energy" using
only electrostatic repulsions and attractions. '
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to the shape of the potential curve near the minimum. An nth-order
force constant, then, is also the nth-order derivative of the poten-
tial curve at the minimum. The shape of a potential curve near its
minimdm‘may then be easily analyzed, since the representation as a
power series allows the decomposition of the curve form into contri-
butions from various elementary curves.

To simplify the problem of comparing the relative shapes of the
potential curves of different molecules, the power expansion may be
carried out in terms of reduced coordinates. Such an expansion is
called a Dunham(zs) function and will be used here. The nomenclature
and formulas needed to ﬁake the expansion are given in Appendix A.

We must remember, though, that the potential curve and force con-
stant are only mental constructs,‘and information‘concerning molecules
must ultimately be obtained from spectroscopic data. Formulas giving
the values of the Dunham coefficients or force constants in terms of

d(28’29) and are reproduced in

spectroscopic constants have been derive
Appendix B. 1In this paper all forces are expressed in millidynes and

bond 1lengths in Angstroms.

-The various spectroscopic constants needed are in turn determined
from the actual spectra. Analysis of the detailed structure of the

.spectra of diatomic molecules leads to the determination of the elec-

tronic energy Tevels, including the energy levels of the vibrationally

and rotationally excited states. Using quantum mechanics, the
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vibrational and rotational energy levels for each electronic state may
represented as a power series in terms of the vibrational and rota-

tional quantum numbers, v and J: -

E(v,d)/he = Wy (v + 1/2) =~ wx (v + 172)2 + .o 4
| (2-2)
+B I+ 1) = €I+ N2+ .o

W, and WoX, are the equilibrium vibrational spectroscopic constants.
Bv and Cv are rotational spectroscopic constants. The "term value" G
will be used subsequently in the place of E/hc. Once the energy'levéls
are known from the spectra the equilibrium constants can be deter-

mined. The rotational equilibrium constants, Be and o _, are determined

e
from the power series expression

.Bv = Be - oce(v + 1:/2) + oo (2-3)

The equation

ée(cm']) = 16.857/uR_*(A) ' (2-4)

allows the determination of the equilibrium internuclear distance; once
the reduced mass is known. Quite often (nearly always in the case of
polyatomic molecules) only the fundamental vibrational frequency, v(1-0)

or AG(1/2), is known. It is often used as an approximation for Wy A
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better approximation is
86(1/2) = Wy = 2%, (2-5)

WeX, may sometimes be estimated from the Morse relation

_ 2 '
Dy = W, /M x, | | : - (2-6)

where De is the equilibrium dissociation energy, or from the well-known
rule that wexe/we is only slightly smaller than ae/Be. Sihi]ar]y, often
only RV =g° O Ro’ is known, so fhat Re cannot be determined (again
this is neér]y always the case with polyatomic molecules). One is often
forced to use AG(1/2) and R0 in determining the force constant and bond
length. No mention has been made in the 1iterature of the magnitude of
error incurred by the use of AG(1/2) and Ro’ and their substitution for
We and r, has implied that the error is rather small. Expressions for
the magnitude of the deviation of AG(1/2) from Wo and of R0 from Re are
derived in Appendix C. For a normal molecule wexe/we and ae/Be are usu-
ally less than 0.02. Using the expression derived in the appendix we
then find that the use of AG(1/2) gives a'force constant which is Tow by
eight percent or less, whereas R0 is only one-half percent or less lar-
ger than Re' Whether the use of AG(1/2) and R0 in combination with each

other would result in a large error would depend upon the slope of the

‘force constant vs. bond length curve.
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It is possible to study the relative shapes of molecular potential
curves then, providing that a sufficient number of spectroscopic con-
stants are available for those molecules. 'In recent years large amounts
of new spectroscopic data have become available, making it possible that
an in-depth analysis might reveal some basic new relations governing the
shapes and behavior of potential curves.

It will be advantageoﬁs to try at the very start to determine what
additional factors can infuence the relation between force constant and
bond length. It is appropriate, then, to ask at tﬁis point what molec-
ular properties might be expected to have én influence upon the rela-
tions. Any properties which would effect the shape of the potential
curve would also be expected to have an influence upon the force con-
stant and thg bond Tength.

The dissociation energy of diatomi.c molecules has been related to

(16,18) 14 s

the force constant and bond length by several authors
well known that a high dissociation energy is associated with a large
force constant and-a small internuclear dfstance for a normal chemical
bond. The dissociation energy also has long been recognized as a funda-
mental parameter in the determination of the shape of the potentia] en-
ergy functioﬁ. Thus, the dissociation energy may be considered a prob-
able contributing factor to force constant relations, and its influence

should be examined carefully. However, reliable values for dissociation

energies are not generally available. Also, it is almost certain that
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the influence exerted by the dissociation energy will be extremely vari-
able. Whenever accidental "Tevel crdssiné" occurs the dissociation en-
ergy of the state will be anomalous, and the degree of influence of the
dissociation energy will depend on whether or not it is possible to take
the ]evel‘crossing into account. The dissociafion energy is also deter-
mined by Tong range forces, so that sometimes the dissociation energy
will be anomalous even if level crossing does not occur. Thus a careful
analysis of the influence of the dissociafion energy would be somewhat
‘ premature.

The degree of ionic character of a bond is also an important factor
in determining the shape of a potential curve. Ionic bonds are known to
have potential curves of a different shape or form than covalent

(30’3]’32). About the only experimental measure of ionic character

bonds
is the dipole moment; however, ionicity is a rather variable function of
interatomic distance, so ‘that the change in dipole mohent with intera-
tomic distance, i.e. the dipole derivative, would be importént as well.
It may be noted that for ground state molecules ionicity correlates
rather well with the electronegativity difference between the constitu-
ent atoms. Excited states will vary considerably in ionic character
even for homonuclear diatomic molecules, méking the dipole moment and
electronegativity concepts difficult to use. Since dafa concerning di~

pole moments and dipole derivatives are rather sparce, a systematic

study of the influence of ionic character or ionicity cannot be made.




-15-

The number of electrons and protons in a molecular system is, of
course, of extreme‘importance for any molecular property. Likewise, the
empirical information on force constants and bond lengths collected here
- will show conclusively that the number of protons present influences the
relation between force constant and bond length sufficiently to make
classification of the relations in terms of atomic number absolutely es-
sential. The influence of the atomic number upon the atomic core radii
or radial electron densities is apparently the cause of the strong de-
pendence upon the atomic numbers. The number of electrons present,
though, will be shown to have no apparent effect upon the relations.

Since the force constant and bond length may be defined in terms
of the vibrational and rotational spectroscopic constants, any relations
between the spectroscopic constants will be reflected in the force con-
stant vs. bond 1ength relations, and vice versa. Thus the determination
of force constant relations provides a means of studying the relations
between spectroscopic constants aé well.

The total electronic energy at the equilibrium distance might be
expected to have some influence upon the force constant relations, since
it plays an important role in theoretical problems. It will be shown
that total energy correlates rather poorly with equilibrium distance and
force constant; however, it will be of interest to check for a correla-
tion of total energy with the deviation of force constants from "ex-

pected" values.
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Finally, there are many theoretical properties such as "overlap
population" and quantum numbef which one could attempt to relate to the
force constant and bond length. Such an attempt, the author feels,
would not be in keeping with the eséentia]]y phenomenological approach
taken here, if the attempt were made on a large scale. The relations
obtained will be certainly useful in evaluating varibus theoretical
approaches aqd approximations, even though this thesis is to be consid-
ered an attempt to generate repkesentation-independent concepts. There;
fore, the compatibility of only some of the simpler molecular models
with the force constant relations will be evaluated.

An effort will be made‘to.provide a reasonable theoretical context
for the interpretation of force constant relations. Since force con-
stants are derivatives of the total energy, it is necessary only to re-
late the derivétives to the values of some fundamental theoretical con-
structs in order to provide such a theoretical contexf. The total po-
tential and kinetic energies are tﬁo such fundamental constructs. Ap-
prox{mate electronic contrfbutions may be obtained from one-electron en-
ergies determined from simple quantum-mechanical calculations.! The en-
ergies may then be related to the energy derivatives through the virial

theorem. The virial theorem, though, does not by itself allow the

unique determination of the kinetic and potential energies from the

1The nuclear-nuclear potential is simply Z1Zp/R where Z4 and Z, are the
atomic numbers. The nuclear kinetic energy is negligible under- the Born-
Oppenheimer approximation.




-17-
energy derivatives.. By making some reasonable assumptions, howe?er, the
virial theorem may be used to determine the behavior of the force con-
stants, or energy derivatives. ‘
The virial theorem determines the relative magnitudes of the kinet-
ic and ﬁotentia] energies of any molecular system. The general forms

(34)

of the theorem given below are valid for any diatomic molecule with-

in the Born-Oppenheimer approximation.*
- (2-7)
RE' + 2E =V, RE'+E=-T, (RT'+2T) + (RV' + V).= 0
T is the total kinetic energy, V is the total potential energy, and der-
ivatives are indicated by primes. The theorem is valid for any-value of
the internuclear distance, R. Differentiation of the virial theorem al-
lows expressions for the potential ;onstant, to be derived: thus,

ReK, = -(T)'Re = (V)'Re (2-8)

and

L V'nuc1ear v electronic (2-9)

combine to give

2
RK = -leZ/Re + (V ‘(2-10)

]
e'e e]ectronic) Re

1Again the nuclear kinetic energy is neglected.
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Borkman and Parr(33) have recently used this theorem to interpret
the behavior of potehtia] constants and potential curves. Their work

and that of Kno]1(34)

will serve largely as the basis for the present
interpretation through the virial theorem. Borkman and.Parr based
their analysis upon the fact that the Born-Oppenheimer electronic energy

satisfied the djfferentia] equation
2 all 1 - 2 ]
RE" + 4RE' + 2E = (-1/R)(R°T)' , (2-11)

which may be derived from the virial theorem. The author has shown in
Appendix D, however, that the same method may be used to generate the

more general differential equation:
RPE" + (n + 2)RE' + nE = ~(R"T)'/R™T (2-12)

where n is greater than one. If the right hénd side of equation (2-12)
is set identically equal to zero, then all of the solutions of the equa-

tion will be reciprocal functions of the form

<.
i}

n " ‘ oo
A/R + Vn/R‘ + V0 (2-13)

and

-
|
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where

Vn/Tn =~(n=-2)/(n-1) . : (2-15)

