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I, INTRODUCTION

A molecule can be thought of as a storehouse of energy. This
energy is proportioned among the bonds of the meolecule, Since most
chemical reactions involve the breaking of old bonds and the making
of new ones, the chemistry of the molecule is reflected by the energy
of its bonds, Individual bond energies can be used to predict
chemical reactivity and to calculate heats of formation (1, pp. 158~
170]. They are important in the consideration of molecular structure,

Several methods have been developed to measure bond energies
[2, Chapters 3-5]. One of them is mass spectrometry, The purpose of
this research was to utilize a mass spectrometer to determine bond

energies,

The practicality of using a mass spectrometer to measure the
energies of chemical bonds was demonstrated by Stevenmson [3, 4], but
the method was not developed to its fullest potential, The early
mass spectroscopists were primarily instrumentaiists whose major
concern was to develop consistent methods for cbtaining physical data
from a mass spectrometer, There was considerable debate over whose
method was superior [5, pp. 26-37]. The calculation of bond energies
was of secondary importance. From the onset it was apparent that the
physical measurements were inherently inaccurate, The errors were
difficult if not impossible to correct, Calculated values of bond en-
ergies vere often 20-307% higher than the corresponding calorimetric
values [6]., The value of the mass spectroscopic method was uncertain,

The question of how to obtain useful information from such an inaccurate



method was evaded, The challenge of this research was to answer that
question,

If useful information is to be obtained by the mass speciroscopic
method, the data must be obtained as precisely as possible and any
conclusions must be formulated by comparative studies, For precision
a computerized method for acquiring and interpreting the data was
developed, For comparison, the mass spectrometry of the Group
VIB carbonyls and thiocarbonyls and the Group VIB metal and
mixed-metal decacarbonyls was studied, Through these studies a deeper
insight into the concept of a bond energy and into the nature of the
bonding in transition metal carbonyls was attained. A new molecular

quantity was defined and utilized as the measure of a bond energy,



II, BACKGROUND
A. Bond Energies

The term "bond energy" is one of the most misused terms in
science [7]. The reason for this is not obvious because the phrase
is correct conceptually., Chemical bonds are the binding forces
between the atoms in a molecule, The energies of these interactions
are rightfully referred to as bond energies, But there is no unique,
measurable quantity known as a bond energy. Rather, there are three
quantities which are collectively known as bond energies, They are
bond dissociation energy, bond energy term, and intrinsic bond
energy [8-16, 17, pp. 153-167].

1, Defined quantities

The idea of a bond dissociation energy originated from the principle
that the strength of a chemical bond could be given by the energy

Artaad mmm

required to break it, The concepts of a bond energy term an

(=9

an
intrinsic bond energy developed from the approximation that the heat

of formation of a compound consists of several independent terms.

For an ideal gas these terms are the vibrational zero point energy;
thermal energy of vibration, rotation, and translation; and the chemical
binding energy, Thus, the heat of atomization of a molecule in the
ideal gas state can be related to the strength of the bonds comprising
the molecule, Although the concepts are founded upon different

principles, each quantity can be represented by the energy of a reaction,



The energies are enthalpy changes measured at 25° C and referenced
to the ideal gas state, The reactions are the defining processes for
each of the three quantities, Because these processes can be either
ionic or molecular, a distinction must be made between bond energies
. . .
in the cation, molecule, or anion ,
. R 2 . e s
The dissociation energy of a bond R-S~ in the positive ion,

e +,0,-
molecule, or negative ion, D(R 205

S), is defined as the enthalpy

change for the dissociation:

R-sT207 5 gh %= Lo | (1)

(g) (& (2)

A reactant molecule (ion) in its ground state dissociates into two
fragments by the cleavage of a chemical bond, The fragments may be
atoms, radicals, or other molecules, but all are formed in their ground
states, For ionic dissociations one of the fragments will be charged,
and it is necessary to specify which fragment carries the charge. This
specification must be made Such that the enthalpy change for the
process is a minimum, This means that the positive charge must reside
with the fragment with the lowest ionization potential or the negative

charge must reside with the fragment which has the highest electron

affinity.,

LThe symbolism +,0,~ will be used to denote these cases,

2
The capital letters A, B, and C will be used to represent atoms
while R, S, and T represent polyatomic species,



From the definition of a bond dissociation energy it is apparent
that the defined and measured quantities are the same, This is not
true for bond energy terms and intrinsic bond energies, To determine
bond energy terms or intrinsic bond energies a term must be assigned
to each bond in the molecule such that the heat of atomization of the
molecule to a specified atomic reference state is given by the sum
of these terms over all of the bonds in the molecule, The measured
energy is the heat of atomization of the molecule, The defined
quantity is an energy sum,

The bond energy sum (i,e, the sum of the bond energy terms) in the
cation, molecule, or anion, % Ei+’o’-, is the enthalpy change for the

i
reaction;:

+,0,-

(8)

+,0,

A B C -
m n (8)

1 - A

+ (4~1) A(g) + m B(g)

+n C(g) + oo, (2)

A molecule (molecular ion) in its ground state dissociates completely

into its constituent atoms (ion and atoms) in their ground states,
. e s +,0,~
The intrinsic bond energy sum, ¥ Ii
i
is defined in a similar manner. This sum is the enthalpy change for the

, for a molecule (ion)

atomization reaction:

- * -
F10m L a T hOT L1y A

g) ? @) tmB

% *
AJL B Ca ( ¢(3) (8)
+ n C(g) + e, (3)



The reactant molecule (molecular ion) dissociates from its ground state
into its composite atoms (ion and atoms) in their valence states, the
hypothetical electronic states of the atoms as they exist in the
molecule,

Because valence state excitation energies cannot be measured
experimentally and are difficult to calculate theoretically, the
concept of an intrinsic bond energy has met with little use, From a
pragmatic viewpoint it is easier to determine and report bond energy
terms than to argue the merits of one quantity over the other, If
valence state energies are known, it is possible to calculate intrinsic
bond energies from bond energy terms. The difference between the two
quantities lies in the choice of the final atomic states. More energy
is required to dissociate a molecule into atoms in their valence states
than into atoms in their ground states, The energy difference is the
sum of the valence state excitation energies of the j atoms in the

<r

wolecule, 7 V,, The relationship between the enthalpy of atomization,
3
AH atom and the enthalpy of disscciation of atoms in their valence

states, A H&s £ollows directly:

A HVS =4 Hatom + ; Vj' @
By definition:
- +,0,~
AH = ; Ii )
i
and:
A H =Y E +,°s'

atom . 1 (6)
i



so that:

I- +,0’

- _ +’°-
L A 2

1 J

e M

Although the use of bond energy terms has supplanted that of
intrinsic bond energies, bond energy terms are on equal footing with bond
dissociation energies. Dissociation energies are founded upon exper-
imental practicality but not upon theory., Energy terms have a firm
foundation in theory but are difficult to determine experimentally
because individual energy terms cannot be defined, Both quantities
serve a useful purpose and should be underscood completely, The approach
of Szwarc and Evans [18] is useful for comparing and contrasting the
two quantities,

The relative positions of the atoms in a molecule composed of m
atoms and n bonds can be described by a set of 3m-6 independent

coordinates, A set of n bond lengths Tys Ty *00 T and 3m-6-n bond

2’
ie cve can be chosen £ i . i i

angles al, %ys , u3m-6-n an be chosen for this purpose, With this

terminology it is possible to write the potential energy of the molecule,

U, measured from an energy zero represented by the separated atoms as

a function of the r's and a's:

U= U<r15 rzi ...i rn) al’ ‘ .: a3m_n_6> (8)
and:
n 3m~-n~6
v = ¥ % ar, + 3 gg da,. (9)
k=1 9%k i=1 it



The first term of Eq, 9 is the variation in the potential energy of
the molecule due merely to stretching the bonds., The integral of this

term from the equilibrium bond distances, r

ko’ to infinity is the heat

of atomization of the molecule:

n ®
AH = 3 dU/dr dr, . (10)
atom k=1 Jrko k k

If the integration path of Eq., 10 is chosen such that:

a, =,
1 10

T = ko (1)

S P9 and o being the equilibrium values of the coordinates in the
molecule and y being a variable which changes from 1 to ®», each element
of the sum can be defined as a bond energy term., Thus:

E, = | dU/dr, dr
k

k
ko, L

(12)

where L denotes the integration path defined previously,

The dissociation energy of the bond can be expressed in a similar

manner;
(e+]
D. = J du/dr, dr. (13)
k rkO,P K K
where:
du au R oay ¥ Smen=b oy Ay
ar. "o, I T T OE wml & (14)
k k i=1 °Fi “k j=1 i Yk



(' denotes the sum over all i's except i=k), The integration is over
the total change in the potential energy of the molecule caused by

stretching the bond along . from Lo to infinity, The integration

path P is defined such that for every fixed value of r the remaining

k

parameters r, and aj are determined from the set of 3m-~7 equations:

ou_ _ .
3 - 0 for i#k
i
U _ '
aaj 0 for all o;'s. , (15)

The implication of this pathway is that when the bond is being broken
the rest of the molecule adjusts its shape to minimize the energy of the
process,

By substitution of dU/drk from Eq., 14 into Eq., 13 the dissociation
energy and energy term of the kth bond can be compared directly.

Performing this operation yields the result:

p =@ 3U/er, dr. + °  Ad (16)
= T T \ T
k Tiop k Tk Jrko’P k
where:
n' 3U dri 3m-n-6 3 Efi
A=Y > ot by . dn 17)
i=1 i Tk j=1 i k

Clearly the two quantities are different, The energy term for the kth
bond is the work done in separating the atom from the molecule in such
a way that the molecule swells infinitely while preserving its original
shape, The dissociation energy of the same bond is the work done

separating the atom from the molecule while the molecule adjusts its
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shape to minimize its potential energy during the process. This
structural rearrangement results in an energy of reorganization which
isn't present in the energy term, This energy is given by the second
term of Eq. 16.

The most significant difference between the two quantities has
been stated previously, Bond energy terms cannot be obtained as
directly measured quantities, They must be calculated from a bond
energy sum, This calculation is not a trivial process [2, Chapter 67,

The energy sum fer a molecule with n chemical bonds consists of
n individual bond energy terms, This sum, when equated to the heat

of atomization of the molecule, results in one equation with n unknowns:

>
|
™MD

atom Ei' (18)
i=1

This equation cannot be solved, but usually can be simplified, The
simplification is made by grouping the energy terms of chemically
equivalent bonds, since chemically equivalent bonds have the same
energy term, If all of the bonds of the molecule were chemically
equivalent (e.g. ABn), the energy sum would reduce to one term, This
term would be 1/n times the heat of atomization of the molecule, For

example Eq, 18 reduces to:

A Hatom CABn) = n E(A-B) (19)

for molecules of the general formula ABn. As is most likely the case,

the reduced sum will involve more than one unknown (e.g. the energy
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sum for the molecule ABn_lc simplifies to (n-1) E(A-B) + E(A-C)). 1In
this case an arbitrary assumption must be introduced to solve for the
individual energy terms, This assumption, known as the constancy
assumption, asserts that the energy term for a given bond is constant
from molecule to molecule, It is not an easy hypothesis to accept
because it implies that bond energies are independent of chemical
environment, However there is no alternative but to accept the
constancy assumption if energy terms are to be calculated from heats
of atomization,

Two approaches can be devised to calculate bond energy terms
based upon this approximation, The first method is to combine the
data from many different molecules to form a system of equations with
at least as many unknowns as there are equations, This system can
be solved by standard methods for the individual bond energy terms,
When the calculation is done by this procedure there is no unique value

Far A aotyran anar
e A b <a bl-v\—ll S

7 term, As m d
variety of molecules, the existing values of energy terms may be
readjusted in the process of calculating new terms, At any given time
the reported value for an energy term will be the best value based
upon existing information,

The second procedure for calculating energy terms is to use the
terms calculated for molecules having n equivalent bonds (e,g. ABn) as

"primary'" standards, These standard values are used to reduce other

energy sums so that new energy terms can be determined, This collection
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of information can be used to simplify additional energy sums producing
values for different energy terms, As long as enough information is
available the whole process can be repeated indefinitely,

As an example of this method consider the molecule ABn-1C° For

this molecule Eq. 18 reduces to:

B Hyp (88, 1) = (0-1) EG-B) + E(A-0). (20)

Substituting for E(A-B) from Eq, 19 yields the result:

AH (AB

_ (o-1) -
atom € = n A Hatom(ABn) + E@-0) (21)

n-1

which gives E(A-C) in terms of the measured heats of atomization, These
two values, E(A-B) and E(A-C), could then be used to determine E(A-D)
from the molecule ABn-ZCD and so on, Hopefully this procedure will
produce a consistent set of data (e.g. E(A-C) calculated from Eq, 21
will agree with E(A-C) determined from the heat of atomization of
ACn). Often this has been found not to be the case because bond energies
are dependent upon chemical environments,
A method for determining energy terms independent of the constancy
assumption has been developed as a result of this research, The
insight for this development originated from the relationship between
bond en y terms an d bon
The specific dissociation energies for the ABn molecule are the

enthalpy changes for each of the n processes:
AB - AB + B
n n-1

ABn-l T ABn-2 +B
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AB - A + B. (22)

For the ith process (i=1l, 2, ***, n):

A H, = D, (AB
i¥ n-

: - B). (23

i

The sum of the enthalpies of all of the processes:

n n
.Y A Hi =-Z Di(ABn_i - B) (28)
i=1 i=1

is the energy of the atomization reaction:
ABn - A + nB, (25)

By definition this energy is the heat of atomization of the molecule
which is the bond energy sum given by Eq. 19:

n

Y A H, = A Hatom(ABn) = nE(A-B), (26)
i=1

Substituting this relationship into Eq. 24 and dividing by n yields:
n
E(A-B) = i/n % D.(AB__. - B). (27)

A molecular quantity, the A-B bond energy term, is given by the average
of the specific bond dissociation energies of the molecule, If the
molecule contains more than one kind of a bond, the energy terms

cannot be calculated ag avera

The bond energy sum will be given by a sum of dissociation energies,
but the calculation will involve the solution of one equation in more
than one unknown, This cannot be done without the constancy assumption,

To avoid this assumption energy terms have to be calculated from the
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energies of molecular fragmentations rather than the stepwise
dissociation energies,

The mechanics of this method can be demonstrated by reconsidering
the ABn molecule, The n fragmentation reactions of this molecule are

summarized by the general equation:

AB - AB .+ 1B (28)
n n-i

for i = 1, 2,..., n, The enthalpy changes for these fragmentations are
sums of the dissociation energies of the molecule, For the ith

process:

(29)

o>
=]
]
™M
e
Lade
G
]
=
S’

These enthalpies can be related to the bond energy term, E(A-B),
through an application of Hess's Law, The n fragmentations of Eq., 28

can be reconstructed into n two step processes:

AB AB ., + 1 B, (30)
n n-i

The enthalpy change for the complete process, A Hi’ is the sum of the
enthalpy changes of the two steps which by definition are bond energy
sums, Therefore:

n n-1i

AH, = T E (A-B) - ¥ E!(A-B) (31)
I e K =1 v
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where the prime differentiates the bond energy terms in the fragment
from those in the molecule, Neglecting this differentiation and
simplifying the bond emergy sums yields a set of n equations relating

the bond energy term to the ith fragmentation enthalpy:
A Hi = i E(A-B) (32)

for i=1l, ***, n. This over-determined system can be reduced to one
equation in one unknown by requiring that the sum of the squares of the
deviations of the calculated enthalpies from the measured enthalpies
of fragmentation be a minimum [19, Chapters 5 and 6], The equation

obtained from the least-squares treatment is the desired result:

noo, n
T 1" E@A-B) = ¥ iAH,. (33)

i=1 i=1

The energy term calculated from Eq, 33 is an approximation to the
exact quantity expressed by Eqs. 19 and 27. Substitution of A Hi from
Eg. 29 into Eq. 33 shows that E(A-B) is not the éverage of the gpecific
bond dissociation energies:

n n i
L i"E@A-B)y =% i % D,{&B_ . - B). (34)

In the exact calculation each of the n dissociation energies is
weighted equally by 1/n. The approximate solution weights each energy
unequally, By expanding and regrouping the dissociation energy sum

n
of Eq. 34 and dividing by 'El iz, it can be seen that the weighting
1=
n n
factor of the ith dissociation energy is Y j/ T iz:

j=i  i=1
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n 2 n n
E@-8) =1/ % i"[% T jD (4B _, -B)]. (35)
i=1 i=1 j=i '

The assumption that there is no difference between the A-B energy
term in the molecule and the fragment is the basis for the inequality
of the weighting factors., 1In effect what has been assumed is that the
molecule does not reorganize upon fragmentation,

The reorganizational energy of a fragment is the difference
between its heat of atomization and the bond energy sum in the fragment
as calculated from the energy terms in the parent molecule, The

reorganization energy of the ith fragment of Eq, 28, Oi’ is given by:

n-i
0; =4 Hi(atonD(ABn:E—B) B jzl E(A-B) (36)
where by definition:
n-i
4 H'i(atom) (4B 3 = Lzl B, (A<B). 37

bond energy sum in the ith fragment and the molecule:

n-i n-i
T E,'(A-B) = % E(A-B) + 0. (38)
A=l ~ j=1 *

When this result is substituted into Eq, 31 and the bond energy sums

are simplified, the exact system of equations is:

A Hi = i E(A-B) + Oi (39)

which is the same as Eq. 32 if the reorganization energies are neglected,

The constancy assumption has been replaced by the assumption that
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reorganization energies'aré negligible., This statement is not apparent
from the preceding discuésidn because there are not environmental
effects for the ABn holeculé. These effects however exist for the
ABn_lc molecule,

The fragmentations of this molecule can be divided into two sets

of reactions, The first group is the n-l fragmentations:

ABn-lc - ABn-l-iC +iB (40)

where i = 1, 2, -+-, n-1, The product fragments in these equations
contain the A-C bond, The second set of reactions consists of the n
fragmentations which involve the cleavage of the A-C bond, The jth

process is:

BB _CoAB ,  +iBHC (41)

where the reaction set is generated by letting j vary from (0 to n-1,
The enthalpy changes for the 2n-1 fragmentations of Eqs, 40 and 41

are the measured quantities, These energies can be related to the
bond energy terms of the molecule by the method described previously.
Each fragmentation reaction is represented by a two step process, The
molecule dissociates into its constituent atoms which recombine to form
the products, By assuming that there is no difference between the
energy term in the molecule and the fragment a series of observational

equations are generated, In this case the equations are:

M =1EMA-B) i=1,2 °*, ol (42)
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for the first collection of fragmentations and:

A Hy = (n-1)E(A-B)  + E(A~C) - (n-1-3)E(A-B)

j=0, 1, <+, n-1 (43)
for the second, These 2n-1 equations can be reduced by the least-
squares method to three equations in three unknowns, the normal
equations, The normal equations can be solved directly for the bond
energy terms, The calculated quantities would be the energy term for the
AC bond, E(A-C):; the energy term for the AB bond in the presence of C,
E(A—B)c; and the energy term for the AB bond in the unsubstituted
molecule, E(A-B). These results will show whether the Ac bond differs
in strength from the AB bonds and whether the Ac bond influences the
strength of the AB bonds (i.e, either E(A-C) = E(A-B) or E(A-C) #
E(A-B) and either E(A-B)c = E(A-B) or E(A-B)c # E(A-B)). 1In other words
the calculation allows for the determination of the energy terms
without the constancy éssumption.

To prove this contention it is necessary to show that a unique
solution for E(A-C), E(A-B)c, and E(A-B) exists, Unfortunately an
explicit solution for each of the energy terms as a function of the
measured fragmentation energies cannot be written without developing
additional terminology. However there will be a unique solution if
the determinant of the coefficient matrix of the normal equations is
not zero, For this to be true at least three of the observational
equations must be linearly independent. This follows from Eqs, 42

and 43,
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The results of the preceding discussion have shown that the
least-squares method is a powerful tool for elucidating bond energy
terins, The method has been developed for two classes of molecules,
ABn and ABn_lg, but is applicable to any molecule as long as the
limitations of the procedure are understood and considered., There are
three potential problems, Two involve the calculation of the energy
terms and one involves their interpretation,

In the development of the procedure the assumption has been made
that the fragmentation reactions for a molecule can be measured or
calculated from other experimental data, These measurements are not
easy to obtain for many molecules, because the fragments must be
independent, stable moieties, Enough information must be available
to generate as many equations as there are unknown energy terms, Even
then a solution may not be possible, because there must be as many
linearly independent observational equations as there are unknowns,
Those gituations where thisg isn't true can be remedi
appropriate combination of the original energy terms so that the
condition is met. Both the applicability and utility of the least-
squares method will be restricted by these considerations.

The most significant limitation of the method is the assumption
that energy terms can be calculated by neglecting fragment rearrange-
ment energies, This assumption cannot be avoided because reorganization
energies are generally not available from theoretical calculations, and

they cannot be determined experimentally, Their experimental calcula-

tion requires precise knowledge of the bond energy terms of the parent
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molecule, but the exact calculation of the energy terms by the least-
squares method requires that the energies of reorganization be known,
One quantity cannot be calculated without the other, The net effect

is that the results of the least-squares calculation are ambiguous,
There is no certainty whether an environmental effect is real or

merely the result of neglecting reorganizations, For some molecules the
data itself may suggest a solution to this problem., The calculated
energy terms for the ABn-lc molecule provide such an example,

The A-B energy term may be affected by C, The value of E(A—B)c
obtained from the least-squares solution will be ambiguous, because
it may reflect the difference in rearrangement energies between those
fragments containing C and those that do not, This question can be
resolved by checking the internal consistency of the A-B energy term,
If E(A-B) calculated from the ABn-lc fragmentation enthalpies agrees

with the value determined for the ABn molecule, the effects due to

[«
[

fragment reorganization should be similar for both molecules, Any
difference between E(A-B)c and E(A-B) can be attributed to environmental
effects, Their absolute values will invclve recorganization energies,
The extent to which these energies affect the accuracy of the terms

can be determined by comparing the least-squares value of E(A-B) with
the exact value calculated from Eq, 19, If the energies of reorgan-
ization are small or by chance cancel, both results will agree, If

the values do not coincide, the accuracy of the method and a
qualitative understanding of the nature of fragment reorganization for

these molecules can be obtained.



21

The least-squares method like the other methods for calculating
energy terme is an approximation, None of the methods can be judged
to be superior in an absolute sense, The data for each molecule must be
judged separately, What is gained by avoiding the constancy assumption
may be lost by neglecting energies of reorganization and vice versa,

The approximate methods for calculating bond energy terms have
not detracted from their desirability or utility. An energy term is a
molecular quantity. One term exists for the chemically equivalent
bonds in a molecule., This term represents the amount of chemical
energy that is stored in the bond, For this reason it is possible to
compare bond strengths in different molecules through energy terms, The
same considerations do not apply for bond dissociation energies
because they are the sum of the energy required to break the bond
and the energy absorbed or released when the resulting fragment or

fragments reorganize to their minimum energy states., Therefore it is

ifficult to
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calculate energy terms,

2, Approximate quantities

The defining process for the bond energy sum (Eq. 2) stipulates

that the molecular fragmen

n meny instances
experimental data can be obtained where the fragmentation is not to
atoms but to polyatomic ligands (e.g. A(BC)n - A + nBC). 1In these

cases the definition can be extended and new molecular quantities can

be defined, They are average bond dissociation energy and least-squares
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bond dissociation energy., For clarity and ease of presentation the
concepts will be developed for molecules consisting of polyatomic
ligands bonded to a central atom,

The concept of an average bond dissociation energy has appeared
in the literature [20], but no formal definition has been given,
The idea probably originated from an application of Eq., 27 from which it
can be seen that an A-B energy term is an average of the molecular

dissociation energies. As a first approximation, the average bond

dissociation energy of the A-R bond, B(A#ZBL_R), would be 1/n times the
heat of the reaction:
+,0,- +,0,-
AR? AT + nR L4
ae) e &) (44)

where the reactant and products are ideal gases in their ground states
at 25° C, The problem with specifying average dissociation energies
in this manner is that the definition lacks generality, The average

A-R and A-S bond dissociation energy in the AR S molecule are

indeterminant, A more general approach would be to define an average
bond dissociation energy sum in a manner analogous to the bond energy
sum (Eq, 2). The average bond energy sum in the cation, molecule, or
—+:°s'

anion 3, Di , would be the enthalpy change at 25° C for the reaction:
1

-..+’O’- - t50,~ 4L cos
Hhnh ) T A THe T T e T @

The reactant molecule (molecular ion) in its ground state fragments
to its constituent atom (ion) and polyatomic ligands in their ground

states, For ionic fragmentations the charge resides on the central
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atom, although this may not be the lowest energy process,

According to this definition the individual quantities must be
calculated from a dissociation energy sum, The same considerations
will apply for these calculations as did for the calculation of energy
terms from bond energy sums, For molecules containing n identical
ligands the calculation will be exact, Otherwise, the assumption that
the average dissociation energy of a bond is invariant from molecule
to molecule will have to be made, This assumption can be circumvented
by calculating average bond dissociation energies from the enthalpies
of molecular fragmentation reactions rather than from an energy sum,
The procedure is identical to the method developed for calculating
bond energy terms but without the constancy assumption, Equations
28-43 apply directly with two changes in the notation, The atomic
ligands B and C must be replaced by their polyatomic analogues R and
S, and the symbol E must be replaced by D since average dissociation
he calculated quantities, The results of the least-
squares calculation will be approximations to the "true" average
dissociation energies of the bonds because the enthalpies of frag-
mentation include the reorganization energies of the fragments containing
the central atom., Rather than to calculate an approximation of an
approximate quantity, it is convenient to define a new quantity., This
quantity is called a least-squares bond dissociation energy and is

denoted by ﬁ.

Least-squares bond energies cannot be related to the enthalpy

change of a single defining process., Instead they are calculated from
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the energies of all possible fragmentation reactions of a molecule,
Hence a general definition of the quantity is not possible. Only a
general description of the method of calculation can be given. The
first step of this procedure is to write all possible fragmentation
reactions for a given molecule and to identify the different kinds
of bonds in the molecule and in those fragments which are not the
ligands. The energy of each of these bonds is given by the appropriate
least-squares bond energy., The next step is to rewrite each frag-
mentation reaction as a sum of two processes in which the molecule
dissociates to its constituent atom(s) and ligand(s) which then
recombine to form the desired fragments. When this is done, the energy
of each fragmentation is written as a difference between the least-
squares energy sum in the molecule and in the fragment, Every energy
sum is simplified by noting that chemically equivalent bonds have the
same least-squares bond energy, Like terms in the same equation are
combined by assuming that ieast-squares energies are independent of the
valence state of the central atom, The resulting set of equations
constitutes the observational equations, These are transformed into
the normal equations which are solved for the B‘s in the final two steps,
The limitations of this procedure are the same as those described
previously for the calculation of energy terms by this method, There
must be as many linearly independent observational eduations as there
are unknowns, The results must be interpreted cautiously since the

rearrangement energies of the fragments are included in a calculated

result,
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Both average and least-squares bond dissociation energies have
been defined experimentally, The definitions are intended to provide a
practical means of calculating bond energies from experimental data.
They reveal very little information about the nature of the quantities,
By applying the definitions to a specific molecule, A(BC)n, the
molecular nature of the two quantities can be compared and contrasted,
This will lead to a generalized understanding of the concepts so that
they can be applied to any kind of molecule,

The two concepts are based upon the idea of calculating a
molecular bond energy from the dissociation energies of a molecule,
Average bond dissociation energies and least-squares bond energies
are equal to a weighted sum of the specific bond dissociation energies
of a molecule, For the A(BC)n molecule these relationships can be

specified by transforming Eqs., 27 and 35:

_ n
D(A-BC) = 1/n 121 D, (A(BC) _.- BC) (46)
and:
~ 1 n n
D(A-BC) = == [Z T jD,(A(BC) _.-BC)]. (47)
2 i=1j=i % =t
v i
i=1

The average bond dissociation energy is, as the name implies, an average
of the specific dissociation energies while least-squares bond
dissociation energies are weighted averages of the same dissociation
energies, Qualitatively this conclusion will be true regardless of

of the nature of the molecule,
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The molecular nature of the two quantities is founded upon their
relation to the bond energy terms of the molecule, It is possible to
derive this relationship for 5(A-BC) by considering the fragmentation of

A(BC)n as follows:

A+ nB + nC
N

A(BC)n - A + nBC, (48)

From the conservation of energy and the definitions of Eqs, 2 and 45,

it follows that:

7D =Y E, -7 E_ (49)
g g i 1 Kk |9
where:
— n — —
b Dg =% Dg(A-BC) = n D(A-BC), (50)
g g=1
2n
RO, = % B =n BA-BC) + a B(B-C) . (51)
i i=1
and:
n
S E =% E'=n E(B-C) . (52)
K k k=1 k free

The subscripts bound and free differentiate between the energy term

= == J

the bound and free ligand, Substituting for T D s, L E,, and ¥ E in
g & 1 1 k Kk

Eq. 49 and eliminating n from the resulting equation yields:

D(A-BC) = E(A-BC) + EB-C)youma - E®O e (53)
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The average dissociation energy of the A-BC bond includes the difference
between the energies of the bound and free B-C ligand. Qualitatively
this conciusion will be true for the average dissociation energy of
any bond in any molecule, The quantitative result is given by Eq. 49,
The average energy sum is equal to the sum of the energy terms in the
molecule minus the sum of the energy terms in the free ligand; If
there is no difference between the bond energy terms in the free and
bound ligands, the average energy sum is equal to its corresponding
bond energy sum, With one additional assumption, the same conclusion
is true for least-squares bond energies, The derivation is analogous.
The ith fragmentation of A(BC)n can be represented by the

following mechanism:

» A+ nB + nC

N
A(BC)n - A(BC)n_i + iBC. (54)
The enthalpy change for this fragmentation, A H , is given by
rJ o (] ] i’ (=] J
2n 2(n-i)
= - w7 1 -
A Hi .2 E. L = Ek + i EB C)free] (55)
J=1 =1
where:
2n
%" E, = n E{A-BC) + n E{B-C) (56)
. J \ 7 \ Ibound \ J
j=1
and:
2(n-1)

kzl Ek' = (n-i) E'(4-BC) + (n-i) E'(B-C)bound.(57)
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The prime superscript differentiates an energy term in the molecule
from the corresponding term in the fragment, The relationship between

A Hi and D(A-BC) follows from Eq, 32:

A H.i =i B(A-BC). (58)

Substituting Eqs, 56, 57, and 58 into Eq, 55 gives:

i D(A-BC) = n E(A-BC) - (n-i)E'(A-BC) + n E(B-C), _

~(n=1)E' (B-C), .= 1 E(B-C) . .. (59)

This equation can be simplified by postulating that corresponding energy
terms in the fragment and molecule are equal, When this assumption

is made the dependence upon i cancels and:

D(A-BC) = E(A-BC) + E(B-C), - E(B-C) (60)

free’

As expected B(A-BC) approximates E(A-BC) within the limitation of the
previous assumption. However this hypothesis does not obviate the
molecular nature of the quantity, It will always be possible to write
the least-squares energy of a bond as a linear combination of the
energy terms of the molecule and fragments,

Least-squares bond dissociation energies are the ultimate
approximate quantities, As long as the “right’ fragmentation data are
available, the method can be applied to any molecule, Depending upon
the specific nature of the fragmentations (i.e. whether they are to
atoms, polyatomic ligands, or some combination of the two), the results

may approximate bond energy terms or average bond dissociation energies,



29

The important point to remember is that the least-squares energy of a
bond will be a "good" molecular quantity as long as rearrangement

energies are small in comparison to the inherent energy of the bond,

3. Determination by mass spectrometry

An experimental method for determining bond energies must provide
a means of fragmenting a molecule, of identifying the fragments, and
of measuring the energy of the process, A mass spectrometer is
conveniently suited for this purpose., Electrons of known energies
interact with a molecule to produce ionization and dissociation. The
ionic fragments of the dissociation are mass analyzed and detected, In
this capacity a mass spectrometer is a calorimeter used to measure the
energies of ionic fragmentation reactions, These energies are used
to calculate ionic bond energies,

Three physical measurements can be obtained by mass spectroscopy.
They are ionization potentials, electron affinities, and appearance
potentials, The ionization potential of a molecule A& Bm Cn thry

IP(A% B Cn--v), is the energy required to remove an electron from the
m

molecule, The quantity is formally defined as the change in internal
energy for the process:

A% Bm Cn...(g) - AZ Bnlcn () *e (61)

In a mass spectrometer the energy for this endothermic reaction is
supplied by the kinetic energy of the electrons in the ionizing beam,

Therefore Eq. 61 is more appropriately written as:
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. - = 0¢¢+
Al Bm Cn ) + e Al Bm Cn

(@) + 2e-, (62)

In this process the trangition to the ionic state is vertical in contrast
to the adiabatic transition of the definition, The molecular ion will
be excited vibrationally and rotationally, and the measured ionization
potential will include this excess eﬁergy.