If the righthand side of equation (2-12) is a constant, then the solu-

tions will be of the form

= n '
V=ARH+ Vn/R + VO (2-16)

and

T=B/R+T /R +T . (2-17)

Thus the differential equation of Borkman and Parr forms a particularly

simple case in which the homogenous solutions are of the form

<
il

-A/R + Const. (2-18)

' and

—t
1l

B/RZ + Const. . (2-19)
The general solution to equation (2-12) is
E(R) = A/R + B/R" - (1/R)JT(R)dR . : (2-20)

Since the general solution of the virial equation is -

E(R) = A/R - (1/R)ST(R)AR™ , (2-21)
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it is seen that the method used by Borkman and Parr introduces extran-
eous solutions. The method employed by-Knof] avoids this difficulty

~ by using the virial theorem directly; therefore, it is to be preferred.
The force constant relations derived by Borkman and Pérr then arose

eséential]y from their assumption that
T=T +T,/R - (2-22)
0 2 '

rather than from their treatment of the virial theorem. I introduce as
an assumption equation (2-13). This assumption, because of its more
general nature, can be expected to fit the data much better than the as-
sumption of Borkman and Parr. |
It should be noted here that assuming a functional form for the
kinetic energy, potential energy, or total energy automatically allows
the determination, via the virial theorem, of the form’for the other
two types of energy. . Thus it really makes no difference whether one
works with T(R), V(R), or E(R) in determining force constant relations
or in determining eneréy relations from the force constant relations.
From the assumption of Borkman and Parr the reiations _

= - ' ' ' 2-23
L, = -6K /R, | ( | )

and

_ 2 o
Me = 36K./R, : (2.24)
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and
KM /L2 =1 | (2-25)
e e e

are obtained by differentiation of the virial theorem and substitution.

From the author's assumption the relations

Le = -(n + 4)Ke/Re g | " (2-26)

My = (n®+7n +18)k RE L (2-27)
and

KM/L2 =14+ (2-n)/(n+ a)? (2-28)

e e e

are obtained, and again the relations of Borkman and Parr form a special
case where n is equal to two.

There is another useful theorem which relates the energy to any
parameter being used in the determfnatfon of the energy. It is called

the Hellman-Feynman theorem and usually is written in the form
dEn _ oA -
. -f‘!'*n o tndT (2-29)

The formula is very useful because we can substitute the internuclear
distance or the force constant in as a parameter. By using the inter-
nuclear distance as the parameter one obtains the “electrostatic

theorem," which essentially states that the force on the nucleus can be
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determined by simple electrostatics as the sum of the nuclear-nuclear
repulsion and an electron-cloud attraction. The virial theorem may

(35). Thus, by using the virial

a]sd be derived from this theorem
theorem we are actually also using the Hellman-Feynman theorem.
Before puréuing complicated or abstract models it is appropriate
to ask if there are any simple c]assiﬁa] models which one may use to
account for the force constant relations. Indeed, there are'several
very simple classical models from which to choose to account for the
basic exponentié1 relation between force constant and bond length.

The simplest model of all is that of two balls and a spring. If one

varies only the length of the spring, then the relation
Ke = AY/Re (2-30)

holds, since Young's Modulus, Y, and the cross-sectional area, A, are
constant and represents the force of restitution per unit length of
spring. If we restrict the spring so that it has the same émount of .

material no matter what its equilibrium length is, then the relation
becomes '

K, = VY/RS . - (2-31)
where the volume, V, is constant. Still, the classical ball and spring
model is unsatisfactory, as there is no way to further modify the model

without making it seem somewhat contrived.

There does exist an extremely simple quantum - mechanical
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model which, with the use of a few parameters, actually reproduces both
qualitatively and quantitatively the basic relation between the force
constant and bond Tength in molecules. It is called the free-electron
model. Some attempts have been made to explain the basic force con-
stant vs. bond length behavior using simple free-electron mo-

de15(10,33,36,37)'

. ~The.model, however, has not been carefully and ex-
tensively treated in any of the cases. - |

There are different types of free-electron models, the least so-
phisticated of which is the particle-in-a-box model. If we consider
the valence or bonding electrons in the molecule as being constrained
to move on]y along the axis in a region whose boundaries are at the

nuclei, then we have a fairly satisfactbhy one dimensional particle-

in-a-box model. It gives the relation
2 4 : )
Ko = (h/am )R | (2-32)

If we allow motion in all three dimensions and further assume that the
boundaries in the lateral dimension remain constant, then we find that
the force constant again varies as the_ihverse fourth power of the in-
ternuclear distance. In fact, the relation obtained is exactly equa-
tion (2-31). If the lateral boundaries are allowed to expand and con-
tract along with the axial boundary one still obtains an inverse fourth
power relation! It is important to remember that this model only as-

sumes that the bonding or valence electrons behave as free electrons
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confined to the region between the nuclei. No other assumptions are
involved. The model may be modified by chaﬁging the number of elec-
troné participating or by changing the rules for determining the bound-
aries. It is very easy to reproduce the empirical force constant to
bond Tength relations by making such modifications. The inverse fourth
order dependence of the force constant applies for any shape of box one
chooses, as is shown in Appendix E. -

One might hope also that there is some connection between‘the form
of the potential énergy curves of individual states and the form which
the force constant vs. bond length relation takes for the multitude of
states. There are many satisfactory mathematical forms for describing

(16,17,29,38-43) o5t of these forms can be

a potential energy curve
made consistent with the empirical force constant relations because a
separate set of parameters is used for eéch state. If one could re-
duce the number of empirical parameters in the potential energy curves
to the point where a specific force constant bond Tength will be pre-
dicted, then one might gain some insight into éhe factors which could
reélate the force constant behavior to the form of the potential energy
curve. Such models will be discussed later.

Another.problem requiring some theoretical consideration is whether
the force constants of polyatomic molecules and crystals are comparable

in the same sense as those of diatomic molecules. For polyatomic mole-

cules the potential energy is written out in terms of a “Genera]IValence
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Force Field" in which there is a force constant for each internal coor-
dinate amd an interaétion force constant for each combination of two
internal coordinates. The force constant then becomes a symmetric ma-
trix of force constants, in which the diagonal constants are the forﬁe
constants for the internal coordinafes, and the off-diagonal elements
correspond to corrections for the non-addi;ivity in combinations of the
internal coordinateQ. Since the internal coordinates are simply changes
in the bond lengths and bond ang]és one would hope that the force con-
stant corresponding to a particular bond would be analogous to the dia-
tomic force constant for that bond. From an intuitive point of view one
might wonder if this is actually true, since there is no physically rea-
lizable polyatomic vibration which can simu]ate completely the diatomic
vibration. However, the force constants in the GVFF approximation cor-
respond to vibrations that are not physically realizable either, so that
the diagonal stretching force constants do correspond to diatomic vibra-
tions. The off-diagonal-elements represent coupling between the_idea-
1lized individual oscillators. There is one catch, though. When a dia-
tomic molecule vibrates, the non-binding electrons are free to relax into
their optimum positions for each value of bond length. The molecule then
follows its reaction coordinate during the vibration. By introducing the
coupling constants in the GVFF method, one freezes the electrons in the
other bonds, so that the idealized vibkétion of a single bond involves mo

relaxation of the electrons outside the bond in question. Instead this
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relaxation of the electrons and nuclei 1is handled by the off-diagonal
interaction constants. Thus,.the idealized diatomic molecule of the
GVFF method does not follow the actual reaction coordinate. Force con-
stants computed by this method, then, would be expected to be higher
than those of. the corresponding actual diatomic molecules, especially
if many other bonds are adjacent to the bond in question! This dif-
ference apparently has not been considered'by any previous workers.
It is possible to remove this constraint from the p61yatomic force con-
stants if the interaction force constants are known. One then has the
problem of defermining if a motion along the reaction coordinate is a“
better approximation than the constrained motion. If another bond is
being appreciably strengthened while the bond in question is stretching,
then the unconstrained force consfant will be appreciably lower than
that for the diatomic molecule!

Lattice Qibrations in crystals do not admit a simple interpreta-

tion, principally because of the importance of long-range forces in

crystals.




CHAPTER 1III

Procedure

No comprehensive listings are available of the spectroscopic con-
stants of the known diatomic molecules; therefore, a literature search
was conducted to obtain all of the spectroscopic data‘needed to deter-
mine the Dunham constants 355 aps and 3y fer as many of the electronic
states as possib]e of all of the known diatomic molecules and polyatomic
mo]ecu]és. Data on polyatomic molecules are, however, in almost every
case insufficient for the calculation of these constants. The search
encompasses all of the literature Tisted by Chemical Abstracts through
December, 1970. The spectroscopic constants needed were Wos WoXgs¥s
Be’ and ry and are Tisted in Appendix F for most of the diatomic mole-
cules for which the constants have been determined. The Dunham and
Mac]aurin‘expansion'coefficients, or force constants, were calculated
for these mo1ecu1es usiﬁg the SDX Sigma 7 eomputer on campus and are
listed in Appendix G. For.those molecules having a sufficiently large
number of known electronic states a least-squares analysis of the '
quadratic force constant vs. bond length fe]ation was carried out. De-
viations of particular. force constant values from the “expeeted" 1east;
squares values were then calculated and compared with the higher-order.
force constants and with any molecular properties which might be ex-

pected to influence them. The results of the least-squares ca]cu]ations‘

are summarized in Appendix H.