The electron affinity of a molecule, EA(AL Bm Cn--'), is the energy
released when the molecule acquires an electron, The concept is defined

in the opposite sense as the energy of the reaction:

B Bt e A Bl T (63)

4 L (2)

In a mass spectrometer the internal energy change of the reverse
process is measured (i.e, -EA(A& Bm Cn"')). In many cases the energy
released as the electron is absorbed is sufficient to dissociate the
molecule so that the negative molecular ion is not formed and its
electron affinity cannot be measured,

The appearance potential of either a positive or negative ionic
fragment, AP(A%’-), is the minimum electron energy necessary
to produce that ion. Experimentally the quantity is defined

as the internal energy change for the process:

- +

A& Bm Cn"=(g) +e o A(g) + 2e + gaseous neutral product(iza)

for the positive ion or:

A Bm Cn°'= +e - A(g) + gaseous neutral product(s) (65)

L (g)
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for the negative ion, Ideally the ionic and neutral products are formed
at rest in their ground states. In reality i he products are likely

to possess kinetic energy and may be produced in excited states, It

is apparent from the definitions that ionization potentials or electron
affinities are appearance potentials of the molecular ion,

The possibility of using a mass spectrometer to determine bond
energies rests upon the relationship between these physical measurements
and the experimental definitions of bond energies, Appearance potentials
are not directly related to bond energies, What can be correlated is
the difference between the appearance potential of an ion and the
ionization potential of the molecule in the case of positive ions,

For negative ions the association is based upon the sum of an appearance
potential and the electron affinity of the molecule, Subtracting Eq, 62

from Eq., 64 or adding Eqs, 63 and 65 yields the general result:

'tﬁ' - A£;3- + gaseous neutral product(s). (66)
’

-

Iy

Ap B C—--o
v AL

o~

The change in internal energy for this fragmentation is given by:

A E = aPAT) - TP@, B C 0) (67)
for the cationic process or:

AE =AP(A") + EAA, B C -°*) (68)
for the anionic reaction, Eq. 66 can be compared directly with the

defining processes of Eqs. 1 and 2. If a simple neutral product is

formed by the cleavage of one bond, the fragmentation corresponds to
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that defined for a bond dissociation energy., If the neutral products
are atoms, the reaction agrees with that defined for a bond energy sum,
However, herein lies the first limitation of the method, the
identification of the neutral fragments,

A mass spectrometer only provides a means of identifying the mass
of the charged fragment, The neutral fragment or fragments of a
dissociation process cannot be identified, This restriction constrains
the use of a mass spectrometer to studies of bond energies in diatomic
molecules or molecules with central atoms in which the ligands are
atoms or "simple" molecules, If the ligands are polyatomic, the
energies of the bonds within the ligand must be greater than the
central atom - ligand bond energy. For these kinds of molecules the
assignment of neutral fragmentation products will be unambiguous,

Even in those cases where neutral fragments can be specified
further considerations will limit the applicability of the method.
of bond energies designate that the fragmentations
must take place in the ideal gas state at 25° ¢, Furthermore the
enthalpy change of the process referenced to the ground states of the
reactant molecule and product fragments must be measured, In a mass
spectrometer the fragmentation processes occur near room temperature at
pressures less than 10~5 Torr, These conditions approximate those
described in the definitions very well, The internal energy changes
of the fragmentations are measured while changes in enthalpies are

required, The difference between the two quantities is the A(PV) work
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term, For the unimolegylar decompositions which occur in a mass
spectrometer this term has no meaning so that A E can be equated with
A H, Thus the A E's of Eqs. 67 and 68 can be replaced with A H's, but
the reference state is not the ground states of the reactant and
products, The molecular ion is produced in an excited vibrational
state and the fragments may contain excess energy, There is no alternative
but to neglect these excitation energies if bond energies are to be
determined by mass spectrometry, It is a good assumption that the
molecular ion and all fragments are formed in their ground electronic
states, The assumption that these species are formed without any
excess vibrational, rotational, or kinetic energies severely restricts
the accuracy of the method, If good quantitative results are to be
obtained, a method must be devised to correct for excess energies,

The preceding discussion indicates that a mass spectrometer can
be used to determine ionic fragmentation energies if the netural
¢ identified and if excess energies can be neglected,
The fragmentation enthalpies are given by Egqs. 67 and 68, These
energies will be either an ionic bond dissociation energy or am iomic
bond energy sum if Eq, 66 corresponds exactiy to one of the definitions,
Intrinsic bond energies cannot be determined by this method,

In general fragmentation energies are obtained for many different
fragment ions of a molecule, The fragmentation data will resemble

that described by Eqs. 28, 40, and 41 for the anion or cation, These

data are amenable to treatment by the least-squares method whereby
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ionic least-squares bond dissociation energies can be calculated, If

the products are atoms, the least-squares energies will be ionic bond
energy terms, If the products are polyatomic ligands or some combination
of atoms and ligands, the least-squares energies themselves will be

the calculated molecular quantities,

Only bond energies in the molecular ion can be related to the
measured quantities, But the relative ease with which these bond
energies can be determined by mass spectrometry is readily apparent,
Unfortunately ionic bond energies are not as desirable as the same
energies in the neutral molecule because the chemistry of the two
species are different, For this reason the relationships between bond
energies in the positive or negative molecular ion and those in the
neutral molecule are of paramount importance for the complete realiza-
tion of the potential of the method,

The correlation between ionic and neutral bond energies is based
upon the her the molecule Tirst
dissociates and one of the fragmenté is ionized or whether the molecule

is ionized first and then dissociates, For bond energy terms this

means that the dissociation process should be written as:

*eo0 +’- -
A& B, C. A7 + (-1A + mB-
- 2 +nC+ ¢ + (-)e,

LA + mB + nC + *°° (69)
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Since the energy change for the overall process is independent of the

path:
Iu%Bm%uq+;E;=gEi+wm) (70)
1 1
or:
IP(a, B Cc**) - IP(A) = E E,- ? Ei+ (71)

for the cation-neutral fragment relatiomship and:

EA(A) - EA(A, B C ***) =% E -~V E (72)

i i t
for the anion-neutral fragment relationship. By following a similar
procedure the analogous relationships can be obtained for intrinsic
bond energies and bond dissociation energies, The results are given by

the following equations:

L +
IP(A% Bm Cn ) - IP(A) = ? Ii -5 Ii s (73)
i i

EA(AT) - EA(4, B_C c°°) = ? I, - E I, (74)
n \= - - +_ [
IP(R R)) - IP(R;) = D(R,-R)) D(R,"-R)), (75)
- = -R) - - o 76

EARR)) - BA(RR,) = D(R,-R,) D(R, -R,) (76)

*
where A denotes the atom in its valence state,

The ionization potential and electron affinity of the ionic
fragment are the keys to the interconnection of ionic and neutral bond

energies, Once this information is obtained the appropriate bond
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energy differences can be calculated. Only for bond dissociation
energies or for molecules containing one kind of a chemical bond is a
relationship between individual quantities possible, Equations 75
and 76 can be solved directly for the dissociation energy in the
molecule, For the ABn molecule the right-hand sides of Eqs, 71-74
reduce to n[E(I)(A-B) - E(I)(A+’--B)] and the equations can be solved
directly., If the molecule contains more than one kind of a bond the
energy sums of Eqs. 71-74 will reduce to more than one term, A
solution for the equations cannot be obtained without additional
information or assumptions, Regardless, the following generalizations
will always be true, Bond energies in the +,- ion will parallel those
in the molecule, Trends in ionic energies will usually reflect those
in the molecules.b

Ionic-neutral correlations can also be derived for the approximate

»

quantities D and D, Since average bond dissociation energies are

and 72 can be transformed directly to the corresponding equations for

this quantity., Hence:

= =+
IP(A R S, T, ) - IP(A) = ED; - LDy (7
1 1
and:
FA(A) - EA(A R, S, T,"°*) =‘Z‘,iDi -Eni . (78)

Least-squares bond dissociation energies are calculated from the

fragmentation data of a molecule. Since the nature of these data are



37

dependent upon the molecule, no general ionic-neutral relatiomnship can
be derived, The results for the AR.n molecule will demonstrate the
principles of this correlation. Applying the conservation of energy

principle to each of the n processes:

i

+ -
AR > +4/- e
n

P
N
U . = s _
ARn , ARh-i + iR +/- e i=1,n
~
AR . +iR (79)
yields:
+

IP(AR ) + A B =AH + IP(ARn_i) (80)
or:

-EAAR)) + A H, = A H - FAGR ) (81)

for i = 1,n. Since it can be shown (by a procedure analogous to the
development of Eq, 32) that:

+.0,- T 4.0~
pESYT = iD@ %7 py, (82)

Egqs, 80 and 81 can be rewritten as:

TP(AR ) - TP(AR ) = i (Da-R) - Dat-R)7 (83)

1

and:

EAGR ) - BAMMR) = 1 [D(a-R) - DA™ -R)]  (84)

where 1 = 1, 2, **+, n, The least-squares solutions of these systems

of equations yield the desired results:
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n n 9 o -~ 4
vy i [IP(AR ) - IP(AR _i)] =y i” [D(A-R) - DA -R)] (85)
i=1 n n i=1

and:
n noo, . ~ .
s i [EA(AR ) - EA(AR)] =% i” [D(@A-R) - D(A -R)]. (86)
o=1 n"'i n i=1

These equations relate a bond energy difference to the weighted average
of the difference between the ionization potentials or electron
affinities of the molecule and the fragment ions. The same qualitative
conclusions will be true irrespective of the type of molecule, In
general the ionization potentials and electron aifinities for a
majority of the fragments will be unknown so that least-squares energies
in the molecule will have to be calculated by approximation. If the
ionization potential or electron affinity of the central atom is known,

ﬁ(A-R) can be approximated from the equations:

IP(AR ) - IP(A) = n [DA-R) - DA™ -R)] (87)

or:

]

TA(A) - EAGAR) = n (D(A-R) - DA™ -R)]. (88)

These relationships follow from Eqs, 85 and 86 for the case where i = n,
For other kinds of molecules a similar approach based upon the available

information will have to be followed,

B, Appearance Potential Measurements

1. Positive ions

Appearance potentials cannot be obtained as directly measured

quantities, They must be obtained from an analysis of the intensity of
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an ion beam as a function of the electron bombarding energy for the
ion of interest. Plots of these data result in ion current vs electron
energy curves called ionization efficiency (IE) curves. A family of
such curves for the positive ions from W(CO)6 is shown in Figure 1,

The appearance potentials must be determined by locating the threshold
energy for each ion. It is difficult to specify these points accurately
because the curves approach the energy axis asymptotically as a

result of the thermal energy spread of the electron beam. In addition,
the energy scale is not absolute. The contact and surface potentials
of the electrodes, the Maxwellian nature of the electron energy
distribution, and the potential gradients within the ion source are
all factors which produce an additive correction to the energy scale

which cannot be determined directly.

Several graphical [21-277, numerical [28-31], and experimental [32]
methods have been developed to determine appearance potentials from
ncy data, Each method is unique in its approach for
locating the critical energy. All of the techniques require a
calibration of the energy scale. The procedure is fhe same in every
case, The unknown and calibrating gas (usually a rare gas) whose
ionization potential is known from spectroscopic measurements are
introduced simultaneously into the mass spectrometer, After the
pressure has been adjusted such that their intensities are equal at
some specific voltage, the two ionization efficiency curves are

recorded, The difference, A, between the critical energies is

determined and the appearance potential of the unknown is calculated
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from the relationship:

AP (unknown) = A + IP(known). (89)

The procedure developed in this research to determine appearance
potentials is an adaptation of the method of extrapolated voltage
differences first proposed by Warren [25] in 1950. The method was

designed to give appearance potential differences and was described by

Warren as follows:

The ordinate scales are chosen so as to make the straight
portions of the two curves parallel, The differences

of voltages, 8V, at various ordinates, I, are measured,

and a graph of 6V against I is drawn and extrapolated to
zero beam intensity. We assume that the extrapolated value
of 6V is the difference between the appearance potentials,
We appreciate that this procedure is quite arbitrary and
that the extrapolation of any curve other than a perfectly
straight line is liable to objection,

The basic assumption behind the method is that "near" onset all
ionization efficiency curves have the same shape, To Warren the word
""near" implied the lower 5 V of the curves,

In a modification of Warren's method Flesch, White and Svec [33]
interpreted the word "near" to be the lower 2.4 V of the IE curves.
Experimentally it was found that the curves due to the molecular and

fragment ions of Cr02(312 and Cr02F2 had the same shape within this

- TL
regicu, LX

hie curves were normalized to give equal intensities at a

T
point approximately 2.4 eV above onset, appearance potential differences
could be obtained directly from Warren's plots (i.e, the §V vs I graphs)

without making the linear portions of the curves parallel, Subsequent

studies [34,35] indicated that the lower 1,5-2,0 V of many IE curves
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could be superimposed,

These data suggest that Warren's initial assumption can be
extended to mean that "near" onset all IE curves can be made parallel to
one another, Warren's method can be developed into an iterative
process for determining appearance potential differences, The IE curves
are drawn so that the lower 1,5-2,0 V are approximately parallel, The
A obtained from these data is a first approximation to the true value,
After renormalizing the curves to this voltage difference, another
Warren's plot is made, and a second approximation is obtained, The
process is continued until a consistent result is obtained, If the
modified assumption is correct, the Warren's plots will converge from a
sloped to a horizontal line, but this need not be the case, As long as
the points of the plots define straight lines which have consistent
intercepts, good values for appearance potentials can be obtained,

There are many cases where it is impossible to make the curves

a” Tt ~an Lo o
tné Ligniter ira

€ o ment ions of a
molecule are more elongated than those of the heavier fragments, This
effect is demonstrated in Figure 1, It is due to an increased number
of processes contributing to the formation of the lower m/2z

fragments, The Warren's plots for the lighter ions will

possess either a maximum or a minimum value, There will be no

apparent straight line through the points, and the extrapolated

voltages will be arbitrary, The solution of this dilemma was first

implied by Flesch and Svec [36]: "The determination of an appearance
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potential, AP, thus reduces to finding some unique point in this low-
energy portion of the IE curve which can be compared with a similar
point on the IE curve of an electron energy calibrant ion.," Rather

than to determine voltage differences by making the lower energy

regions parallel, it is more advantageous to determine them by comparing
similar portions of the curves, These portions are specified by the
location of the unique point. This point is established by finding

that point on an IE curve such that an increase in electron energy

by AX eV produces an N-fold increase in ion intensity, The range, AX,
and the normalization multiple, N, are usually in the interval of
1,0-2,0 volts and 10-20, respectively, The "times-one'" point is the
lower bound and the "times-N" point is the upper bound to similar regions
of both IE curves, The voltage difference is obtained from a Warren's
plot of the energy differences of the x-1, x-2, °**°*, x-N points, If

the curves have the same shape in this interval, the plots will be
Gltage difference should be determined
from the intercept of the least-squares line through the points,

This method is merely a simplified extension of the iterative pro-
cedure described previously. A boundary condition eliminates the proc-
ess of making the curves parallel, Two parallel curves have the same
""'slopes" (i.e. their first derivatives are equal). Once the "slope"
condition is met the curves will be parallel. The boundary condition
is not set by the first derivative of the IE curves but rather by

the slope of a line connecting two points on each curve. These
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two lines are actually what are made parallel not the curves themselves.
But if both curves have the same shape in this region, they too will

be parallel, The slope of the lines must be specified by two cond-
itions (viz., AI and AE). Since the ordinate scale is relative, the
relationship between the final and initial intensity, 1’f and Ii must

be multiplicative. Hence:

If =N Ii' (90)

The final and initial energy, Vf and Vi are related in the usual

manner:

Vf = Vi + AX, (91)

Both AX and N are the range and normalization multiple as defined

previously, The energy at the upper bound of the region, Vf, is

referred to as the normalization energy,

The obvious advantage of this method is that it is easily adapted

for computerized interpretation of ionization effic

2, Negative ions

There is a difference between the ionization efficiency curves

of positive and negative ions, In the formation of a positive ion

the product electrons are available to carry

away any exXcess energy.
However for negative ions formed by electron capture (AB + e - AB )
or dissociative capture (AB + e = A + B) there are nc electrons to

carry away the excess energy. The anions are formed by a resonance

process which occurs over a relatively narrow energy range, These
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types of processes usually occur from 0-15 V and are evidenced by a
sharp peak in the ionization efficiency curve, It is possible to form
a negative and positive ion simultaneously in a mass spectrometer by
an ion pair process (AB + e~ = A+ + B + e"). 1In this case a product
electron is available to carry away the excess energy. The IE curve
for the negative ion in this region (> 15 V) will resemble that of a
positive ion,

Appearance potentials for negative ions are commonly obtained by
linear extrapolation [23] on the low energy side of a resonance peak,
In some cases the energy of the resonance maximum is reported, If
two peaks overlap, a deconvolution procedure [37] can be used to
obtain satisfactory results, As is the case with positive ions, the
energy scale must be calibrated. The O ion produced by resonance

dissociation of CO is often used for this purpose.
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I1I. INSTRUMENTAL

To facilitate the rapid and precise determination of appearance
potentials a mass spectrometer was interfaced to a mini-computer,
The nature of the experiment requires that the intensity of an ion
" must be obtained as a function of the electron accelerating energy,
Numerical rather than graphical (see Figure 1) information is desired.
Hence, the computer and mass spectrometer must work simultaneously to
produce digitized ionization efficiency data, This information must
be processed by the computer so that extrapolated voltage differences
can be obtained, To accomplish these tasks the digital nature of the
computer and the analog nature of the mass spectrometer have to be

reconciled,

A, Mass Spectrometer

The mass spectrometer used for this research was the positive-
negative (+/-) mass s '
laboratories {387, The instrument consists of two l5-cm radius, 60°
magnetic sectors in a horizontal plane, Positive and negative ions are
obtained simultaneously from a single electron beam, The gaseous
cations are extracted, accelerated, mass analyzed, and detected in one
direction and the anions in the opposite direction, The ion source
is at ground potential and the analyzer tubes and collectors are at
+ 2000 V, The normal mass range is from 1-400, Unit resolufion with

a 10% valley is achieved at mass 350.
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The electron accelerating energy is set by specifying the potential
between the filament and the ion box, This voltage is supplied by
an 85 V voltage regulator tube and can be varied from 0 to -85 V
with respect to the ion box by a 15 turn helical potentiometer, For
automatic scanning of the electron energy the potentiometer is connected
to a variable-speed, motor-driven control,

The ions are detected by a magnetic electron multiplier (Bendix
Corporation Model M-310), Currents from this device are measured
by a battery-operated electrometer amplifier (Keithley Model 601).
The 0-1 V dc output of the electrometer floats at analyzer tube
potential, A DC-DC converter [39] is used to reference this signal to
ground potential, The converter is essentially a unity gain dc
isolation amplifier, It has a time constant of 0,25 g, The output
voltage deviates from linearity by less than 0,5 mV over the 0-1 V

range,
B, Computer

A PDP-12 computer (Digital Equipment Corporation) was used to
acquire and process numerical ionization efficiency data, The PDP-12
consists of a single central processor with two distinct operating
modes, each with its own instruction set, It operates in one mode
as a LINC computer and in the other as a PDP-8/I, Imstruction
execution times range from 1,6-4,8 s, There is one active register,

the accumulator, Core memory consists of 8192 (8K) 12-bit words,
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The peripheral devices attached to the computer include an ASR-33
Teletype, a line printer-plotter (Matrix Model 1110A), a cathode ray
tube display, two magnetic tape drives controlled by a buffered
subprocessor (TU56), a real time clock (KW12A), an analog-to-digital
(A-D) converter (AD12), and six relays, The CRT display, LINC tapes,
A-D converter, and relays are controlled by LINC mode programming.

The other devices are programmed in 8-mode, In addition the PDP-12
contains two programmable parallel processors with their own instruction
sets. The floating point processor, FPP, is used to perform arithmetic
operations on floating point numbers. The analytical instrument
package, AIP, is an A-D converter used for fast sampling at rates

up to 50 kHz,

Typically analog information is processed by the AD12 analog
converter and multiplexer, The device consists of 16 input channels,

a sample and hold, a multiplexer, and a 10-bit A-D converter, Eight
of the channels (0-7) are controlled by continuously variahie 10-turn
potentiometers. The other eight channels (10-17) are for external
inputs, These inputs are taken from phone jacks and are connected
through preamplifiers to the converter, The acceptable voltage range
of these inputs is + 1 V with a sensitivity of about 2 mV per count.
Since one bit of the converter is a sign bit, the converter range

is from -7778 (-51110) to +7778 (51110). Normal sampling of a selected
channel, conversion to a 10-bit signed number, and transfer of the

converted binary number to the accumulator takes 18,2 us,
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Programs can be written for the PDP-12 in FORTRAN, FOCAL, or

assembler language., Two operating systems are available to facilitate

the writing of programs. The DIAL and 0S/8 systems contain the required
software for editing, assembling, loading and storing programs, A
third operating system, AIPOS, is used for data acquisition and

manipulation and for its input-output and file handling capabilities,
C. Interface

The interface consists of the elements required for the link
between the +/- mass spectrometer and the PDP-12 computer. These
components are the hardware and the software., The computer must provide
the mass spectrometer with analog information in the form of the elec-
tron accelerating energy., The mass spectrometer must provide the com-
puter with digital information in the form of the intensity of an ion.
The electronic components, the hardware, needed to produce these results
are a digital-to-analog (D-4) converter and an analog-to-digital

mu. A - wsfamnd mm A meeSana
L
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converter respeccivesy. i€ programs ré‘:un.l"Gd to acguire, process,

and interpret the IE data comprise the software of the interface.
Although the possibility exists for interfacing both halves of
the +/~ instrument to the computer, only the positive ion capacity

of the instrument was developed, Both the hardware and software

reflect this limitation,

1, Hardware

For the purpose of sampling positive ion intensities, the output

of the DC-DC converter was connected directly to channel 11 of the
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AD12 A-D converter of the PDP-12, This converter was chosen for the

interface instead of the AIP for ease of programming and because the

slow response time of the DC-DC converter eliminated the need for

fast sampling. The 0-1 V output of the DC-DC converter and the (-1)-1V

input of the A-D are compatible, Only half of the range of the A-D

converter is used, but the sensitivity of 2 mV/count is well-within

the noise limitations of the positive ion signals, One modification

was made on the DC-DC converter, For convenience a divider network

was placed in parallel with the 0-1 V output. As a result of this

modification, a 40 k() load is always across the DC-DC converter output.
A 12-bit digital-to-analog converter, which was designed and

built in the Ames Laboratory at Iowa State University, was used to

supply the electron accelerating energy. A circuit diagram for the

converter and its interface to the input/output bus of the PDP-12

are given in Figure 2, The converter is addressed in 8-mode by the

digitail~-to-analog converter (DAC) instruction whose octal value

6374, According to Figure 2, the operation of the converter can be

summarized as follows. When the D-A is addressed (device select 37),

the binary information in the accumulator is transferred to an outboard

holding register (during IOP 4) which is presented to the D-A inpuis,

The D-A operates continuously on the contents of the holding register

to provide an analog output voltage. This voltage is amplified,

inverted, and supplied directly to the ion source filament, Because
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the ion box serves as a common ground for the mass spectrometer and the
computer, the connection can be made in this manner, The only change
that was made in the existing emission regulator circuit was to add &
switch to allow the filament potential to be set either manually or by
the computer,

As far as the ionization efficiency experiment is concerned, the
replacement of the electron energy potentiometer by the D-A converter
produced one change, The electron accelerating voltage is no longer
continuously variable, It must be incremented under program control,
The voltage of the smallest‘increment is fixed by calibrating the
D-A circuit, In this case the 0-10 V signal from the D-A converter is
amplified and inverted to yield a 0-(-40.95) V output. The judicious
choice of -40,95 V as the maximum output voltage specifies. 0,01 V as
the smallest voltage step, In other words, the addition of 1 to the

binary value in the accumulator produces & change of 10 mV in the

largest octal number which can be converted by the 12 bit D-4 is 7777.
Its decimal equivalent is 4095, In general the electron energy will
be equal to 1/100 of the decimal equivalent of the octal number to be
converted, The restriction of the energy interval to 40,95 V and the
specification of the energy to 0.01 V do not limit the ionization
efficiency experiment in any way,

Both the A-D and D-A converters were tested to verify their

performance, The tests were implemented by diagnostic programs written
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in assembler language for the PDP-12, The monotonicity of the A-D
converter and the operation of the 16 A-D channels were checked with an
existing program (MAINDEC 12-D6CC-D, A TO D TEST), Since the program
samples each of the channels and displays their octal values
simultaneously on the CRT display, the nature of the test is visual,
Qualitatively the operation of the converter was checked by turning the
potentiometers (channels 0-7) and by noting a corresponding increase
or decrease in the converted value, The quantitative operation of
the converter was demonétrated by connecting a calibrated and variable
voltage source to the inputs (channels 10-17), In every case the
observed and calculated values of the converted input voltage were
equal to within + 1 count,

To facilitate the testing of the D-A converter, a low voltage
(0-1 V) output was provided (Figure 2), This output was connected to
channel 10 of the A-D converter so that it could be used to verify the

Lo M_A amacana. P M. A2 mmn it m1 . a
i€ v-n CORVErter, .1wWO J4ilagibscal progiaims, DATST1 and

utilizing this option, In the first program, DATST1, the accumulator is

slowly incremented from 0 to 7777, then decremented back to 0

8 8 8’
endlessly, The value of the increment is fixed but may be set to any
binary number in the 12 bit range before the program is started,

At each step the value of the accumulator is converted to an analog

voltage, This voltage is reconverted to a binary number, The octal

values of the D-A input and the A-D output are displayed simultaneously



Figure 2, Circuit diagram for the PDP-12/mass spectrometer interface.
Digital-to-analog converter (top center), holding register
(right), and I/0 bus connections (bottom center and left),
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on the CRT display., Since the D-A converter operates on 12 bits and
the A-D converter operates on 9 bits, the three least significant
bits of the D-A input will be lost in the process, However if the
hardware functions correctly, the A-D value should equal the D-A
value divided by 8, The numbers should count up and then down at the
same rate when the least significant three bits of the D-A input are
incremented from 78 to 08' When this diagnostic test was made, the two
numbers were equivalent throughout the entire range independent of the
size of the increment, Both numbers changed simultaneously to within
4+ 2 counts of the D-A input when the increment was 1,

The second test, DATST2, functions in a similar manner with three
exceptions, The increment is fixed at 108 and is always upwards at the

fastest rate possible, That is, the accumulator is counted from 0, to

8

7777, in steps of 108 repeatedly, Neither the input nor the output of

8
the D~A are displayed, but the digital output is plotted vertically

on the oscilloscope screen with two points per step, If the D-A
converter functions correctly, two parallel lines are produced
continuously on the oscilloscope screen. This result was produced
successfully after an initial grounding problem was corrected,

For further reference, a complete listing of the two diagnostic

programs is given in Appendix A,

2, Software
Although FORTRAN and FOCAL were available, the software for the

interface was written in assembler language, If one of the high level
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languages was used, the size and efficiency of the software would be
limited, WNeither of the languages could be adapted for programming

the line printer or the D-A converter, The program was composed and
edited with the DIAL operating system, The source program was assembled
by the FPP assemﬁler. The resulting binary program was built into a
function program for the Analytical Instrument Package Operating

System, AIPOS, All 8K of core memory is used by the program,

The software consists of several subprograms which were combined
to form a single program, the Ionization Efficiency Acquisition
System (IEAS). Since each subprogram performs a specific task
associated with the ionization efficiency experiment, the IEAS is a

command structured system, Each routine is assigned a command code,

the first alphabetic character of its mnemonic descriptor, such that
when the command is typed the routine is executed. This function is
performed by a command overlord dispatcher in the IEAS, Most of the
routines require the input of data. This information is checked and if
any errors are found, an error handler types an appropriate error code
and returns control to the overlord processor. A summary of the
commands and error codes is given in Tables 1 and 2, respectively,

The alphabetic characters not listed in Table 1 are undefined commands
and are reserved for future expansion, Additional error codes can be
added when needed,

a. Description of the system When the IEAS is ready to

accept a command, the command overlord processor types an asterisk, All
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Table 1, IEAS command summary

Command letter Mnemonic code Explanation

A ACQIR Ionization efficiency data are
acquired, normalized, and stored.