CHAPTER IV

Data Analysis

Hydrogen-hydrogen Bond

The hydrogen molecule is the simplest ﬁo]ecu]ar systeh known and
will be treated in some detail, especially from the viewpoint of theory,
since it is the only molecule for which accurate wave functions may be
obtained without the use of a large amount of computer time. Also, cur-
rent progress toward better quantum mechanical calculations is leading
to increasingly complex ane functions, making it more and more diffi-
cult to relate them to qualitative ideas about chemical bonding. Only
for hydrogen does the development of conceptual or intuitive interpre-
tations seem 1ikely to have a direct or apparent relation to the Wave
functions. |

The only molecules in existence which have hydrogen-hydrogen bonds
are the hydrogen molecule and the hydrogen molecule ions. The re]étion
between force constant and bond length for the hydrogen-hydrogen bond,
as obtained from a least squares analysis, if is given in Appendix H and
shown graphically in Figure 1 and Figure 2. These graphs exhibit
some scattering, as do all force constant vs. bond Tength plots. One‘
would, of course, wish to know the cause of this scattering. Also,
were the cause known, appropriate corrections might be made to give a

more nearly exact relation. I propose now to correlate the deviations

of the individual states from the "expected" force constants to other
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properties of the molecule. Because an ordinary least-squares analysis
weignts thé end points heavily if they are somewhat isolated, the end
points often will not be included in the analysis of the deviations. It
is noted that the triplet states have a positive average deviation,
whereas’the deviation of the corresponding singlet states is negative,
indicating that triplet states tend to have higher force constants than
singTet states for a given.equilibnium intérnuclear distance. No cor-
relation of the deviations with any other properties is evident.

The simé]est molecule within the hydrogen group and the simplest
mo]ecu]e‘of all is the hydrogen molecule ion, H2+. Frpm Figure 2 we
notice that the force constant ana bond Tength of the hydrogen molecule
jon are very close to those of many of the excited states of the hydro-
gen molecule. Thus, the relation between force constant and bond length
WOu1a appear to be strictly a function of thehnumber of protons present
in the system rather than Qf the number of eleﬁtrons present. With this
in mind, Tet us re-examine some models.

The simplest model which will duﬁ]icate the force constant behavior
is the free-electron model mentioned previously. Assuhing that one elec-
in the molecule behaves as a particle-in-a-box with length R equal to
the internuclear distance,.the addition of an electron to the molecule
immediate]j poses the problem of where to put the extra electron. If
the extra electron is added to the bo* both the kinetic energy and its

derivative must double, and the force constant must therefore also
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double. Since this does not happen, we must conclude that there is not
room for more than one electron in the box.. The extra electron must
then occupy a region whose boundaries do not change size with internu-
clear distance.

This model presents an interestiﬁg physical picture. If an elec-
tron is out of the binding or free-electron region the size of the re-
gion it occupies can be expected to be determined largely by the nuclear
attraction potential of a single atom, and therefore is fairly constant.
Electron-electron repulsion presumably keeps the electrons from’occupy-
ing the same région simu]tanebus]y. This model, when assuming variation

in the longitudinal direction only, predicts the force constant relation
K = 12.05R "% (4-1)
e e _ '

for the hydrogen-hydrogen bond, which gives very high force constants

compared to the experimentally determined relation,
] -3.9 o )
Ke = 1.94 Re . (4-2)

Another possibie explanation is that the force constant is deter-
mined by the nuclear-nuclear repulsion potential.. Since the addition of
an electron brings about no change in the nuc]eaf—nuclear repulsion po-
tential, thelforce constant relation wquld not be affected. This expla-
nation requires, however, that the electron potential have a negligible

curvature at the equilibrium distance, an unrealistic assumption. Also,
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the force constant must vary as the inverse third power of distance.
though the bare model is unacceptable, the explanation may be modified
by assuming that electron-electron repulsion terms, in conjunction with
the nuclear-nuclear repulsion, give rise to a common repulsive curve of '
the form AR ™". There is some justificétion for believing that this to-

tal repulsion curve remains somewhat constant from state to state, since

it is determined in large part by the non-bonding e]ectrons(46). In
this case the force constant obeys the relation
K, = n(n+ DA/R T2 (4-3)

if the curvature of the tpta1 attraction potential is small relative to
the curvature of the repulsive potential. The assumption of negligible
curvature, though unrealistic as before, has some probability, since the
electronic attraction potential in a molecule always has a.point of in-
flection where the curvature is zero. It is also well known that a re-
pulsive potentials of the form ARTM nearly always give an excellent fit

(]6;]7,38,39343). This explanation

to the actual potential energy curves
seems to sékve rather well for most molecules. It requires that the ad-
dition of an e1ectroh not change the éurvature of the electron-electron
repulsion terms; that is, the electron-electron repulsion terms result-
ing from the.addition of an e]ectron.must_have a linear dependence upon

the internuclear distance. One immediately notices that according to

~ this model all the electron repu]sion‘terms for the hydrogen-hydrogen
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must be Tlinear, since for H2+ the total repu]gion is the same as the
nuclear-nuclear repulsion. Also, the contribution of the nuclear-
nuclear repulsion to the force constant in H2+ is 3.87 mdynes/A,
whereas the actual force is only 1.56 mdynes/A, making it necessary to
include the curvature of the attractive potential.

In the case of attractive potential having a significant influence
upon the force constant, the form of the fﬁrce constant relation is no
Tonger a simple inverse power relation, and fitting of theoretical re-
lations to empifiba] relations becomes ;1ightly complicated. If the
potential energy curve is expressed as a doub]e—feciprocal function,
one may cast the force constant relation into a simple reciprocal form.
A double-reciprocal function will be tested on the ground state of.car—
bon monoxide.

For the hydrogen-hydrogen bond one may rather easily calculate fhe
exact potential energies if the electron-electron coulomb repulsion and
spin-orbit interaction are not included. By comparing the actual rela-
tion and potential energy curves with those arising from the treatment
neglecting electron-electron repulsion the influence of the electron-
electron repulsion might be made clearer. Exact potential energies are
available for the various stateé of the hydrogen molecule ion(46)=
These exact energies may'be used as molecular orbital energies, and the
potentié] energy curves of the hydrogen molecule states may be calcu-

lated by assuming the wave function of the hydrogen molecule to be a
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simple product of the exacf one-electron wave functions of H2+. Once
the energies are calculated they can be fitted to an analytical expres-
sion from which the force constant may be calculated. The results are
compared graphically with the empirical data in Figure 3. We observe
that the molecules not having g]ectron—e]ectrbn repulsion exhibit much
larger scattering of the force constants than do the actual molecules.

- Consequently, the spin interactions and electron-electron coulomb terms
decrease the scattering rather than add to it! The‘very nature of the
exact quantum mechanical solutions, it seems does not allow an exact
reciprocal relation between the force constant and the bond length.

It is interesting in this connection to examine to what extent the scat-
tering of the force constant values is related to the shapes of the po-
tential energy curves. That there is some sort of connection is readily
seen by observing the relation of the force constant deviation to the

constant ay and by plotting the contributing one-electron potential

curves and their second derivatives. Figure 4 shows the correlation

between the force constant deviation and the constant aj for both the
empirical and calculated data. There is no obvious correlation, though

the empirical and calculated data seem to exhibit quite different trends.
In Figure 5 the calculated potentiai curves fér H2+ are drawn. Their
shapes are seen to be qualitatively q1fferent, especially for those de-
r%ved from united atom states.havingAdifferent angular momenta. In
Figure 6 the second derivatives of the potential curves 6f H2+ are

plotted. From it we see that the principle contribution to the force
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constant, after the nuclear-nuclear repulsion, is from the ground-state
orbital. The contribution from other H2+—type orbitals is seen to be
small in comparison and, strangely eﬁough, of about the same magnitude
as the change in the groundfstate contribqtion.

No mention:has been made of the negative ion states of hydrogen.
Though experimental observations on these states are inconclusive,
calculations indicate that the force constants and bond‘1engths are
often nearly the same as those of the corresponding states of hydro-

(47)° (48) for the excited states

gen Also, the best calculated values
of the hydrogen molecule show about fhe same amount of scatter as do
the experimental data, with no apparent syétematic differences between
the calculated and experimental values. .

Helium-helium Bond

The relation between force constant aﬁd bond length for the helium-
helium system is shown graphically in Figure 7. The relation is seen to
be quite different from that of the hydrogen-hydrogen system. The obvi-
6us explanation for this change is that the hydroéen molecules, being
one and two electron systems, have no core, or non-valence electrons.

The presence of core e]ectrohs may be ekpected to have a large influence
upon the force constant relations because the internuclear distance at
which repu]siye forces become stronq now is determined by the
repulsion of the core electrons as well as the nuclear-nuclear repul-
sion. The force constants for the helium-helium bond fit the free-

electron model much better than do those for the hydrogen-hydrogen bond.
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The helium-helium curve also shows some new- regularities. First,
the triplet states for each configuration have a Tower force constant
to bond length ratio than the corresponding singlet states in all cases
except the 3d § states, in which the singlet and triplet have almost
identical ratios. Second, the deviation of single force constant values

from the least-squares values correlates fairly well with the Dunham

constant ars which measures the cubic contribution to the potential en- -

ergy curve. Figure 8 shows this correlation. A high value for 2y is
associated with a relatively low value of the force constant, indicat-
ing that bigh values of the cubic force éonstant tend to depress the
quadratic force constant. It is shown in Appendix I that, if one
assumes the validity of equation (2-13); the kinetic energy can be

expressed in the form
T=T, + T /(R . (4-8)

which shows a direct -relation between the cubic force'constant and the

form of the kinetic-energy curve.

The He2++ ion in the ground state has not been observed, though

it can be expected to be stable even though its dissociation energy is

negative(49). I have calculated the .quadratic and cubic force constants

from the theoretical data and find that the quadratic constant is an-
omalously low and the ‘cubic constant anomalously high. Since the shape

of the potential energy curve is also somewhat anomalous, this comes as
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no surprise.

Helium-hydrogen Bond

The ground state of the HeH molecule, 1like fhe He2 ground state, is
unstable. Accurate experimental data are not available for this system,
Exact ca]cu1ations(5o) show that the HeH+2 molecule has only one bound
state, the 2po state. The HeH+ molecule is known experimentally only
from mass spectroscopic studies. TherefOre,-the theoretical values of
Miche]s(51) are used. For the excited states of the HeH molecule the
calculations of Michels and Harris(52) have been used. Beéause there
are only a few normal states for the‘heTTum—hydrogen bonq, none of which
have been empirically determined, a reliable force constant vs. bond
length relation cannot be estab]ished. However, it is interesting to
see if the relation.obtainéd from the calculations is close to being a
mean of the hydrogen-hydrogen and helium-helium relations. Inspection
of Figure 9 reveals that the three states having short bond lengths are
very close to the hydrogen-hydrogen curve, while the state with the long
bond length has an anomalously high force constant, as seems to often be
the case with very long bonds. ‘

Lithium-14thium Bond

Lithium is the element of lowest atomic weight which contains a
closed-shell core of non-valence electrons. As would be expected, the
Pauli repulsion between the core electrons prevents the formation of

strong short bonds. The result is that the force constant vs. bond:
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length relation is not easily compared to the relations for other bonds.