B BCKSUB A background interference is
acquired and subtracted from the
IE data., The resultant data are
normalized and stored.

c CAIN Up to seven commands may be :
chained and executed sequentially,

D DELSQ Warren's deltas and their least-
squares intercepts are printed
on the line printer,

E ELIM The IE data for the last ion are
eliminated from the IE table,

F FILSAV The information in the IE
table is saved on magnetic tape,

I IEPRNT The unnormalized IE data are
printed on the teletype,

M MASPRT The normalized data for the ion
whose mass is specified are
printed on the teletype,

N NORPRM The normalization multiple and
range may be changed to new
values,

0 OPTMIZ The gain and scan limits for an
IE curve are optimized,

P PRNTAB The IE table is printed on the
line printer,

R READTA A specified IE file is read
from magnetic tape,
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Table 1, (Continued

Command letter Mnemonic code Explanation

S SETEE The electron energy is set
manually by entering the
desired value,

T TIME The delay time is set to the
specified value,

W WARPLT Warren's plots are printed
on the line printer,
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Table 2, IEAS error codes
Code Explanation

?0 The command is not alphabetic,

71 An undefined command was typed.

72 Tonization efficiency data are being saved in a
preexisting file,

?3 1000 < ion mass < 1,

24 40,95 < starting energy < 0.

75 40.95 <. energy increment < 0,

?6 The starting energy minus the scan range must be
greater than or equal to zero,

27 Acquisition buffer will overflow, The scan range
divided by the energy increment must be greater
than zero but less than 512,

710 8,000 < number of scans < 1.

711 An ion intensity is less than or equal to zero.

712 The largest normalization multiple that could be
found was less than the preset value,

713 The smallest normalization multiple is greater
than the desired value, The starting energy is too
low,

714 The number of IE curves for which there is
normalized data stored in the IE buffer exceeds i3,

715 Another acquisition will cause the IE buffer's
capacity to be exceeded,

716 There are no data in the IE table for an ion of

the specified mass,
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Table 2, Continued

Code Explanation

217 The normalization multiple is less than or equal
to zero,

720 The normalization range is less than or equal to
zero,

721 87.5 sec < delay time < 0,01 sec,

722 The IE table is cleared,
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commands are single alphabetic characters and are executed as soon as
they are typed and followed by a carriage return, If an illegal
command is entered the error handler will type either a 70 or a ?1,
The RUBOUT key may be used to eliminate a typed command before it is
executed, A new command can then be typed in its place and executed.
While a command is being executed the typing of a CONTROL/C or a
CONTROL/R halts its execution and returns program control to either the
AIPOS job controller or to the command overlord, respectively,

1). Acquire The mass of the ion (IM), starting energy (SE),
energy increment (EI), range of the energy scan (R), and the number
of scans (NS) are the parameters requested by the acquisition program,
Each parameter is typed in response to its abbreviation followed by a
colon, The RUBOUT key can be used to correct any errors before a
response is terminated with a carriage return, All of the parameters

are entered as positive decimal numbers, The ion mass and number of

range are specified to the nearest 0,01 V., The data are checked and
any errors are signaled by codes 3-10, After the last parameter is
entered, the electron energy is set to the starting energy and the
program awaits the typing of a G (for GO). During this time the user
manually adjusts the magnetic focus to the desired mass and adjusts the
intensity to produce a full-scale deflection on the electrometer, When
a G is typed the IE curve is acquired, The typing of any other letter

will cause control to be transferred to the command overlord. The
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acquisition process is summarized in Figure 3, The electron energy is
varied in discrete steps given by the energy increment, After each
step there is a programmed delay of 0.25 s to allow the electrodes in
the ion source to respond to the change in potential and the electro-
meter and DC-DC converter to respond to the corresponding change in
ion intensity. Following this delay the ion intensity is sampled

for 25 ms, During this period 10008(51210) consecutive samples ére
taken and averaged. The averaged intensity is added to the contents of
the ith position in a data storage area which had been cleared before
the scan was initiated, The electron energy is not recorded because
there is a one-to-one correspondence between the digital input and
analog output of the calibrated D-A converter, The electron energy
of the ith step, Vi’ is related to the ith position of the acquisition
vector:

Vi = SE - i(EI) (92)

where SE and EI are the starting energy and energy increment, respec-
tively. Hence, the energy-intensity dependence is transformed into a
position-intensity relationship, A single scan of an IE curve is the
sum of the intensity data acquired by scanning down from and back to

the gtartin
resulting IE curve, By acquiring the data in this manner any linear

variation in sample pressure during the scan time will be averaged in

the data, Upon completion of the last scan the IE data in the
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acquisition vector are normalized (pp. 41-43). In the normalization
process energies are found for the 15 equally spaced intensities in
the region of the IE data bounded by two points separated by 1,5 V
that have an intensity ratio of 15 (i.e, the 15 energies at the x1,
x2, e+, ¥N points are found), If the data cannot be normalized,
either error code 12 or 13 is typed. Linear interpolation is used to
determine the energies to the nearest 0.01 V. The normalized energies
are stored consecutively in a column of an IE table, This column is
labeled by the mass of the ion, After the data are stored, the number
of columne and amount of space remaining in the IE table are checked,
Error conditions are signaled by codes 14 and 15, Command is then
passed to the overlord processor,

2). Background subtract After the ion mass, starting
energy, energy interval, range, and number of scans have been
entered and a G typed, the IE data are acquired in the usual manner,
The normalization process is inhibited and a carriage return-line feed
is typedvon the teletype., The program pauses and waits for another G
subcommand, During this time the mass can be adjusted to the valley
between peaks or to another ion which has similar intensity and energy

dependence as the background., After the G is typed, the background IE

from the initisl data. The corrected
data are normalized, If an intensity less than or equal to zero is
found during the normalization process a ?11 is typed. Otherwise,

if the normalization condition is met, the normalized data are stored

in the IE table and command is returned to the overlord processor.
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3). Chain In response to the message, TYPE COMMAND SEQUENCE

FOLLOWED BY A), up to seven command codes are entered followed by the )
and a carriage return, The commands are executed sequentially, The
asterisk typed by the overlord indicates when the process is completed,
Since the number of commands typed or the terminator, ), are not

checked, caution must be exercised when utilizing this command,

4). Delta-least-squares The D command is executed with-

out any input. Each column of normalized energies in the IE table is
subtracted from the first column., The original table is overwritten
with the energy differences. Least-squares slopes and intercepts are
calculated for energy differences (A's) at equal relative intensity
differences (1, 2, ¢+¢, 15) for each column of the delta table, 1In

the calculation the first two points are not used. These results are
saved, and the delta table and intercepts are printed by the line
printer, An example of the output for the positive ions from MIo(CO)6 is
given in Figure 4, Each row corresponds to an energy difference at a
relative intensity from 1 to 15, The energy differences are obtained by
subtracting the normalized energies of an ion from those of the
reference ion, the first column of the IE table (loc. cit. p 26). All
data are rounded to the nearest 0,01 V., The columns are not labeled,
but are listed in the order in which the data were obtained, From

left to right the differences are for Mo (CO) 5+, Mo (C0)4+, Mo (CO) 3+,
Mo(CO)é+, Mo(COfF, and Mo+. After the output is completed, program

control is restored to the command processor,
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DELTA TABLE

1.44 3.98 4.67 6,25 7.83 9.54
1.48 3.86 4,72 6,31 7.92 9.64
1.5 3.88 4,75 6.33 7.96 9.69
1.82 3.09 4.76 6,35 7.99 g9.71
1.54 3.18 4,76 €.36 8.88 9.73
.53 3.18  4.¥7 6.36 ©B.88 9.73
1,55 3.18 4,78 6.36 8.3 9.73
1.53 3.89 4,77 6,35 7.9 9.73
1,53 3.v8 4.?6 6.3¢ 7.98 9.71
1.52 3.88 4.7 6.34 7.96 5.69
1.51 3.086 4.?4 6.32 7.94 9,56
1.49 7,85 4,723 8.31 7.92  9.64
t.48 32.84 4.71 6.29 7.85 2.6l
1.46 3.82 4,69  B.2¢7 7.8  9.57
1.44 3.660 4,67 .25 7.82 9.54
LERST-SQUARES INTERCEFTS
1.56¢ 3.14 4,31 6.3% B.2A 9.89
Tabular printcut of the energy differences, deltas, at

relative intensities 1,2,++-,15 (rows) and their least-
squares intercepts, Each column is the data for an
individual ion printed in the order of acqu151t10n. From
left to rlght these data are for Mo(CO)_T Mo(co),*

+ 5° 4
Mo(CO)3 , Mo(C0),*, Mo(CO)F, Mo™.
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5)., Eliminate The elimination command causes the last
column of data in the IE table to be erased, Successive execution of
this command will erase the whole IE table which is gignaled by a ?22,

6). File save The F command causes the current contents
(either the IE or delta table) of the normalization buffer to be
saved on magnetic tape, The Aata are saved in the output file
previously specified by the user to be created by the AIPOS job control
processor, The file is automatically indexed when program control
returns to the AIPOS processor after the operation is completed,

7). 1IE print The contents of the acquisition buffer (i.e.
the unnormalized IE data) is dumped on the teletype when the I command
is executed, The data are listed in tabular form. The energy and
intensity of each step is listed in descending order, The intensities

are positive decimal integers. Command returns to the overlord

processor when the operation is completed or if a CONTROL/R is typed.

8). Mass print When the m
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response to the MASS: request, the program searches for its data in the
IE table, If none is found error code 16 is typed, Otherwise the
relative intensities and their corresponding energies are listed in
tabular form on the teletype., Control is returned to the overlord when

the table is finished,

9). Normalization parameters The normalization range and

multiple are preset to 1,5 V and 15 respectively, but this command is

used to reset the parameters to any positive value greater than zero.
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The normalization multiple is entered first in response to the INTENSITY
MULTIPLE: request. It is followed by the NORM RANGE: request for the

desired energy range. The parameters are checked (error codes 17 and
20), and stored before control returns to the command processor,
Subsequent IE data will be normalized with these conditions.

10). Optimize The starting energy, energy increment, and
energy range are requested and entered in the same manner as they were
for the acquisition program, One scan of the IE curve is acquired after
the G subcommand is typed, If the data can be normalized the energy
and intensity of the zl and xN(15) points are typed. No data is stored
in the IE table, If the curve cannot be normalized, either error codes
12 or 13 are typed. In both cases the program is recycled, When the
most favorable conditions for the starting energy, energy range, and
multiplier gain have been determined, control is returned to the
command processor by typing a CONTROL/R,

11). Print table This command is executed before thgvD
comnand to print the IE table on the line printer. Figure 5 shows a
representative output, The normalized energies of the positive ions
from M’o(CO)6 are given in the table, Each column corresponds to the data
for a particular ion and each row to an energy at a relative intensity
from 1 to 15, but the columns and rows are not labeled, Since the data
are entered into the table in the order in which the IE curves were

acquired, the column labels are implied, From left to right the ions
+ + + + + + +
are Mb(CO)6 , MTo(CO)5 . M’o(CO)4 ’ Mo(CO)3 s M‘o(co)2 » Mo(CO) and Mo .

After the table is printed, the program exits to the command overlord,
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IE TRBLE
12.95 14.57
13.26  14.86
13.45 15,084
13.68  15.19
3.72 15.3@
13.62  15.41.
13.92 15.5@
14,68 15.50
14,68 15.66
14,16 15.74
14,23 15,61
14.70 15.68
14.37 15,95
14,42 16.81
14.45 16.87

16.
16.

15.
.83
16.5
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12), Read data The input file specified in the AIPOS
function command is read from magnetic tape into the normalization
buffer. Control is returned to the overlord after the operation is

completed,

13). Set electron energy The filament to ion box

potential is set automatically to the energy typed in response to the
ENERGY: request, Any energy greater than zero but less than 40,96 is
accepted, The program exits to the command processor,

14), Time After the T command is executed the phrase,
DELAY TIME(SEC):, is typed on the teletype, The delay time is entered
and followed by a carriage return, If the time is not between 0.01 and
87.5 8, 7?21 is typed. Otherwise the new value replaces the preset

time of 0,25 s. Control is returned to the overlord.

15), Warren's plots All data required for. the execution

of the W command are provided internally from the results of the delta-
least-squares program, For each ion (column) in the delta table the
energy differences are plotted as a function of the relative intensity
(row) on the line printer, An example of the output is given in

Figure 6. The Warren's plots, which are for the fragment ions from
Mb(CO)é, are plotted two to the page, The ordinates cover a 0.4 V
range in 0,05 V divisions, Alternate divisions are labled, The
abscissas are not labeled and are divided into 15 equidistant intervals,

This division is variable and is adjusted to the value of the normal-

ization multiple, 1In this case the implied labels are 0, 1, ---, 15,
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Figure 6,

Printout of Warren's plots for the positive ions of Mo(CO)
Mo(CO)5+ (top), Mo(CO)4 (bottom).
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The deltas are plotted as + signs. The least-squares lines are drawn
through all but the first (leftmost) two points. The plots are not
labeled but are drawn in the order in which the data were acquired from
the top to the bottom of each consecutive page. The plots in
Figure 6 are for Mo(CO) 5+, Mo (CO) 4"', eer, MoT respectively, The
program exits in the normal manner when all plots are completed,

A complete and documented listing of the IEAS program is
provided in Appendix B for further reference.

b. Operation of the system The IEAS program is stored on

magnetic tape. Before any data can be processed the program must be
loaded into memory and started., The tape containing the IFAS program
is placed on tape drive 0 and an AIPOS data tape is placed on tape
drive 1. After the AIPOS system has been started [40, Appendix AJ, the
program is loaded and started by a function call to the AIPOS job

control language processor [40, Chapter 1]. The general format of

function output file = input files, (93)
Since the IEAS can accommodate only one output and one input file,
the specific command is:
IEAS 1Tl: X.,ext = Y.ext, (94)
LT1 assigns the output and input files to tape unit 1. Mnemonic
descriptions of the files are X and Y. They are defined by the user
and may be from 1-6 alphanumeric characters long., The abbreviation

ext denotes an extension code of 1-3 characters which is an optional
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description of the file, Usually three digits are used to distinguish
different files of the same type (i.e. 001, 002 etc,). The input

file must be and the output file must not be listed on the tape's
index before the command is accepted, Both, none, or just one of the
files may be specified, However an output file must be given if there
is an input file, The function call is terminated by a carriage
return and the IEAS program types an asterisk if the procedure was
completed successfully, The program is ready to accept commands,

The fragmentation energy data for a compound are acquired in a
certain manner, The IE data for the molecular ion are acquired first and
the data for the remaining ions are obtained in the order of descending
mass, When this procedure is followed the molecular ion serves as a
secondary calibrant for the energy scale, all energy differences are
positive, the extrapolated voltage differences are the desired
fragmentation energies for the calculation of ionic least-squares
bond energies (Eq. 67), and the data for the ions (Figures 4-6) are
laebeled implicitly. It will be necessary to determine the IP of the
molecule in another acquisition session, The general rule to be
followed is that the first curve to be acquired is the reference
curve and 1t must be for the ion with the lowest AP, All data must
be acquired with the same normalization conditionms,

There is also a logical procedure for acquiring the IE data of
an ion, First, the optimization routine is used to locate the normal-

ization energy (i.e. the electron energy of the x15 point), This is
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accomplished by scanning a 10 V segment above onset in 0,25 V steps.
If an error code ?12 is typed the starting energy is decreased and the
intensity is increésed to produce a full-scale deflection on the
electrometer, If a 7?13 is typed the starting energy is increased and
the intensity is decreased. Whén the normalization energy is found, a
2 V scan in 0,05 or 0.1 V increments starting at 0.2 V above its

value is acquired to insure that acquisition conditions are correct.
Once the optimum conditions have been certified, this region is
acquired by the acquisition command. For most ions five scans in

0.05 V increments produce satisfactory results. For noisy signals

50 or 100 scans in 0.1 V steps will enhance the signal to noise

ratio so that reproducible results are obtained. In these cases it

is also possible to change the number of samples per step internally

from 10008 to any number divisible by two up to 10000

8
After all of the fragmentation data are acquired, the information

in the TE table

[ZD)

g saved on tape or ig procesged and printed wit
PDW command sequence, Control is returned to the AIPOS program so

that another acquisition session can be initiated.

c, Limitation of the system When an ion has a background

interference, no normalization energy can be found., These interfer-
ences, which may be due to a monoisotopic ion at the same mass, a meta-
stable peak, or scattered ions, cannot be removed by the background
subtraction routine, However, the IE data can be acquired and printed

on the teletype with the I command., The background can be subtracted
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manually by a linear least-squares fit of the base of the curve, The

resulting data also will have to be normalized and processed by hand.