Lithium-helium Bond

The Tithium-helium molecule has only very slightly bound states
having dissociation energies of less than 0.07 eV.(53) and therefore
will not be considered.

Lithium-hydrogen Bond

The relation between force constant aﬁd bond 1éngth for this bond
is shown along with that for diatomic Tithium in'Figure 10. Agéin only
three states are known and these states fall in a region apart from most -
bonds. '

Beryl1ium-hydrogen-Bond

To date the only observed states of diatomic molecules containing
beryllium bonded to itself or to a Tighter atom are four states of BeH
and BeH+. They are shown in Figure 11.

Boron-beron Bond

Surprisingly, only two states are known for the diatomic boron mo-
lecule. We must therefore use the resu]ts of theoretical calculations if
we are to find out anything about the boron-boron force constant relation.
Fortunately, Bender and'Davidson(54) have conducted a very thorough
theoretical investigation of the elegtronic states of BZ‘ Using a curve-
fitting routine we can estimate the equilibrium force constants and bond
lengths from their results. The values obtained are plotted in Figure 12.

The two obseryed states are denoted by large circles. Extremely large
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deviations from the least-squares values exfst, making the least-
square relation dubious even though over forty electronic states were
used. Again the cause of the Targe deviations is of particular in—‘
terest. In this case the large deviations ére'shown chiefly by highly
anharmonic g states.

Boron-hydrogen Bond

Boron has not been known to bond to afoms lTighter than itself other
than hydrogen. Spectroscopic constants have been determined for three
states of boron hydride, tHough the results are not known to be accurate.
The data indicate the force.constant relation shown in Figure 11.

The boron-hydrogen system is the first that we have encountered
for which polyatomic molecules are known. . We must now ask if we can
expect the same correlations between force constant and bond length for
polyatomics. Part of the problem is that of defining the force con-
stant for polyatomic molecules. The cons tant which corresponds to the
quadratic force constant of diatomic molecules is the diagonal bond-
stretch force constant which appears in a normal-coordinate analysis.
Since normal-coordinate analyses have not been performed on many poly--
atomic molecules, we are rather limited in the selection of polyatomics
we may use. Thus, though the species-BH2 and 82H6 are well-known, there
is not sufficient information on them for the calculation of meaningful
force constants.

The analysis of force constants for polyatomic molecules is generally
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too complex (actually the amount of data is too small) to allow the con-
sideration of anharmonic terms. We have already seen that the anhar-
monic terms play an 1mportanf part in the relations. We know that the
the consideration of anharmonicity 1eads to force constants which show
considerably less scattering than force constants determined without
anharmonic correctibns.

Carbon-carbon Bond

The graph of force constant vs. bond length for the diatomic car-

bon species is shown in Figure 13. Only one state, the E]Z state, seems

to deviate significantly from the pattern, though the status of the b3ﬂ
state is not known because of its isolation. As expected, the E state
is highly anharmonic, with a very high a value. The b state also has
an unusually high anharmonicity, making it suspect as well, though its
anharmonicity is of a differenct character than that of the E state.
The E state also has the highest zero-point energy and lowest.dissocia-
tion energy of any of the states. The E state has not been assigned an
electron configuration, as there are several possibilities.

The simplest polyatomic molecule with a carbon-carbon bond is acet-
ylene. A carbon—carbon stretching force constant wich includes anhar-

(55). It is

monic corrections has been determined by Suzuki and Overend
slightly larger than the force constant expected from the graph of dia-
tomic force constants. The high value may be the result of the neglect

of relaxation effects that is inherent in the treatment of polyatomic
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Figure 13, Carbon-carbon bond
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molecules. .Also, the exponent value for the diatomic relation appears
to be low and might, therefore, give low force consfanf values for very
small internuclear distances.

Ethylene has also been studied carefully by taking anharmonicity
into account(56). The carbon-carbon stretching force constant is con-
siderably higher‘than the Teast-squares value. This time the only ap-
parent explanation is that the difference %s due to the relaxation ef-
fects discussed at the end the theory section. For molecules of
which anharmonicity has not been cohsidered, the agreement with the
diatomic values should general]y be better becéuse the error will com-
pensate for the difference due to the re]axgtion effect. Thus, the
force constant determined for C2F2(57) is in fairly good agreement
with the diatomic results. The force constant for ethane(58),/which
includes a correction for anharmonicfty, also appeafs fo be high.

Quite recently a new determination has been made of the force
constant of the carbon-carbon bond in graphite(sg), which affords us
odr first chance to compare our results with those for\a solid. Wheﬁ
compared with the émpirica] éurve, the force constant determined for
graphite is seen to be ridiculously Tow! Close perusal of the article
reveals, however, that the force constant was calculated directly from
the observed Raman vibrational frequency; thus, the force constant cor-
responds directly to the normal mode and is therefore not the force con-

stant for a simple bond stretch, but rather a bond stretch in combination
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with adjqcent bond compressions. That is, the force constant represents
an extreme fofm of relaxation of electrons from one bond to another, re-
sulting in a force constant considerably lower than that for a diatomic

molecule. The force constant for diamond(GO), which wés determined with

a valence force field rather than directly, is in good agreement with the
diatomic curve.

‘Carbon-boron Bond

Diatomic boron carbide was not known to exist until 1964, and there
still are no spectroscopic data available for this species. Kouba and
Ohrn(s]) have recently attacked this problem from a theoretical basis
and calculated theoretical spectroscopic constants for all the possible
states of diatomic boron carbide. Their data are used to obtain the
totally theoretical graph of force constant vs. bond length displayed
in Figure 14. Several of the states have rather abnormal force constants.
The force consténts of the states having large internuclear distances
correlate rather poorly with distance.

Carbon-hydrogen Bond

Sfmp]e compounds of carbon with beryllium, 1ithium, and helium are
not known. In the case of the carbon-hydrogen bond the bond distances
for the diatomic states are all larger than those for the polyatomic mol-
ecules, as is shown in Figure 11. Rather than make a comparision between
the diatomic and polyatomic force constants for this bond, we are perhaps

better off using them together to get a force constant relation which is
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valid over a wide range of distance. Again the force constant values

(55,56,62) appear to be slightly high and are cor-

for the polyatomics
rected for anharmonicity.

Nitrogen-nitrogen Bond

Here we encounter our first bond for which an empirical force
constant vs. bond length relation has been réported(zs). The reborted
relation was determined by using force conétants calculated from the
frequency of the fundamental O - 1'traﬁsition rather than from the
equilibrium forée'constants used here. Figure 15 shows the relation
and force constants as determined by the author. The pb]yatomic force
constantS fall be]ow'the least-squares line, except for N2H6 . How-
ever, the force constants of all of the polyatomics having this bond
are difficult to analyze and have been determined by neglecting tﬁe
anharmonicity; therefore, the force constants can be expected to be Tow.
Remembering that the extra atoms on polyatomic molecules would be ex-
pected to increase the force constant of a bond, it comes as no surprise
that NZH6 » Which has six.extra atoms, has a relatively high force con-
stant.

Carbon-nitrogen Bond

The force constant vs. bond length grabh in Figure 16 shows two
rather abnormal states. One state has such a high force constant that
one must seriously doubt the validity of the spectroscopic data from

which it was determined. A reanalysis of the data would certainly be.
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in order, as often the spectrum of one molecule is mistaken for that of
another. The other abnormal state is, as might be expeéted, abnormally
harmonic. Schaeffer and He11(63) have ca]cd]ated theoretical spectro-
scopic comstants for many of the states of CN. The theoretical force
constant ré]ation shows an extremely large scattering.

Boron-nitrogen Bond

The two known states of diatomic boroﬁ-nitride have been included
in Figure 16. They exhibit force constants‘which'are Tower than the
expected cérbon-nitkogen values; thus, the usual periodic trends for
the force constant re]ationslis in this case reversed.

Ni trogen-hydrogen Bond

The nitrogethydrogen relation in Figure 17 covers only a very nar-
row range. None of the diatomic states for this bond seem to exhibit
any abnormal behavior.

Oxygen—oxygén-Bond

A

Figure 18 shows the various states of diatomic oxygen. Again no
marked irregularities are present.

Nitrogen-oxygen Bond

This bond may vary considerably in stiffness and bond length, as is
shown in Figure 19. Many simple polyatomic molecules contain the nitro-
gen-oxygen bond, 56 that there has been considerable interest in- the
bond's characteristics. Ladd, et. a].(22) in 1966 surveyed the known

diatomic.and polyatomic states and calculated a force constant vs. bond
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1ength relation. The data available has not changed much since then.

Carbon-oxygen Bond

Ladd, et. a].(Z]) studied the force cohstants for the carbon-oxygen
bond in 1964. They were the first to recognize that the force constant
of a bond is fairly insensitive to the hybkidization. The scattering
of the.force constants'of‘the various states plotted in Figure 20 fol-
Tows the usual trends. |

The ground state of carbon monoxide has been extensively studied
and therefore was chosen as a test case for the determination of a
double-reciprocal function to represent the potential curve and force
constant relation. The,potentfa] cufve is best represented by a func-
tion having exponents equal to 2.95 and 1.85 for the repulsive and
. attractive parts respective]y.. If the attractive portion doesn't con-"
tribute to the curvature at the minimum, then the force constant rela-

“435  Inis follows also if the attractive portion

tion must vary as R
remains-constant, Since the force constant varies as R—6, the use of
the common repulsive potential is not completely satisfactory.

Boron-oxygen Bond

Three states are known for diatomic boron oxide, and they are repre-
sented in Figure 21. |

Beryllium~oxygen Bond

Fouf states are known for diatomic beryllium oxide, and they are com-

pared with the boron-oxygen bond in Figure 21. The usual trend toward
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reduction of the force constant as the atomic number increases is evi-
dent.