3, Tests of the interface

The accuracy and reproducibility of the complete system for
obtaining ionization energies, fragmgntation energies, and bond energies
were tested by two experiments, The:first experiment was designed
to verify the accuracy of the method by measuring the ionization
potentials of the rare gases using Xe as a reference, The results of
this study are given in Table 3, The observed voltage differences
listed in the third column represent an average of six individual
determinations made during the course of one week, Their standard
deviations are well within the limitations of the method itself and
verify the day to day operation of the system. The average percent
error for the determinations is 1,06% which is cause for some concern.
These data indicate that the magnitude of the error is proportional
to the size of the voltage difference which implies that there may
be a calibration error in the D-A converter, The error may also
be instrumental in nature, Since the path of the ions as they are
drawn from the ion source is bent by the magnetic field of the
coilimating magnet of the electron beam, ions of different masses
will be formed at different places and hence different potentials
in the ion source, If this is the case, the error should show a
dependence upon the square root of the mass of the ion, The data of

Table 3 substantiate this conclusion, The errors are inversely
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Table 3, Ionization energy differences (eV) from Xe for the rare
gases

Atom Mass Observed A Accepted A Error % Error

He 4 12,582+0.008 12.456 0.126 1.01

Ne 20 9.482+0, 004 9,434 0.048 0,51

Ar 40 3.673+0.005 3,629 0.044 1,21

Kr 84 1.897+0.005 1.869 0.028 1.50
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proportional to the square root of the mass of the ion. Thus the
error in the energy differences can be related to the sum of two

contributions, k. times the observed A and k2 times the reciprocal of

1
the square root of the mass of the atom. A least-squares solution

using this model and the data of Table 3 gives k, = -0,002 and k,_ =

1 2
0.31 with a standard error of estimate of 0,002 eV, Three conclusions
can be drawn from this information, First, the model correlates very
well with the data, second, the calibration of the D-A is not a
significant cause of the errors and third, the absolute accuracy of the
method ig limited by conditions within the ion source.

The second experiment was designed to verify the operation of the
system by comparing data acquired, normalized, and processed
using the computer method, to previous data which were acquired
graphically and processed manually, In this case the data were the
experimentally determined fragmentation energies (i,e, the Warren's
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results of this experiment are summarized in Table 4., Each energy
represents the average of at leasgt six individual determinations,

For Cr(CO)6 two sets of data were obtained by the computerized system.
The first set was taken before the D-A converter was calibrated and
when compared to the other set, demonstrates that calibration errors
are possible, Once the calibration was performed there is little
difference between the computer-determined and graphical data, A

comparison of the results for Mo(CO)6 and W(CO)6 also demonstrates



Table 4, Fragmentation energies (eV) for the positive ions of the

Group VIB hexacarbonyls

Cr(C0), Mo(C0)
TEAS IEAS Graphical IEAS
Ion uncalibrated calibrated calibrated
M(CO)5+ 1.40+0.02 1.43+0.01 1.4310.02 1.56+0.01
M(CO)4+ 2,0340.02 2.03£0.01 2.00+0.01 3.15%0. 01
M(CO)5+ 2,9340.03 2,93+0.01 2.9040.01 4,830, 02
M(CO)2+ 4.13:0.03 4.09+0.03 4.,07+0,02 6.4040.02
mccoyt 5.67+0.03 5,610, 02 5.5840.03 8.0640.03

M 7.10+0.05 6.9440.01 7.0340.02 9.78+0.06
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Mo (CO) ¢ W(C0)

Graphical TEAS Graphical

Calibrated

1,6440.02 1.70+0.02 1.76+0.03
3.18+0.02 3.6240.02 3.68+0.03
4,85+0.02 5.4640.01 5.50+0.03
6.44+0.04 7.6940.03 7.,921£0,02
8.1610,04 9.76+0.05 10.0240.05
9.9440.05 12,4140.04 12.4140.14
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that both methods are in close agreement, Although the agreement of

specific fragmentation energies is not exact in all cases, the ionic

least-squares bond energies calculated from the graphical and computer-

ized data are indistinguishable, These results, which were calculated

by the procedure described by Eqs, 30-33, are furnished in Table 5.

In general the calculated values for least-squares bond dissociation

energies are insensitive to small variations in fragmentation energies.
A final experiment was designed to test the response time of the

instrument. In this experiment IE data for Cr(CO)6+ were acquired

at different delay times., The results are summarized in Table 6,

Over the four-fold range of delay times tested the energy data show

only a very slight dependence upon the acquisition rate., As a

result, IE data for most ions were obtained with a typical delay

time of 0.1 s instead of the preset value of 0.25 s.
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Table 5. ﬁ(M+-CO) (eV) for the group VIB hexacarbonyls

Compound IEAS Graphical LEAS
Calibrated Uncalibrated
Cr(CO)6 1,10+0.03 1,10+0.04 1,1240.04
Mo(CO)6 1,61+0.01 1,63+0.01 -

W(CO)6 1.9740.04 2,00+0,04 -
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Table 6, Normalized energies (eV) for Cr(CO)6+ at different delay

times

Relative Delay time (seconds)
Intensity 0.30 0.25 0.20 0.15 0.10 0.075

1 8.88 8.88 8.87 8.86 8.85 8.84
2 9.15 9.15 9.15 9.13 9.14 9.13
3 9.32 9.30 9.30 9.30 9.30 9.30
& 9.44 9.44 9.43 9.42 9.43 9.41
5 9.54 9.55 9.54 9.53 9.53 9.52
6 9.64 9.64 9.64 9.63 9.63 9.62
7 9.73 9.74 9.73 9.72 9.71 9.71
8 9.81 9.81 9.81 9.80 9.80 9.79
9 9.90 9.89 9.89 9.89 9.88 9.87
10 9.98 9.97 9.97 9.97 9.96 9.9
i1 10,06 10,05 10,05 10,05 10.03 10.02
12 10.14 10.13 10,13 10.13 10.12 16.10
13 10.22 10,22 10.21 10.21 10,19 10.19
14 10.30 10.29 10,30 10.28 10.27 10,27

15 10,38 10,38 10.37 10,36 10.35 10.34
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IV, EXPERIMENTAL

The purpose of the experimental work was to synthesize the Group

VIIB mixed-metal decacarbonyls MnRe(CO)lO, MnTc (CO) and TcRe(CO)lo.

10°
The preparation and characterization of ReMn(CO)10 have been described
previously [41] De Jong and Wiles [427 speculated that MnTe(C0)

was formed in low yields (< 10%) when »

m'Tc(CO)S produced from the B
decay of 99Mo(CO)6 reacted with photochemically produced 'Mn(CO)S.

The compound was characterized only by its radioactivity, Technetium-
rhenium decacarbonyl has not been reporied. The general approach to
the synthesis of these compounds is to react the pentacarbonyl anion,

M(CO)S-, of one metal atom with the pentacarbonyl halide, M'(CO)_X,

of the other:
- , R . -
M(CO)5 + M (CO)SX MM (CO)10 + X, (95)

Both reactants are produced from the corresponding homonuclear metal
decacarbonyls. Reduction with sodium amalgam in tetrahydrofuran (THF)

under an inert atmosphere yields the desired anion:

THF

- +
M2(CO) 10+ 2Na/Hg Y, 2M(CO0) 5 * 2Ma, (96)

while the halide is formed by a direct reaction with the halogen:

' -
M2 (CO)10 + X2 2M'(CO)5X. 97

There are two ambiguities in this sequence which had to be resolved,

First, bromine was arbitrarily chosen as the halogen because the
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pentacarbonyl bromides are easily prepared [437 and because the
bromide ion is a good leaving group for the nucleophilic substitution
reaction (Eq. 95). The second question concerning which metal
pentacarbonyl anion and bromide should be reacted together was resolved
experimentally in the synthesis of MnRe(CO)lo.

All of the preparations were done at room temperature under an
atmosphere of dry nitrogen., The glassware was dried in an oven at
120° C and was assembled immediately before use, Tetrahydrofuran was
distilled from lithium aluminum hydride and the decacarbonyls, which
were obtained from Presgure Chemical Company (3419-25 Smallman St.,
Pittsburgh, Pa. 15201), were purified by vacuum sublimation, Technetium
decacarbonyl had been prepared from the radioactive 99Tc isotope,

This isotope, whose half-life is 2,12 x 105 years, is a weak B emitter
(Bmax = 0.3 MeV). When used on a small scale (< 50 mg), it does not
present a serious health hazard because the B rays are stopped by the

glassware and there is no associated y radiation

quantities (> 250 mg) a distance of 30 cm must be maintained from the
working area to avoid the small amount of very soft x-rays produced by
the action of the B particles on glass [44, Appendix I]. When
working with Tcz(CO)10 the sample size was limited to 100 mg., The
material was handled with protective gloves, and all reactions were
done ip a well-ventilated hood.

The mixed-metal decacarbonyls were purified by preparative

gas chromatography. The preparative collections were periformed with
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an Aerograph Model A-700 gas chromatograph using a 0.25 in, x 15 ft,
3% SE-30 glass column, The compounds were collected in a 3 mm o.d,
glass capillary tube (5 cm in length) loosely plugged at one end with
glass wool and fitted directly to the exit port of the thermal
conductivity detector, Once the retention times were established,
the compounds were collected with the filaments of the detector
turned off to prevent sample decomposition, Two consecutive 45 Ul
injections of a saturated pentane solution were used for each pre-

parative collection,

All products were identified by their infrared spectra in the
carbonyl absorption region (2150 - 1900 cm‘l). The infrared spectra
were obtained in cyclohexane and were recorded with a Perkin-Elmer
Model 337 spectrometer, Positions of the peaks were determined with
an expanded scale recorder calibrated in the carbonyl region with
gaseous CO, The mixed~metal decacarbonyls were also identified by
he molecular ions were obtained

from the +/- mass spectrometer described previously.

A, Preparation and Synthesis

1. Pentacarbonyl bromides of Mn, Tc, and Re

The pentacarbonyl bromides were prepared by a modification of the
method of Abel and Wilkinson [437]. The reactions were done at 25° C
(instead of 40°) in carbon disulfide (instead of carbon tetrachloride)

using a 10% molar excess of bromine (instead of a 30% excess).
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a, Mn(CO)gBr A susgpension of an(CO)10 (2,0 g, 5,13 mmol)
in 40 ml of carbon disulfide was stirred while Br2 (0.3 ml, 5,64 mmol)
in 15 ml of carbon disulfide was added dropwise over a period of 30 min,
After removal of the solvent, a yellow-orange product was collected

by vacuum sublimation in 90% yield,
IR(cyclohexane) 2051s, 2019w, 2001lm,

b. Tc(CO)5§£ A 5 ml aliquot of a solution of Br2 (0.1 ml,
1.95 mmol) in carbon disulfide (40 ml) was added slowly (10 min) to
a suspension of Tcz(CO)10 (0.10 g, 0.21 mmol) in 10 ml of carbon
disulfide, The solvent was removed under reduced pressure and 74 mg
of product was obtained from the residue by vacuum sublimation at
50 - 70° c,

The infrared spectrum of the sublimate revealed the presence of
[Tc(CO)4Br]2 as an impurity, IR (cyclohexane) 2055s, 2024w, 1994m,
([Tc(CO)aBr]z) 2045s, 2012m, 1974m,

c. Re(CO)gBr Bromine (0.1 ml, 1.95 mmol) in 10 ml of carbon
disulfide was added dropwise over a period of 10 min to Rez(CO)IO
(1.0 g, 1.54 mmol) in 25 ml of carbon disulfide, After the solution
was evaporated to dryness under reduced pressure, the white crystaline
product, Re(CO)5 Br, was separated from the residue by vacuum
sublimation, The desired compound was obtained in 90% yield,

IR(methylcyclohexane) 2044s, 2012w, 1982m,
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2, Mixed-metal decacarbonyls

The general procedure for synthesizing and purifying the mixed-
metal decacarbonyls of Mn, Tc, and Re was developed through the
preparation of MnRe(CO)lO. This approach was dictated by the
radioactive nature, availability (1,111 g), and expense (> $1,000/g)
of TCZ(CO)lo' The experimental techniques for the preparation and
reaction of the pentacarbonyl anions in an inert atmosphere and water-
free environment were developed, The reaction was scaled for the
use of small quantities (100-150 mg) of reactants, The conditions
for optimizing the yield of MnRe(CO)10 were developed as was the
methodology for its separation and purification from the M‘nz(CO)10
and Rez(CO)10 side products.