Hydrogen-oxygen Bond

Electronic states of the OH molecule are represented in Figure 17.
The least-squares fit for the force constants is extremely interesting
in fhat it predicts a curve which is inconsistent with the curves for
the other hydrides. We must be careful, thén, not to always believe
the least-squares results, as they are constraiﬁed to follow an expon-
ential function having a constant exponent. The data for OH indicate
clearly that a différent form of function could give a much better fit
to the data. We have seen before that Tong bonds tend to have a high
force constants relative to the least-squares curve; again, the use of
a different form of function would seem appropriate if a relation valid

over a large range is to be found. Thus, a relation of the form

= -] -n . . -
Ke ARe + BRe (4-5)

would be suitable from an experimental point of view as well as from a

theoretical point of view.

Fluorine Bonds
| The force constants and bond lengths for the fluorine-containing

diatomic molecules are plotted in Figure 22. Again a reciprocal rela-
tion between atomic number and force constant appears. Here, though,

the relation breaks down for the fluorine-fluorine, nitrogen-fluorine,
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and especially oxygen-fluorine bonds, for which very few data are avail-
able. Thus one remains uncertain as to whether any meaning should be

attached to the apparent violation of this "reciprocity" rule.




CHAPTER V

Conclusion

This study, though for the author a long and sometimes arduous task,
merely scratches the surface of a field of study which has in recent
years been sadly neglected. The force constant relations for bond com-
binations including elements not in the first row of the periodic chart
have not yet been determined. Many bond pfoperties have not been rela-
ted with the force constant behavior, though the existence of such rela-
tionships is very probable. A]ternate functional forms for the rela-
tions need to be tried. The free-e1e§troh theory, for example, lends

itself particularly well to the equation
S -m
Ke = A(Re - d) R

where m is set at four. The parameter d could be used as a measure of
the sum of the ionic radii of the atoms. d may be obtained from the

usual exponential function by use of the equation
d = (-mRe/n + Re)‘ R

~Wwhere n is the exponent of the normal exponential relation. The compari-
son of diatomic force constants With ihose,of polyatomic molecules could

be carried further in cases where the force fields of the polyatomic mol-
ecules are well known. Also, the manner in which force constants change

as calculations are changed is of increasing interest to theoreticians.
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A universal formula for the force constant vs. bond length relation has
not been found which works appreciably better than those presently in
use. The scatter of force constants of individual states from one an-
other was shown to be largely systematic rather than random. The
changes brought about by changing the number or distribution of protons

in a system were found to exhibit definite but not absolute trends.




APPENDIX A

POWER SERTES EXPANSION OF THE POTENTIAL CURVE

Maclaurin expansion

£ (2) ) c (@)

ER) =5 (R-R)Z+ 2 (R-R)Z+& (R-Rr) 4.

e 24 e

Ee(z) = quadratic force constant, Ke
Ee(3) = cubic force constant, Le
Ee(4) = quartic force constant, Me

Dunham or reduced-coordinate expansion

_ R - Re
r=-R
e
Z .2 2 . ...
E(r) = ar (1 + aqr + art + )
a:E@.oR.Z a:._l:_e_-oR a=Me
o 2 e 1 3Ke e 2 12Ke

(A-1)




EXPANSION COEFFICIENTS

Dunham coefficients:

Maclaurin coefficients:

APPENDIX B

IN TERMS OF SPECTROSCOPIC CONSTANTS

2
- e
4Be
-1 - Yo%
o 2
6Be
2
) 5a] ) Zwexe
4 3B
2
2
ZBeRe
2
- 3K Be ~ We%
2
ReBe
2 2
i .Gme 5a] _ 2wexev
R 4B 4 3Be

(B-1)

(B-2)

(B-3)

(B-4)

(B-5)

(B-6)




APPENDIX. C

ERRORS INCURRED IN THE USE OF AG(1/2) AND R0

AG(1/2) Wo = WeXg 20 Xg

Wo Wy Wy (C-1)

is well known(]), and
- (r /m 1172 o
R/R, = (Bg/B)) /% . (C-2)
follows from equation (2-4). If aé/Be << 1 substitution of
B0 = Be - (1/2)01,e : (C-3)

into (C-2) yields

Ry/Re % 1 + 0 /4B, . (C-4)
Likewise, assuming wexe/we to be small, ;ubstitution of

K = Const. 2 (C-5)
into (C-1) gives

K(aG)/K, = 1. - 4Wexe/we . (C-6)

If the ratios wexe/we and oce/Be are fixed, then the use of the approxi-

mate constants will give a force constant relation having the same ex-

ponential dependence as the equilibrium relation.




APPENDIX D
DERIVATION OF EQUATION (2-16)
According to the virial theorem
RE' + E = -T . - (D-1)
Cifferentiation of (D-1) gives

RE" + 2F' = -T' . : (D-2)

1

Multiplication of (D-1) times nR" T and of (D-2) times R" and

adding gives

2

SR /R T = RPEM 4 (n 4 2)RE' 4+ nE : (D-3)

after collecting Tike terms.




APPENDIX E
FORCE CONSTANT RELATIONS FOR THE FREE-ELECTRON THEORY

Suppose that

T=AR" = AR, (E-1)
for R near to Re' Then
_ -3 "
(dT/dR)Re = -2ARe . | (E-2)
Substitution of (E-2) into the virial relation
RK, = -(T)p . . | (E-3)
e .
gives
K = 2R " (E-4)
e e
For a one-dimensional particle in a box 7
T= (hZ/8mR2/, | (E-5)

where h2/8m is constant and R is the length of the box. If the length
R is taken as equal to Re’ then an inverse fourth order dependence of
the force constant on Re is implied. Likewise, assuming a three-dimen-

sional box having constant lateral dimensions give the relation
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_ (12 -2
T = (h"/8n)R, " + Constant,

which gives the exact same force constant relation as the one-dimen-
sional box, since the re]atﬁon is obtained by differéntiation of the
expression for kinetic energy. If the lateral dimensions are in pro-

portion to the length one obtains

T= (h¥/em) (1 + [R/R T2 + [R/RIDIR. (E-7)

where Ra and Rb are the lateral Qimensions of the box. Again one obtains
~an inverse fourth-order dependence for the force constant.

I now introduce as a theorem the statement that any box which main- |
tains a constant shape will give an inverse fourth order dependence for
the force constant, no matter what its initial shape is. If we can prove
that the energy is proportional to l/hz,:where h.is a one-dimensional
scale factor which measures the change fn size of the box along each di-
mension, then the theorem will follow from the argument used at the be-
ginning of this section. An increase in size of any box can be compen-

sated for by changing the coordinate system by a scale factor,
x'=x/h , . (E-8)

so that in the new coordinate system the box appears not to have changed

size. By transforming coordinates the potential energy and boundary con-

ditions are effectively unchanged. The only change is in the form of the
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Laplacian operator, which becomes mu]tip]iéd by the constant 1/h2. Re-

writing the wave equation, we obtain
2 M - 2 1 1 '
Vp(x') = hTKE'$(x') (E-9)

which is identical to the original wave equation,

Vh(x) = KEW(x) - C(E-10)
except that the energy E is replaced by h2E'. Thus
E' = L.E - , - (E-11)
h2 .

which was to be proven.
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APPENDIX H

FORCE CONSTANT RELATIONS OBTAINED BY LEAST-SQUARES ANALYSIS

MOLECULE EXPONENT CONS TANT
H, 3.91 - 1.94
He, 5.27 5.05
HeH 3.53 | 2.50
Li, 4.36 18.0
LiH 7.97 38.9
BeH ©3.83 7.16
B, 2.91 | 17.5
BH : 7.72 14.3
c, o 5.07 3.6
BC 5.75 60.0
CH 7.31 9.8
N,, 7.10° 46.8
ctN . 6.27 48.6
NH 17.9 1.1
0, 5.95 32.8
NO 5.99 35.1
co 640 39.1
BO . 7.45 | 53.2
BeO ' 5.09 31.6
oH 2.75 55.0
CF 5.94 31.2
BF 6.93 43.0




APPENDIX I

ReTation of Cubic Force Constant to Kinetic Energy

If one assumes that the kinetic energy of a molecule obeys the
equation

T=T +T

]R'" o (1-1)

near the equilibrium distance, then by differentiating we find that

/T o= At (1-2)
From differentiation of the virial theorem, relations between the force

constants and the kinetic energy derivatives can be obtained(33), which

when combined give the relation

(M " 343
<(T)Rel Re

LI - (1-3)
By combining (I-3) with (I-2) one obtains

n=-3a -4, S (1-4)

thus relating the form of the kinetic energy curve to the cubic force

constant.
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PART II

" THE USE OF FREQUENCY MODULATION TO GENERATE A REFERENCE

- BEAM FOR ATOMIC ABSORPTION ANALYSIS




INTRODUCTION

The broad application of atomic absorption spectroscopy to chem-
ical analysis was. first realized by A. wa1sh(l) in 1955. Since then
atomic absorption analysis has become the principal method used in
trace-element analysis. Research in atomic absorption analysis is
presently centered upon devising ways to increase the sensitivity and
accufaqy of the method. In recent yéars thé'sensitivity of the method
has been increased to the point where quantities as small as ]0712~grams
may be detected, and sehsitivi;ies are approaching the'thebretica]
Timits. To increase the accuracy of the method it is necessary to de-
velop a way of correcting for the unwanted absofption and scattering by
the sample. Chemical treatment of the sample to separate the matrix
constituents from the element to be analyzed is a generally unsatisfac-
tory approach, though a certain amount of chemical treatment éan be very
helpful. 'Ihe second possibility is to make a correction for the un-
wanted absorption by the use of a reference béam. Double-beam or refer-
ence-beam methods, however, have been difficult to appTy effectively to
atomic absorption speétrochemical analysis. At present there are no
tru]y'satiéfactony.methodslof compensating for the absorption and scat-
tering of 1ight by species other than. the analyte atoms. Two basic ap-
proaches may be taken to provide such a backgrbund correction.

A classical double-beam spectrometer may be constructed using a

beam splitter and beam condensor. The successful use of a double-beam

~
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system requires that one be able to duplicate precisely the chemical
- composition of'the samp]e‘whj]e the element being analyzed is com-
pletely removed. This cannot usually be done. One mﬁst also duplicate
the conditions under which the sample is introduced into the absorption
cell or region. Since atomic absorption is observed only in‘atoﬁized
samples, duplication of such conditiohs can also be extremely difficult.

The magnitude of the background absbrption may also be estimated
by monitoring absorption at a wavelength near the wave]éngthvbeing used.
This method has the drawback that absorption of light by the unwanted
species is frequently frequency dependent, giving an error in the back-
ground reéding. Nevertheless, this approach is far more praéticai than
the useof a dual-beam spectrometer. The currently available instru-
mentation utilizes this method to obtain background corrections. 1In
order to monitor absorption at a second wavelength one must (a) add a
second light squrcé, (b) merge the beam from the secdnd source with that
from the ﬁrincip]e source, and (c) provide a means for separately de-
tecting the Tight from the second $ourée. These requirements may all be
met by simply frequency modulating the principle light soufce and using .
an A. C. br phase sgnsitive detéctor. However, presently other methods
are being used. for correcting atomic absorption measurements.

The priﬁcjpa] method(2’3) being.used is to mount a deu;erium lamp
néar the source for the atomic 1line, mefge the beam from the deuterium

lamp with that of the primary lamp, and detect the reference light by
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the use of a chopper arrangement similar to that used in most erarated-
double-beam systems. The.fréquency spread of the light detected from
the deuterium lamp is determfned by the spectral slit width of the mono-
chromator and includes ‘the sample or resonance frequency.‘ Since light
from the deuterium lamp is partially aftenuated.by the ana]yte.atoms;

it is not a true reference beam.

Abbott and Skogerboe(4) have used the continuum emission of elec-
trodeiess discharge lamps as a reference, thereby eliminatihg the need
fbr a second Tamp when the electrodeless discharge Tamp emits the line
desired for atomic absorption éna]ysis.

Other methods(s) have been suggested for making this correction,

but they are not commonly used.




CHAPTER I

Theory

There are many possible methods for frequency modulating a beam of
light of a light source. For each hethed one must devise a means of as-
sessing its effectiveness relative to other methods. For this reason
I have chosen two elements, sodium and mercury, to use as examples (or
test cases) for each method. These two elements represent extreme ends
of the spectrum for maey critical elemental properties. For example,
wave length of emission and atomic wejght. They-are also generally the
eesiest elemants to use in the actual testing of possibie methods be-
cause of their high vapdr pressures. For both sodium and mercury a min-
~ imum wavelength shift of about 0.05 Angstroms is needed fqr clear res-
olution of the reference and sample beams. The methods which may be
used will be categorized by the physical effects they take advantage of.

Doppler Effect

The Doppler effect is fami]ier to everyone as the increase of de-
crease in the apparent frequency of sound emitted by a source travel-
Ting toward or away frem the observer, reepectively. The effect may be
obse}ved fer‘both transverse and longitudinal waves. If f1is the eb-
served frequency of the waves and fo is the frequency of the waves as

measured by an observer at rest with respect to the source, then

f=f(l+ve) » o (1-1)
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where c is the velocity of propagation of the waves and v is the rela-
tive velocity of the source toward the observer. For light waves one

may also write
A= Ao(] = V/C) s ’ (]-2)

where v/c is much smaller than one and A is the wave]ength(ﬁ).

The Doppler effect is one of the principal causes of line broaden-
ing. Since the average velocity of the atoms depends on the temperature,
the magnitude of the Doppler broadening for an atomic-line also depends
on the temperature. By increésing the température qf a éoufce one may
widen the line considerably. If one could rapidly change the tempera-
ture of an atomic light source, one éou]d alternately emit a narrow and
then a broad line, thereby‘éenerating a sample-and-reference beam for
atomic absorption analysis. Simply broadening a line, however, as pre-'

viously indicated, does not generate a true reference beam. I will

therefore not consider methods which produce an effect in a random fash-

jon, creating a simple broadening of the line. Nearly all effects may
. also be produced in a selective fashion, creating a change in the fre-
quency of the ]ight without appreéiab]y changing the width of the line.
Pursuing this. line of thought, we try to devise a Tight source in which
all the emitting atoms are travelling at high velocity toward or away

from the detector. A hollow-cathode lamp méy be constructéd which will

allow the ions to accelerate through a'vo1tage drop before acquiring an
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electron and emitting light. Such a Tamp is easily constructed and used
for demonstrating the Dopb]er effect in hydrogen(ﬁ). However, to modu-
late the 1ight from.the lamp one must either chénge the voltage drop or
pressure in the cell rather quickly. -Large changes in the intensity of
the light would be expected to accompany such changes, and emission from
unacce]erated'atoms would always be present, so the frequency modulation
could not be achieved without the addition 6f cumbersome side effects.

A frequency shift of 0,05 Angstrom would require that the ions expérience
a voltage drop of about 400 volts for mercury and about 10 volts for
sodium. ‘ | _

A rapid changé in path length could also be brought about by the
use of rofating or vibrating mirrors. For such a method to be prac-
tical a change of the order of 105 cm/sec. would be needed. The use of
a front-surface mirror on a piezoelectric crystal warrants 1nvestigatioﬁ
in this regard, as there would be no side effects expected for such a
device. |

Dynamic Refractive Index Change

Generalizing upon the discussion of the Doppler effect in the pfe-
vious section, we consider the effective optical path length rather than
the physica].disténce of the optical path. Ca]]iﬁg L the physical dis-
tance and n the index of refraction of the medium through which the ra-.

diation pasées, we define the optical path length, x, by the equation

x = nL. ‘ (1-3)
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In the previous section the case where n is held constant and L is var- -
ied was discussed as a method for producing .a change in path length.

In this section the case where L-is held constant and n is varied is
discussed. Since the optical path length is changed, a frequency shift
must occur. The same equations apply for the usual Doppler effect,
except that x is used instead of L. |

The problem of devising a method for frequency modulating a light
beam is now reduced to simply finding a way of rapidly changing the in-
dex of refraction of part of the medium through which T1ight passes.
This method has the advantage fhat‘it involves the Tight beam itsel
rather than the source of Tight and thereby minimizes chemical side ef-
fects.

Thé we]]—known'dependence of the refractive index of a medium up-
on the transverse electric field, called the Kerr‘effect,.a11ows one to
bring about -a frequency modulation of light by épp]ying an electric
field which‘is amp1itude moduTated. When an electric field is imposed
on an isotropic die]ectrfc, the dielectric reacts as a uniaxfa] crystal
with its optic axis parallel to the electric field.  Light‘po1arized
parallel to the field wfl] therefore see an 1ndek of refraction, n_,

P

s? seen by light

which is different from the index of refraction, n
polarized perpendicular to the field. The indices, according to the

Langevin-Born theory(7), are determined by the equations

Ny = Ng = 2ABE%/3 ' (1-4)
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and

ng = n, - MBEY/3 (1-5)
where B is the Kerr constant for the dielectric and E is the electric
field. Kupper and Funfer(S), using a'trave111ng-wave_Kerr cell,
created a frequency shift on the order of 0.4 Angstrom. Likewise,
Stauffer(g), using a similar Kerr cell arrangement, has observed a
broaden1ng of two mercury lines hav1ng a separation of 0.045 Angstrom
to the point where they could hardly be resolved. . Burdette and\

(10) recently measured the difference in frequency of the per-

Hughes
pendicular and parallel polarized components of the light beam in a

Kerr cell. Using the Doppler-shift formula -
= (1 - n'L/c) ' ' (1-6)

along with the Langevin-Born theory, the expression for the chaﬁge in

frequency-of light polarized parallel to the field becomes
= 4BLEE'/3 . ' (1-7)

Thus, the frequency shift can be increased by superposing a 1arger con=
stant potential as well as by increasing the amplitude and frequenéy of
the alternating potential. Equatﬁon (1-7) must be considered only an
approximate equation, however, since the Langevin-Born theory breaks
down for very high frequencies of the alternating potential. To achieve
a frequency shift of more than 0.01 Angstroh a voltage drop of at 1east\

10,000 volts per centimeter and a powerfu] high-frequency voltage source
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of about 2,000 megacycles per second would be needed. A pulsed electric
field could be generated, though, without the use of expensive equipment.'

A transverse magnetic field may be used in an analogous manner to
induce -birefringence in materials. This effect, called the Cotton-
Mouton effect, allows one to produce a frequency shift in much the same
manner as with the Kerr effect. The Cotton-Mouton effect is much
weaker than the Kerr effect. High-frequenéy,a]ternating magnetic fields
are also difficult to obfain. Thus, Cotton-Mouton effect appears to be
less advantageous to use than the Kerr effect.

A Tongitudinal magnetic fie]d also produces a change in the.re-'
fractive indices of a material. The effect, called the Faraday effect,
results in equal but opposite changes in fhe indices of refraction, n,
and n_, for right-tircu]ar]y and 1éft-c1rcu1ar]y polarized 1igﬁf in the
medium. A changing longitudinal magnetic field splits a monochromatic
beam of Tight into'two components,héying different frequencies, an ideal
situation for the generation of a reference beam. The Faraday effect is
normally considered in terms of the rotation of plane polarized 1light
which it produces, The magnitude of the rotation is proportional to the
Verdet constant, V, of the material. The ang]é of rotation, ¢, is given-
by . | ,

L ‘ .
¢ = Yj:H(L)dL s . _ (1-8)

where H is the magnetic field intensity and L is the path Tengtho]x The
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rotation may also be determined from the Fresnel equation(]z),
¢ = (n_-n,)L/2x . ‘ ' (1-9)

For any of the methods discussed the ratio (A - Ap)/Xo must be greater
than ]0'5 for the method to be useful. This means, usfng equation (1-6),
thét dn/dt must be at least 3-105_ Accordingly, if an alternating mag-
netic fie]d\of about one mégacyc]e per second or a pulsed field having
a duration of about one microsecond is used, then the magnetic field at
its maximum must produce a change in ‘the index of refraction of about
0.03 times the normal value with a 10 ceﬁtimeter cell. Such changes
cannot be achieved with normal dielectrics. Therefore, a useful fre-
quency shift is not easily creéted using the Faradéy effect, though
in special restricted cases the Faradgy effect could be used.
Mechanically induced changes in.thé refractive index are very
small and occur rather slowly, so that the frequency shifts so generated

are negligible.