The major obstacle to the synthesis of MnRe(CO)10 proved to be
the choice of reactants, Either Re(CO)S' or Mn(CO)S' can be chosen

as the nucleophile, The logical option was to react Re(CO)S' with

Mn(CO) Br since Re(CO)_" iz the strong
N /5 AP ~ o

When this
reaction was done, a gas chromatographic analysis of the product gave
an(CO)10 (227), ReMn(CO)10 (8%), and Rez(CO)10 (70%). The yield of
ReMn(CO)10 was too low to make this synthetic route feasible, The

alternate procedure was to react stoichiometric zmounts of Mn(CO).~
3

and Re(CO)SBr. The sublimate of this reaction corntained an(CO)lo(ll%)
MnRe(CO)10(77%), and ReZ(COIO(IZ%). A dramatic increase in the yield
of MnRe(CO)10 was realized by changing to the less reactive nucleophile

Mn(CO)S-. A general explanation for this phenomenon was given by
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Dessy and Weissman [46]. When the Mn-Re bond is formed, Re(CO)S'
will cleave it forming the more stable Rez(CO)10 molecule and Mn(CO)S'
which is oxidized to Mn2(00)10 upon exposure to air., The nucleophilic
strength of Mn(CO)S' is insufficient to break the Mn-Re bond, The
large percentage of Re2(00)10 formed from the reaction with Re(CO)s“
provides additional evidence for this explanation, As a result, the
optimum method for synthesizing the mixed-metal carbonyls is to react
the weakest nucleophile with the corresponding bromide., Since the
nucleophilic strength increases down the family, MnTc(CO)10 and

TcRe(CO)10 were prepared by the following reactions:

Mn(CO)5 + Tc(CO)SBr - Mth(CO)lO (98)
and:

Tc(CO)S' + Re(CO)SBr - TcRe(CO)lO. (99)

a. MnRe(CO)1g Manganese decacarbonyl (102 mg, 0.26 mmol) was

reduced to Mn(CO)S by stirring for 45 min in 25 ml of Ti

>y

Qith excess
sodium amalgam (0.7g Na, 30.4 mmol and 10 ml Hg). The amalgam was
removed through a stopcock at the bottom of the flask, Rhenium
pentacarbonyl bromide (205 mg, 0.51 mmol) in 15 ml of THF was added
dropwise over a period of 30 min, The solvent was removed under
reduced pressure leaving a reddish brown residue. Sublimation at

60° C under a high vacuum onto a water-cooled probe yielded a mixture

of an(CO)lo(llé), MnRevC0)10(77L), and Rez(CO)lo(IZZ).
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b, Mth(CO)lo A solution of an(CO)10 (41 mg, 0.11 mmol)
in 25 ml of THF was stirred 45 min with excess sodium amalgam
(0.7g Na, 30.4 mmol and 10 ml Hg), After the amalgam was removed,
Te{C0) Br (appr’o;:imately 60 mg, 0.19 mmol) in 20 ml of THF was added
slowly, When the addition was completed (30 min), the solution was

evaporated to dryness under reduced pressure, The volatile components

of the residue were collected by vacuum sublimation., Gas chromatographic
analysis of the sublimate showed that a mixture of Mh2(00)10 (42%),
Mth(CO)10 (55%), and Tc2(CO)10 (3%) had been produced,

c. TcRe(CO)yg Technetium decacarbonyl (103 mg, 0,22 mmol)
in 25 ml of THF was stirred with 5% sodium amalgam (0.7g Na, 30.4
mmol and 10 ml Hg) for 15 min., The amalgam was removed and Re(CO)SBr
(165 mg, 0.41 mmol) in 20 ml of THF was added dropwise over a period
of 15 min, The reaction mixture was evaporated and sublimed. The
sublimate was found to contain Tc2(00)10 (37%), TcRe(CO)10 (527%),

and Rez(CO)10 (11%).
B, Purification and Identification

1, Group VIIB pentacarbonyl bromides

The infrared spectra in the CO stretching region agreed with the
1iterature spectra [47] within 2 cmfl. Except for Tc(CO)sBr there
was no indication of any impurities. No attempt was made to isolate
pure Tc(CO)sBr. The halide was extracted from the tetracarbonyl dimer

with THF immediately before use,
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2. Group VIIB mixed-metal decacarbonyls

The homonuclear and heteronuclear decacarbonyls are separated
easily on nonpolar columns by gas chromatography. The separation is
by molecular weight, Dimanganese decacarbonyl is eluted first

followed by MnTc(CO) Tcz(CO)lo, MnRe(CO)lo, TcRe(CO)lO, and

10°
ReZ(CO)lo' The difference in retention times between the mixed-metal
carbonyls and the corresponding monometal complexes is sufficient for
preparative work, However it is necessary to operate the injector,
column, and detector at relatively low temperatures to avoid decompo-
sition of the compounds.

As shown in Figures 7-9, the sublimates of each preparation

separate into three peaks, For these chromatograms the 3% SE-30

column was held at 130° C and the injector and detector at 135° C. A
flow rate of 150 ml/min of the helium carrier gas was used, These con-
ditions provided a workable compromise between collection efficiency,

aale eh
a3l S

=)
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o
ivity detector on, MnZ(CO)10 is collected with 60% recovery at these
temperatures, A 10% improvement is obtained with the filaments off,
The 150 ml/min flow rate is necessary to obtain goc:' peak shapes

and to allow a reasonable time for one collection (5 min). The res-
olution between MM'(CO)10 and the MZ(CO)10 and Mé(CO)10 impurities is
sufficient in every case to allow two injections within 30 s to be

separated and collected simultaneously (Figure 8). The size of an in-

jection (45 u1) was limited by the low solubility of the decacarbonyls
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Figure 7. Gas chromatogram of a saturated pentane solution of the sublimate from a
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in pentane, After 20 preparative collections (5 hr, 2 injections/
collection), enough material (5-10 mg) was collectéd for mass
spectrometric studies and further characterization. Very pure

MnRe (CO) 10 and TcRe(CO) 10 (> 997%) were obtained in this manner. The
Mn-Tc compound could not be separated from a small impurity of
MnZ(CO)10 (1-3%).

The gas chromatographic peaks labeled in Figures 7-9 were
identified by the infrared spectra of collected samples in the region
from 2100-1950 cm-l. The spectra of the homonuclear decacarbonyls and
MnRe(CO)10 have been reported [43] and identification was made by
direct comparison, The identification of M’nTc(CO)10 and TcRe(CO)10
was based upon retention times and qualitative comparison of their
infrared spectra with the other decacarbonyls. Both compounds are
eluted between the respective homonuclear decacarbonyls (Figures 8 and
9) as expected, The infrared spectra of the compounds are compared in

Figures 10a and 10b. The MZ(CO)10 species belong to the D, , point

4d

group and have three infrared-active C-0 stretching modes, 2B2 +

El' The energy of these vibrations decrease in the order Bj>Ef>Bé with
respective intensities cof medium, very strong, and medium as shown in
Figure 10a. The mixed-metal derivatives most likely belong to the C4v
point group for which there are six infrared-active C-0 vibrations (4A1
4+ 2E). The spectrum of MnRe(CO)lO(Figure 10b) does not contain six

bands but rather three bands in qualitative agreement with the homonu-

clear complexes (Figure 10a). The explanation as proposed by Flitcroft,
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Figure 10, Carbonyl region of the infrared spectra of the Group VIIB
dimetal (A) and mixed-metal (B) decacarbonyls.
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Huggins, and Kaesz [43] is that the six bands are grouped into three
sets 2A1, 2E, and 2Ai. One mode of each set is either weak and cannot
observed or superimposed upon the other intense band. The spectra

of MnTc(GO)lO and TcRe(CO)10 are in qualitative agreement with the
spectrum of MnRe(CO)10 as shown in Figure 10b, The shoulder on the
low energy Ai band of MnTc(CO)10 cannot be aqcounted for on the basis
of any impurity and lends some support to the arguement of super-
imposition, The small band at 2013 cm_1 in this spectrum is due to
the presence of an(CO)lO. The numerical results for the spectra

of Figures 10a and 10b are tabulated in Table 7.

The mixed-metal decacarbonyls were also identified by their mass
spectra. For MnRe(CO)lO, MnTc(CO)lO, and TcRe(CO)10 the mass-to-
charge ratios of the molecular ions were found to be 522, 434, and 566
respectively, The fragmentation patterns of the compounds are
characterized by the stepwise loss of CO, The spectrum of MnTc(CO)10
is monoisotopic, Each dimetal fragment of MnRe(CO)10 and TcRe(CO)10
has two isotopes in the approximate ratio of 5:3 due to the presence

of Re,
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Table 7. Carbonyl stretching frequencies (cm-l) for the metal and

mixed-metal decacarbonyls of Mn, Tc, and Re?

Stretching Frequency

Compound Found Reportedb
Mn2(00)10 2044 2013 1983 2044 2013 1983
TCZ(CO)IO 2065 2017 1984 2064 2017 1984
Rez(CO)10 2070 2014 1976 2070 2014 1976
MnRe(CO)10 2054 2017 1978 2054 2017 1978
MnTc(CO)10 2051 2024 1979, 1975

TcRe(CO)10 2067 2017 1979

%Measured in cyclohexane solution,

bRef= f437,
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V. RESULTS AND DISCUSSION

Fragmentation energies (Eq. 67) for the positive ions from two
families of substituted metal carbonyls were determined and used to
calculate ionic least-squares bond dissociation energies. In both cases
the compounds were of the type M(CO)SL containing an octahedral distri-
bution of the carbonyl groups and ligand, L, about a central metal
atom, M, The fragmentation reactions of these molecules are of the

form:

M(C0) " - M(C0),_ L + ncO n

]

1,2,+++,5 (100)
and:

+
M(C0)5L+ - M(CO)S-n + nCO0 + L

=
1l

0,1,°°+,5. (101)

From the energies of these reactions the M-CO and M-L bond energies
were determined by the least-squares method.

The first class of compounds to be studied were the Group VIB
hexacarbonyls and pentacarbonyl thiocarbonyls (M = Cr, Mo, W; L =
C0, CS). For these compounds the C-0 and C-S bond energies are two to
five times stronger than the M-CO and M-CS bond energies, hence the
molecules dissociate by cleavage of the M-C bonds rather than the C-0
or C-S bonds. The calculation of ionic least-squares bond dissociation

energies from the fragmentation energies is a direct application of

the concepts presented previously (pp. 23-25) for molecules of the
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form ARn and ARn-ls' Since the fragmentations are to ligands rather
than to atoms, the calculated bond energies are approximate, They

do not allow for the difference between the C-0 or C-S bond energies in
the bound and free carbonyl and thiocarbonyl ligands (Eq. 60). The
calculated quantities are B(M&-CO)H, the metal-carbonyl bond energy in
the hexacarbonyls; ﬁ(M%—CO)T, the metal-carbonyl bond energy in the
thiocarbonyls; and B(M&—CS), the metal-thiocarbonyl bond energy. The
fragmentation energies and average bond dissociation energies,
ﬁ(M%-CO)H, for the hexacarbonyls have been determined previously [6, 48-
50]. However, they were redetermined in this study so that the
instrumental conditions and methods of calculation would be the same for
both the hexacarbonyls and thiocarbonyls, thus enabling a precise com-
parison of their bond energies, The hexacarbonyl data also provided a
convenient reference for determining the accuracy of the mass spectro-
metric method, since ﬁ(M+-C0)H can be calculated (Eq. 77) from the thermo-

M__ CC nnnnnnn d Wit"

\
‘H
obtained from this work.
Samples of the thiocarbonyls were provided by Dr. B. D, Dombek
(Iowa State University). Since both the thiocarbonyls and hexacarbonyls
can fragment to give M(CO)n'+ ions (n=0,1,°**,5), the measured frag-
mentation energies of these ions will be incorrect unless the samples are
pure, For the hexacarbonyls purity was not a problem, but it was for

the thiocarbonyls which are prepared from the hexacarbonyls [56]. The

thiocarbonyl complexes of Cr and W were obtained with less than 0.1%
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hexacarbonyl impurity by preparative gas chromatography [57]. The
molybdenum compound was not sufficiently stable to be purified by
this method. From an analysis of the intensities of the molecular ions,
it was determined that the sample of Mo(CO)SCS contained 30-40%
Mo(CO)é. The magnitute of this impurity precluded obtaining any mean-
ingful data for the Mo(CO)n+ (n=0,1,--+,5) ions. Fragmentation energies
were obtained only for those ions containing the CS ligand.

The hexacarbonyls and thiocarbonyls are sufficiently volatile
at room temperature so that the vapors over the solid compounds can be
introduced into the ion source of the +/- mass spectrometer by means
of a variable viscous leak., The gas pressure in the ion source was
adjusted to approximately 2 x 10-6 torr. The ion source temperature
was less than 100° C which is below the temperature at which thermal
decomposition of the hexacarbonyls was observed by Junk and Svec [587.
It was assumed that no significant decomposition of the carbonyls or
thiocarbonyls occurred. The mass range of the molecular and fragment

ions of interest is within the normal operating limits of the +/- mass

spectrometer. The instrument was operated at 2000 V ion accelerating
energy. A constant ionizing current of 2 {{a was used for the Cr and
Mo complexes, To compensate for their lower volatility, the data for

the tungsten compounds were obtained with 8 {la of ionizing current.

Fragmentation energies were determined for the major isotope of
each metal-containing ion by the modification of Warren's method
described previously (pp. &41-43), A range of 1.5 V and a normalization
multiple of 15 were used. The data for Cr(CO)SCS and W(CO)SCS were

obtained graphically while those for Mo(CO)SCS and the metal hexacarbonyls
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were acquired by the computer method, IEAS. The reported values for the
fragmentation energies and ionization potentials are averages of 4-6
individual determinations obtained during a period of 1-2 weeks., The
energy scale was calibrated using the ground state ionization of Xenon.
The homonuclear and heteronuclear dimetal decacarbonyls of the
Group VIIB elements (M = Mn, Tc, Re; L = M(CO)S) were the second class
of compounds to be studied. The primary interest in these compounds
was to obtain the metal-metal bond energies. Since the C-0 bonds are
much stronger than the M-CO or M-M bonds, Eqs. 100 and 101 are
characteristic of the fragmentation reactions. The reactions are
slightly more complex because the M-C bonds in the ligand are weaker
than the M-L bond. Fragmentation by cleavage of the M-M bond (Eq. 101)

is a minor process. The major process is:
MQI') (C0)T) = MOM') (CO) [, +nCO  m=0,1,-:-,10 (102)
10 10-n > ’

where the symbolism M(M') indicates th
same or different. For bonding purposes these complexes can be considered
as molecules of the form RS10 or SSA((A')SS). The former description
implies that ten equivalent carbonyls are bonded to the central M(M')
moiety. According to this interpretation one ionic bond energy,
B(M(M')+-CO), would be calculated from a least-squares treatment of the
fragmentation data, The latter model distinguishes the M-C energies

of the two M(CO)5 groups. Two quantities would be calculated by the

least-squares method, D(M(M')+-CO) and B'(M(M')+-CO). The energy of
the M-(M') bond is calculated from the fragmentation energies of the

processes:
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) (00)45'_n + M(CO) + nCO
(CO)SM-(M')(CO)5+ - or n=0,1,,5.

M(C0), 4 (4')(C0), + ncO (103)

It must be emphasized that the energy of the first fragmentation process
(n=0) is not the energy of the M-(M') bond. The energy of this process,
as well as the energies of the remaining processes (n = 1,2,-.-,5),
reflects the difference between the M-C energies in the free and bound
M(CO)5 ((M')(CO)S) ligand, In other words, the M&-CO ((M')+—CO) energy
in the M(CO)5+ ((M’)(CO)5+) ion is different from the M-CO ((M')-CO)
energy in the M(CO)5 ((M')(CO)S) radical both of which differ from the
M(M')-CO energies in the dimetal ion. The least-squares method allows
for the separation of these effects. Three quantities can be calculated,
pat-aryy, Dart-coy @@yt -coy), and Dt-coy (B(@r')-co)). ALl M-C
energies include the difference between the C-0 energy in the bound and
free carbonyl,

Samples of an(CO)lo, TCZ(CO)lo’ and Rez(CO)10 were obtained from
commercial sources and were purified by vacuum sublimation before use.
The mass spectrum of Tc2(CO)10 indicated a small impurity (< 10%) of
a compound which was identified as TcRe(CO)lO. Pure Tcz(CO)10 was
obtained by preparative gas chromatography. No impurities were noted
in an(CO) 10 °F Rez(CO) 10° The mixed-metal decacarbonyls were
synthesized and purified as described in Chapter 3, The small amount

of MnZ(CO)10 in the Mn-Tc complex did not preclude a determination of
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the Mn-Tc+ dissociation energy since Tc(CO);+(n=0,1,"',5) and Mn(CO)5
are produced by cleavage of the Mn-Tc bond.