Interruption,Broadenfhg

It is well known in.radio science that'any amplitude modulation of
a wave can afso be considered as a frequency modulation in which "side
bands" are generated. 'If a carrier wave of frequency Vo is sinusoidally
amplitude modulated at a frequency vm; then the carrier wave is actually .

decomposed into two waves having frequencies of v_ + Vi and Vo = V¥

0 m’

The observed amplitude hoduiation is then the result of the beating of
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the two side bands. Therefore, if one can produce a high-frequency am-
plitude modulation of.a 1ight beam, then one has automatically also pfo-
duced the desired frequency modulation. For our purposes v_ must be at
least 109 cyles/sec. E. Rupp(]3) in 1928 performed an experiment to
verify this phenomenon. He passed light from a thallium resonance Tamp
through a Kerr shutter operated at 109 cycles/sec. and found that the
Tight was not appreciably absorbed by thallium vapor. One cannot be.
sure, however, whether the frequency change he obseryed was produced by
the shutter action or by the change in index of refraction in the Kerr
cell. At any rate{ there is nb doubt that, ff one could devise a shut-
ter having a frequency of 1010 cycles/sec., then a nearly ideal refer-
ence beam for atomic ébsorption would be.realized.i '

Scattering Processes

Scattering processes provide a simple and extremely effective
means of changing the frequéncy of Tight. Unfortunately, the intensity
of scattering is always low compared to the intensity of thé incident
radiation, making the'use of scattering extremely difficult in.practice..
There aré many types of 1né1astic scattering in which large frequéncy
shifts are produced, chief among them being the Raman effect. Many
e]astic scattéring processes also produce Targe frequency changeé;
Thompson scattering from high speed electrons can even result in the

production of X rays.
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Stark Effect

An electric fie]d'wi]] sé]it the energy levels of atohs and
consequently result in a change in‘the frequency of emigsion or
absorption of the atoms. The effect need not be conéidered in detail
because (a) the splitting even for large electric fields is very small
and (b) it results in tﬁe dissociation of electrons and diffuse spéctra
before the splitting becomes large. In mer&uhy, for example, an elec-
tric field of 100,000 V/cm. produces a frequency shift in the 2537

4 (14).

Angstrom Tine of only 5 x 107 ' Angstrom

Zeeman Effect

The origin of fhe Zeeman effect is the change due to a magnetic
field in the energy levels of the atoms. It was first observed as a
splitting into three components. of the gmission Tine ‘of mercury in a
magnetic field. Later observations on other spectral lines revealed
splitting into more than three components; such splittings were called
the anoma]oué Zeeman effect, whereas the triplet splitting was desfgna-
ted the normal Zeeman effect, since it is explainable in terms of clas-
sical theory. Basically, the normal Zeeman effect is due to the orbital
magnetic moment of the electrons and the anomalous effect is due to the
spin magnetic moment of the electrons, _

When‘a spectral line splits in a magnetic field the components in-
to which it splits are polarized either para]]e] or perpendicu]ar to the

magnetic field if viewed perpendicular to the field.
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The former are called the w components and the latter the o components.
. Drawings are commonly used to describe the nature "of the Zeeman split-
ting for a particular line; m components are drawn above the horizon-
tal and o components below, the length of the vertical lines being pro-
pbrtiona] to intensity and frequency being plotted along the abscissa.

Thus the drawing fo} a normal Zeeman splitting is

r 1

If the spectral Tine is viewed along the magnetic field, only. the ¢
components are visible, and they become left and right circularly polar-
ized. Abcording to the classical theory(s) the displacement of Av; of

each o component is given by
= eB/4'rrme 5 (1-10)

where e and my are the charge and mass of the g]ectron and B is the mag-
netiC‘fluk‘density.

The magnitude and character of the spiitting of a spectral line
depends upon how the energy levels are split for both of the electronic
states involved in the transition. For the mércuny 2537 Angstom 1ine'é
simple triplet is observed in which the splitting is 3/2 larger than
the classically predicted value. We therefbre say that the g value
for the transition is 3/2. In the case of the sodium Dy line,

two o components and two T components are- found, the o

components being displaced 4/3 of the expected classical va]ue,‘whi]e
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the m components are displaced a smaller amount. Again splittings large
enough to be useful are not easy to ubtain. The fields required to dis-
place the o components 0.05 Angstrom are about eléven kilogauss for
mercury and about two kilogauss for sodium.

There are many ways in which one might take advantage of the
Zeeman effect to produce a reference sygtem. One might, for example,
apply a longitudinal magnetic field (though-fn‘some cases a transverse
field could be used) to the sample, thereby changing its resonance fre-
quency rather than that of the 1light and u;ing the Zeeman effect in
absorption. ‘Some of the possible experimental configurations using thé
Zeeman effect will be described in the next chapter._ A practical system
~ for the analysis of sodium which utilizes a magnetic field has already

been built by D. Woodriff(1%),




CHAPTER II

Experiments Using the Zeeman Effect

Mercury has a sufficiently high vapor pressure (10'3 Torr) at room
temperature that a one centimeter cell with a drop of mercury in it will
absorb a Targe portion of the resonance light from a mercury lamp. For
the sake of convenience, mercury was used as a test element in a11 qf
the experiments. For mercury a vapor lamp may be used in place of the
usual hollow-cathode Tamp. It has the advantage of being small and re-
latively inexpensive. ,. - ‘

The first experiments were conducted using é modified Beckman DB
spectrophotometer. The modified instrument has been described by
Woodriff, Culver, and Olson(]6). It is helpful to know some of the de-
tails of how the modified DB works in order to understand how and to
what extent it can be used-in taking advantage of the Zeeman effect.

The instfument in the double-beam mode measures the relative inten-
sities of two beams which are generated by a'vibrating mirror system
after the Tight has passed through a low-resolution grating monochro-
mator. The ratio (Ir - Is)/Ir is measured, where Ir is the intensity'
of the reference beam and Is is the intensity of the sample beam. By
placing two Glan-type polarizers in the sample compartment, the in-
strument theoretically becomes capable of measuring either the degree
of polarization of a single beam or the re]ative intensities of two

colinear perpendicularly polarized beams. Generally the magnetic field
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is horizontal, so that a horizonta]‘po]ariéer is used for the sample
beam and a vertical polarizer for the reference beam.

Many more practical problems arise when polarized light is used
than when polarization is neglected. Optical components, for example,
can rotate or partially depolarize the poiarized light. The DB, how-
ever, was tested and found to causé_rotation of.less'than one degree
and only about two percent depo]arization.:

Another common practical problem in atomic absorption analysis
is the presence 6f interfering emission due to other elements or other
lines of same element. For thé DB no change in the sensitivity for
the simple atomic absorption of mercury was observed as the slit width
was changed, indicating that there are no appreciable interfering Tines
within about 50 Angstroms of the 2537 A resonancé tine.

A third problem, which naturally becomes véry important when a
magnetic field is present, is the susceptibility of the intensity and
Tinewidth of the resonance line to change as conditions change. The
apparent width of the resonance line was found to depend Targely upon
the temperature of the'light source. Since the absorbing atoms are at
room temperature in the atomic absorption apparatus used by author, a
considerable increase in sensitivity can be achieved by maintaining the
lamp at a low temperature. An air stream was therefore used with the
mercury vapor lamp. Likewise, a water cooled hollow-cathode Tamp would

be expected to give a narrow resonance line and high sensitivity. The
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intensity of resonénce emission generally increases as the temperature
of the lamp increases; however, for mercury an increase in the tempéra—
ture appears to decrease the intensity if the temperature is above a
certain level. This effect may be the result of distillation of mer-
cury away from the emitting portion of the lamp. The mercury Pen-ray
lamb, when operated on D.C. current, shows a marked decrease in inten-
sity after oberating for several minutes; again, distillation of mer-
cury is the suspected cause. Intensity of emission also generally
increases as the current or voltage is increased. The actual inten-
sity of a Tamp, therefore, is determined by the combined influences
of current and temperature. A magnetic field also causes a large
change in emission intensity. For example, placing the mercury Pen-
ray lamp in an 8kG. magnetic field more than doubles the steady-state
intensity of the Tamp. If this magnetic field is then turned off
quickly, the intensity will momentarily double agaih before turning
to its original intensity. Similarly, if the field is above about 4
kilogauss -and is increasing rapidly, the intensity momentarily drops
before going to the steady-state value. Since the behavior 6f emission
sources in magnetic fields is extremely important for this project, I
shall undertake to explain these'phenpmena.

One possible cause for the chéngein steady-state intensity with
magnetic field is the orbiting of all fhe jons about the magnetic field

lines. If the radii of the orbits are about as large or larger than the
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‘mean free path length for collisions with the atoms whose radiation is
being monitored, then the intensity of the resonance radiation will in-
crease as the magnetic field is increased.! However, if.the magnetic
field is increased.to the point where the orbits becomeAmuch smaller
than the mean free path length, then the collision rate will go down

and the intensity will start to decrease aé the magnetic field is
increased. For the mercury discharge 1amp'fhe intensity stops increas-
ing with the magnetic field at about eight to ten kilogauss. If the
pressure in the lTamp is assumed to be about one millimeter of mercury,
then, by the orbiting e]ectron'approach, the intensity reversal should
occur at approxihate]y ten kilogauss, in agreement with the experimental
results. Also, the current in the Tamp decreases slightly as the mag-
netic field is increased, so that an increase in the conductivity of
the plasma is not'respOnsib]e for the increased intensity.

For the hollow-cathode lamp there are additional factors which
should be taken into accouﬁt in any explanation of the intensity changes
in a magnetic field. Much time and~eff0r£ would be required to deter-
mine experimentally the relative magnitude of contributions from various

factors; therefore, I will simply enumerate the possibilities. First,

YIn any discharge lamp the intensity of the resonance radiation is gov-
erned largely by the frequency with which free electrons collide with
gaseous neutral atoms. A particle which is travelling in a helical path
sweeps out a larger area per unit time than a particie moving in a
straight 1ine and is less likely to collide with a wall.
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in any commercial hollow-cathode Tamp ferromagnetic materials ‘are used
to support the cathode and anode and are used in the socket pins. This
means (a) that it is difficult to put the lamp in a high magnetic field
without introducing considerable strain on the lamp, and (b) that the
magnetic field in the hollow-cathode will not be homogeneous. Second,
the materials used to make the cathode are not usually disclosed and,
in fact, are‘oftenwconsidered a trade secret. Whether the cathode
material is diamagnetic, paramagnetic, or ferromagnetic is very im-
portant in predicting the behavior of the lamp in a magnetic field,
since the magnitude and homogéneity of the field is determined largely
by the magnetic properties of the cathode. Finally, the‘magnetic pro-
perties of the atom§ of the emitting element and of the carrier gas

are important, especially when the field is not homogeneous.

A detai]ed adcount of the behavior of the atoms in a glow dis-
charge. in a magnet1c field s beyond the scope of this paper and some-
what superfluous in view of the lack of extens1ve exper1menta1 eve-
dence on the behavior of hollow-cathode Tamps in a magnetic field.
Only one paper(j7) has beeﬁ published in this area, and it doe§ not
treat the problem thoroughly. For the commercial mercury hollow-
cathode lamp an 7increase in the steady-state jntensity of about 15
percent is observed when a 400 gauss field is applied. This behavior
is cbnsistent with several mechanisms.

The anomalous time-dependent behavior of the mercury vapor lamp
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has been determined (a) not to be caused by the effect of the changing
magnetic field on the electronics, (b) not to be caused by changes in
tﬁe current, (c) to occur with both A.C. and D.C. current, (d) to occur
with both resonance and non-resonance Tines of both argon and mercury,
and (e) to occur only when the magnetic field is over about 5 kilogauss
and to increase as the field is further increased. The orbiting be-
havior of electrons in a slowly varying maéhetic field is easily deter-
mined from the fact that the magnetic moﬁent oflthe electron remains
qonstant as the field is changed. Thus, when the magnetic fje]d is
increased the electrons géin energy, whereas when the field is decreased
the electrons lose energy to the magnefic field. We observe, however,
that as the field is increased, less energy is emitted from the atoms,
so the changes are truly anomalqus!‘ An increase or decrease in the~os—
cillator strengths of the atomic transitiéns is extremely unlikely; so
the effect must be related to the fpequency‘W1th which the atoms collide
with electrons. Since the discharge seems to develop some instabijit%es
near 5 kilogauss, which probably are related to the magnitudé of the

Lorentz force,,
E = qixB

one would susbect that this force might also be important for the time-
dependent phenomena observed. We know that according to Maxwell's équa-

tions, a changing magnetic field must inducé a curl in any perpendicular
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electric field. Using fhese equations one finds that the Lorentz
force pdshes the ions and e]ecfrons tdward a region of low electric
field when the magnetic field is increasing and toward a region of
high electric field when'the magnetic field is decreasing; Thus the
discharge is probably more difficult to sustain while the magnetic
field is increasing and easier to sustain when the field is decreas-
ing, accounting for the obsérved anomo]ous’thanges in intensity.
Finally, a special problem which arises whenever mercury is de-
terhined by atomic absorption is ‘the interference of ozone. A]though.
it is knoWn that ozone has a'Broad and strong continuum absorption
band centered at about 2550 Angstroms, the interference of 6zone in
the atomic absorption analysis of mercury has been mentioned only once

to the author's-khow]edge(]g).

Apparently no one has considered that
the mercury lamp might have an effect upon the-air in the optical path.
Most mercury lamps have quartz windows which transmit the 1850 Angstrom
Tine of mercury as well as the commonly known 2537 Angstrom line, thus
(19)

produce ozone photochemically for the surrounding air The ozone

| concehtratjon would be expected to build up to a fairly high level if

the air in the optical path is confined or stagnant. In the apparatus
used by the author a 2 percent increase in apparent intensity was found
by sweeping fresh air through é one-half meter confined se tion of the
optical path. Also, fluctuations of about one percent were observed when

air was swept from the lamp toward the optical path. Therefore, in any
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‘a;curate analysis care should be taken to avoid this interference by ex-
cluding oxygen or the 1850 Angstrom radiation from the optical path.

Because of the radical changes in intensity which take place when a
mercury lamp is placed in a magnetic field, all the experimental config-
urations which require that the lamp be placed in a rapidly changing
magnetic field were discontinued. Configurations which require an A. C.
magnet were also eliminated because of the high cost of constructing
éuch a magnet with a peak-to-peak field in the kilogauss range. The
only configurations, then, which were seriously considered after pre-
Timinary study were thoée requiring a fixed magnetic field around the
Tamp or the sample chamber or both. With a single D. C. magnet two
basic conffgurations‘are pbssib]e. First, the mégnet may be placed
around the lamp, causing the lamp to emit_normal resonance light polar-
ized parallel to the field as well as perpendicularly-polarized fre-
quency-shifted light of equal intensity. Second, the magnet may be
placed about the absorption cell, causing light polarized parallel to
the field to be absorbed in a normal manner while light polarized per--
pendicular to the fieid is absorbed only at shifted frequencies.

The f1rst exper1ments were conducted using a hand magnet rated at
4300 gauss! with a one- cent1meter spectrophotometer cuvette serving as

the sample chamber. These first experiments were encouraging in that a

The field intensity of the magnet was determined with a commercial .
Hall-effect gaussmeter borrowed from the physics department.
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definite %ncrease in the percent transmission of the sample was observed
when the magnetic field was added. However, the change was too small
(about twenty percent of maximum) to make the method really useful for
analysis withoﬁt sensitive electronic equipment. Fortunate]y, a
Varian series variable D.C. electromagnet was graciously made available
to us by Dr. John Hanton, so that the effects of a varying magnetic
field upon the equipment used in these experiments could be measured.
It was then possible, in turn, to predict with some confidence the type
of configuration which would be the most useful to construct. The con-
figuration finally chosen for testing is shown in Figure 23. The de-
tector assembly consists of an IP-28 photomultiplier tube (as well as
a power supply and osci]]os;ope) with a 2520 Angstrom interference fil-
ter serving as the monochromator. The use of an interference filter
normally is not recommended because of the danger of othef atomic lines
interfering with the desired line. Howéver, by using the Zeeman effect
apparatus such lines do not interfere. The key idea of the system is
the use of a rotating polarizer to create an A.C. signal at the detector

which corresponds to IS -1 It is also useful to keep track of the

r

absolute value of Ir’ so that the ratio (Ir -1 )/Ir may be measured.

s
The sample chamber is simply a glass tube with silica plates on each
end. It is about fourteen inches long and has connecting tubes for
the entrance and exit of gas. Compressed air is bubbled through a solu-

tion containing the sample and one milliliter of twelve percent
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Rotating Polarizer
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fol s ) Absorption Cell

Interference Filter

Bubble Chamber

Figure 23. Diagram of experi.merital apparatus
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stannous chloride solution made up to a total volume of about thirty
milliliters with distilled water. The air then carries the mercuh&
vapor picked up from the solution over to the sample chamber. A mix-
ing time of about two minutes is used to allow all of the mercury to
be reduced to the elemental state before letting the air bubble through
it. A flow rate of about 0.4 cubic feet per hour and a magnetic field
of 14,000 Gauss were used in most of the experiments. Thé signal from
the photomul tiplier appears on an oscilloscope, and any absorption due
to mercury shows up as a thirty cycle-per-second sine wave, whereas

the background absorption shows up only as a change in the D. C. signal
Tevel. The signal bbserved using a 14,000 Gauss magnetic field and a
one-centimeter cell containing saturated mercury vapor is shown in
Figure—24. -

The sensitivity of the apparatus was measured as a function of the
magnetic field strength; a plot of Ir/Is’ which is a measure of sensi-
tivity, vs. the magnetic field strength is shown in Figure 25. Most of
the irregularities in the curve are due to the hyperfine splitting of

(20). The absolute sensitivity of the apparatus at

the mercuﬁy line
14,000 Gauss is illustrated by the calibration curve in Figure 26. One
of the factors preventjng the method.from being more accurate is the
relatively high noise Tevel of the output signal. This noise originates
largely from the fluctations of Tamp intensity, power-supply voltage, and

photomultiplier amplification, and could probably be reduced by a factor
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Figure 24. Diagram of observed signal
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of ten or hore by the installation of better electronic equipment.
Background signals are observed in almost every determination, even
though reagent-grade mercuric chloride was used, indicating that such
an instrument would be very unreliable in the single-beam mode.
Absorbances as great as 0.2 were obsérved'for water vapor alone. Other
workers have also noticed large background absorptioné in the determin-
ation of mercury by atomic absorption(Z]). "I have added impurities -
such as benzene and.tmiuene to the samples and have observed only in-
creases in the background absorption, thus substantiating the hypo-

thesis that only mercury will absorb so.as to give ah A. C. signal.




CHAPTER I1II

Conclusion

The experiments, both hypothetical ahd real, described herein in-
troduce a new method for changing atomic absorption analysis from a
single-beam to a double-beam method. The success of the experiments
using the Zeeman effect, aiong with comparisﬁn to resu]ts not correct-
ing for background absorption, demonstrates the advantage of us-
ing a déub]e-beam system, at least in the analysis of mercury. I have
shown that many'problems must be overcome in order to build a reliable
frequency-modulated apparatus, but that, if the problems can be over-
come, as in the case of mercury analysis of the Zeeman effect, thatlan
anq]ytica] instrument of high accuracy and reliability can be built.
The elimination of background absorption allows one to confidently mea-

sure (without performing chemical separations) quantities of mercury

which are orders of magnitude smaller than the quantities which can be
determined by the single-beam method. The apparatus is extremely sim-
ple in that it perfdrms a dual-beam experimeﬁt with only a single

source and a single detector. With only mercury 199 5sotope in the
lamp, the magnetic field needed to effect a complete separation of the
split lines from the absorption prof{le can be reduced to about(zz)ten
kilogauss, so that the apparatus can be méde portable. A smaller magne-

tic field could also be used with an evacuated absorption cell similar
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to that constructed by_Go]eb(ZB), since the absorption profile is much
narrower in a low-pressure cell. Similarly, resonance 1amps(24’25)
emit very narrow lines, thereby allowing the complete separation of

Zeeman-split lines with a lower magnetic field.
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