Because the +/- mass spectrometer is not equipped with a direct
insertion probe, the vapors over the solid decacarbonyls had to be
introduced directly into the mass spectrometer. This method of
introducing the samples was practical only for MnZ(CO)10 which was
estimated to be comparable in volatility at room temperature to the
hexacarbonyl and thiocarbonyl complexes of tungsten. Ion source
pressures of 2 x 10-6 torr could be obtained for this compound, For
the other samples it was necessary to heat the inlet system. Even
then, source pressures varied from 1.5 x 10-6 torr for MnTc(CO)lO to
1x 10-7 torr for Rez(CO)lo. The lower pressures for the rhenium-

. containing complexes resulted in lower ion currents with poorer signal-
to-noise ratios making their fragmentation data difficult to obtain.
These difficulties were further compounded by the fact that the masses

of the molecular ions of the decacarbonyls, ranging from 390 for

+
10’

limits of the +/- mass spectrometer. In order to obtain ionization

an(CO)-{0 to 654 for Rez(CO) are outside the normal operating
efficiency data for these compounds it was necessary to operate at

lower ion accelerating voltages. At maximum magnetic field strength
an(CO);O and ReZ(CO)—{0 were focused on the collector at 1600 V and

975 V, respectively. Accelerating voltages for the other compounds

were intermediate between these values. Operation at these accelerating

voltages resulted in a reduction of sensitivity and resolution. It was
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estimated that ion currents were reduced by a factor of three from those
obtained at normal operating voltages, 2000-2200 V, In the worst case,
the instrument was only capable of separating two mass units at 30-50%
valley. This meant that adjacent isotopes of the same ion would be
superimposed or overlap, However, separations of 28 mass units (loss

of CO) were obtained easily, and resolution was not a limitation in

determining fragmentation energies for the dimetal ions, M(M')

(CO);O-n (n=0,1,-+--,10). Only the rhenium-containing ions were not
monoisotopic, Isotopic interferences are not a problem because the
method is not sensitive enough to differentiate fragmentation energies
for different isotopes of the same ion., 1In several cases dimetal and
monometal ions from the same compound were adjacent in mass (e.g.
+
Ma, (CO).T (194) and Mn(CO). ' (195) from Mn.(CO),. and MnRe(CO).t
2 3 5 2 10 3

(326,324) and Re(CO)5+(327, 325) from MnRe(CO)lO). In these instances

adjacent masses could not be resolved completely, but accurate frag-

. . .
mentation energies could be cobtained for bot

- i s

icns, The ener
the two fragmentation processes are different by approximately 4 eV so
that the higher energy process, the formation of the dimetal ion, does
not interfere with the ionization efficiency data for the monometal ion.
The small interference in the ionization efficiency curve of the dimetal
ion, due to the monometal ion, was corrected with a linear least-
squares fit of the baseline,

Although the +/- mass spectrometer was being used beyond its

intended specifications, fragmentation data were obtained for MnZ(CO)IO’
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MnTc(CO)lO, TCZ(CO)IO’ MnRe(CO)lO, and Rez(CO)lo. The combination of
small sample size, low volatility, and low signal-to-noise ratios made
it impossible to obtain any fragmentation data for TcRe(CO)lo. The
mass spectrum of this compound was obtained with a Dupont Model 21-490
mass spectrometer, The sample was introduced into the ion source via
a direct insertion probe,

All fragmentation energies were determined for the major isotope
of each metal-containing ion by the IEAS, Much of the data could not
have been obtained without this system because signal-to-noise ratios
were enhanced considerably by the repetitive acquisition of noisy
ionization efficiency data. A range of 1.5 V and a normalization
multiple of 15 were used, For many of the ions, particularly M(M')
(CO);b_n (n=0,1,2,3), it was necessary to subtract an interference,
assumed to be due to a metastable process, by using a linear least-

squares fit of the baseline of the IE curves. The reported value of

46 individual determinations obtained over the period of at least one
week, All data were obtained with 8 Ua of ionizing current, It was
assumed that the decacarbonyls did not decompose in the ion source or
in the heated inlet system., The latter assumption was tested with
TCZ(CO)lo’ No difference was found between the fragmentation energies
obtained with and without the inlet heated. The electron energy

scale was calibrated with xenon.
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A. Group VIB Carbonyls and Thiocarbonyls

During the past decade there has been considerable experimental
and theoretical interest in transition metal thiocarbonyl complexes [59].
Particular emphasis has been placed upon the comparative nature of the
M-CO and M-CS bond. As a result the Group VIB metal thiocarbonyls,
M(CO)SCS, have received much attention recently. The preparation and
chemistry of these compounds has been described by Dombek and Angelici
[57, 60, 61]. Their studies revealed that CS forms a much more stable
M-C bond that does CO, activates the metal atom toward CO substitution
particularly in the trans position, and undergoes electrophilic addition
and nucleophilic attack more readily than CO. The increased stability
of the M-CS bond relative to the M-CO bond was also confirmed by
Poliakoff from low temperature matrix isolation studies [62, 63]. There
was no evidence from his experiments of the "trans" labilizing effect
of the thiocarbonyl ligand. Both cis and trans carbonyl groups were
found to be lost with equal probability to form a pentacoordinated
photoproduct, In accordance with these results Butler et al. [64]
found the M~CS force constants to be much larger than either the axial
or equatorial M-CO force constants, However the latter two quantities

di ffered giconificantl

y T, B T S -
__________ Siaa 2SN . 2.

he axial constants are less than the
equatorial constants which do not differ from the M-CO force constants
in the corresponding metal hexacarbonyls. All of the experimental

evidence concerning the comparative strength of the M-CO and M-CS

bonds in the M(CO)SCS complexes is consistent with the theoretical
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calculations of Richards [65] and Lichtenberger and Fenske [66] which
show that CS is both a better g donor and 1 acceptor than CO, The
stronger 11 acidity of the thiocarbonyl ligand lessens the extent to
which the metal 8 electrons can be shared with the carbonyl ligands.
This effect, along with the increased donor ability of CS, results in a
stronger M-CS than M-CO bond and causes the M-CO bonds in the thio-
carbonyls to be weaker than those in the respective M(CO)6 complexes.
The experimental evidence strongly suggests that this weakening effect
is localized in the trans M-CO bond.

The purpose of the present work was to account for the bonding in
these complexes by obtaining quantitative results for the energies of
the M-CO and M-CS bonds via mass spectrometry, As a calorimeter a
mass spectrometer is of limited utility. In the absence of ionization
potentials for pertinent moieties only ionic bond dissociation
energies can be obtained by this method. In order to relate the
measured Iragmentation energies to the desired dissociation energies,
it is necessary to neglect any excess energy that may be imparted to
the fragments during the electron impact process. Hence the results,
although precise to a few tenths of kilocalories, are generally accurate
to only two to ten kilocalories, Despite these limitations it was
anticipated that reliable results could be obtained from a comparative

study of the Group VIB thiocarbonyls and carbonyls.
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1. Mass spectra

The 50 eV mass spectra of the M(CO)SCS and corresponding M(CO)6
complexes of Cr, Mo, and W are presented as histograms in Figs., 11-13,
Fragmentation patterns of the hexacarbonyls are in agreement with those
obtained previously [6]. In the case of Mo(CO) (CS a rather large
Mo(CO)6 impurity prevented the accurate measurement of the carbonyl-
containing ions Mo(CO)n+ (n=0,1,--",5). The reported spectrum
was corrected on the basis of the fragmentation pattern of Mo(CO)6.

In each figure there is a definite similarity between the two
spectra, Substitution of CS for CO in going from M(CO)6 to M(CO)5CS
results in only a slight modification of the fragmentation pattern.

In fact the same, as yet unexplained, trend in the intensities of
W(CO) 5+, Mo (CO) 5+, Mo (CO) 4+, Cr(CO) 5+, Cr(CO) 4+, and Cr(CO)3+ appears
to be followed to a lesser extent in the analogous thiocarbonyl ions
W(c0)4cs+, Mo(CO)4C5+, Mo(CO)3CS+, Cr(CO)ACS+, Cr(C0)3CS+, and Cr(C0),
CS+, The most significant feature of the M(CO)
dominance'of the ions containing the CS ligand, 1In this respect these
spectra are similar to those reported for various cyclopentadienyl-
manganese thiocarbonyl complexes [67, 68]. These data strongly suggest
that the M-CS bond is stronger than the M-CO bond. However, conclusions
about the strengths of the bonds based solely on fragmentation data
should be regarded cautiously since fragmentation patterns are
.dependent upon the relative stabilities of the ions formed., Conclusive

evidence can only be obtained from the energetics of the fragmentation

processes,
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2, Ionization potentials

Listed in Table 8 are the measured ionization potentials of the
hexacarbonyl and pentacarbonyl thiocarbonyl complexes of the Group VIB
metals, For comparison the ionization potentials determined by phofo-
electron spectroscopy are given in the final column. In general there
is good agreement between the results from both methods. The discrepancy
between the values for Cr(CO)SCS and W(CO)SCS illustrates that results
can be obtained quite precisely (i.e. to a few hundreths of eV) but
are probably accurate to a few tenths of eV. As reported previously
(66,697, the ionization potentials of the thiocarbonyl complexes average
about 0.3 eV lower than those for their respective hexacarbonyl
complexes indicating that the metal b2 and e orbitals are destabilized
with respect to the t2g orbitals of the hexacarbonyls. Although simple
arguments based upon the greater mr-acidity of the thiocarbonyl ligand
would predict the opposite, this result correlates directly with
empirical evidence [707] that substitution of a ligand in a metal
carbonyl complex with one having a lower ionization potential will
decrease the ionization potential of the resulting compiex by 10-20%
of the difference (i.e., IP(CO) = 14,01 eV, IP(CS) = 11,34 eV, and
AIP(CO-CS) = 2,67 eV, hence AIP(M(CO)6~M(CO)SCS) should be in the range
of 0,3-0.5 eV). From previous studies which relate this change to
the relative g-donor and T-acceptor abilities of the ligands [71, 727,
these data suggest that CS is a stronger g-donor than CO, Although the

theoretical calculations of Lichtenberger and Fenske [66] confirm this
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Table 8, ZIonization potentials (eV) of the Group VIB hexacarbonyls
and pentacarbonyl thiocarbonyls

Electron Impact Photoelectron
Compound Results Results?

Cr(Co), 8.42 & 0,03 8.40 £ 0,02
Cr(C0) (CS 8.31 + 0.03 8.16 + 0.02
MO(C0)6 8,46 + 0,01 8.50 £ 0.02
MO(CO)SCS 8.18 + 0.02 -—-
W(CO) 8,60 + 0.02 8.56 + 0,02
W(C0) (S 8.22 + 0.01 8.30 + 0,020

aHexacarbonyl results are taken from
thiocarbonyls from Ref. [66].

Ref, [69] and those for the

bAverage of the range reported in Ref., [66] for the U' component,
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result, the destabilization of the metal orbitals in the thiocarbonyl
complexes (i,e. lower ionization potentials) was shown to be a
consequence of donation from the CS 1r~bonding orbitals and not from
the o orbitals,

In addition to yielding qualitative insights into the nature of the
bonding within metal carbonyl complexes, ionization potentials provide
valuable quantitative information which is seldom utilized in bonding
studies by mass spectrometry. Consider that the ionization and frag-

mentation of a metal carbonyl, M(Co)n’ occurs by the following pathways:

+ -
M(CO)n + e

P ~

M(CO)n M+ + nCO + e”,

M + nCO (104)

It follows that:

IP(M(C0) ) - IP(M) = n D(M-CO) - n D(M'-CO), (105)

where 5(M%—CO) and ﬁ(M-CO) are the average bond dissociation energies
in the parent ion and molecule, respectively. The difference between
the ionization potential of the molecule and that of the central
metal atom is equal to the difference between the total energy of the
M-C bonds in the molecule and ion. In the case under consideration it
is possible to calculate the M-C bond energy in the molecule directly
from measured values for IP(M(CO)n) and ﬁ(M+—CO) and from the spectro-

scopic ionization potential of the central metal atom, This is not
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possible in general (e.g. M(Co)n—lL) because the bond energy sums

do not simplify to one unknown., In these cases the ionization potential
difference is valuable for relating bonding trends in the ion to those
in the molecule and is useful in approximating neutral dissociation

energies from measured ionic values,

3. Ionic bond dissociation energies

A mass spectrometer provides a facile means of determining ionic
bond dissociation energies from the energetics of molecular frag-
mentations, However, its value for this purpose is seriously limited as
a result of indeterminate errors due to excess kinetic and excitation
energies in the fragmentation processes, These errors cast doubt upon
the accuracy of the data and interpretation of the results. By
determining the M-C energies in the hexacarbonyls, which are known
accurately from combustion calorimetry, it was hoped that the method
could be calibrated,

The important fragmentation processes and their energies for the
hexacarbonyl complexes of Cr, Mo, and W are tabulated in Table 9. The
fragmentations in the first column have to be assigned tentatively

because only the mass-to-charge ratios of the product ions are known.

N +ha L
v =4

~f =l
n —iuic En

~at o T mmmmmcmcooo
AV ALD W

the energies of the processes and simpie thermodynamic
considerations (e.g, D(C-0) = 11.14 eV), these assignments are very
probably correct. Evidence supporting this conclusion was obtained
from a mass spectrometer designed to record the spectrum of the neutral

fragments produced from electron impact processes [73]. As expected a
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Fragmentation processes and their energies (eV) for the
Group VIB hexacarbonyls

AH
Assumed Process Cr(CO)6 Mo(CO)6 W(CO)6

u(co)," - M(CO)5+ + o 1.43 £ 0,01  1.56 & 0.01 1,70 £ 0.02

- 1(c0), " + 260 2.03+ 0.0l  3.15 £ 0.01 3.62 + 0.02

- M(C0)3+ + 30 2.93 + 0,01  4.83 + 0,02 5.46 + 0.01

= M(C0), " + 4C0 4.09 £ 0.03  6.40 + 0.02 7.69 % 0.03

- Mco)t + 500 5.61 + 0.02  8.06 + 0.03 9.76 + 0.05

-t + 6C0 6.9 + 0.01  9.78 + 0,06 12.41 % 0.04
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signal at m/z 28 was observed in the mass spectrum of the neutral
fragments produced from Cr(CO)6 [747]. The fragment was identified as
CO on the basis of its ionization potential. Chromium hexacarbonyl was
the only compound with sufficient volatility to be introduced into the
neutral fragment mass spectrometer at the pressures required for these
experiments,

The fragmentation enthalpies listed in Table 9 are in fair agree-
ment with the values determined by previous investigators [6, 48-50].
Neglecting any effects due to kinetic energies or excitation energies,
the data represent the energy required to remove successive carbonyl
groups from the molecular ion., This is evidenced by the monotonic
increase in enthalpies with increased fragmentation, The energy of
the first process is a dissociation energy for the M%-CO bond,
Energies of the remaining processes are sums of the dissociation
energies given in Table 10, Excluding the first, each entry in the
table is obtained by taking successive differences of the processes
and energies of Table 9, When considered collectively for a given
compound, the cited values for the energies represent six values of

+ . . e s .
the M -CO bond energy. Differences between the dissociation energies

for a particular complex are the result of variations in reorganiza-
tional energies of the ioms. It can be concluded from these data that

. s . . + + Lt
the dissociation energies are in the order D(W -C0) > D(Mo -CO) > D(Cr -
CO). This order holds for every row in Table 10 but need not be the

case if reorganizational energies vary widely for a series of compounds
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Table 10. Specific bond dissociation energies (eV) of the ions from
hexacarbonyl compounds of the Group VIB elements

Bond Dissociation Energy

Dissociation Process Cr Mo W

M(CO)6+ - M(CO)5+ + €O 1.43 1.56 1.70
M(CO)5+ - M(c0)," + o 0.60 1.59 1.92
M(co)," = M(CO)," + co 0.90 1.68 1,84
M(C0) ;" - M(C0)," + €O 1.16 1.57 2,23
M(co)," = m(co)" + 0o 1.52 1.66 2,07

Mcoy” - M + €O 1.33 1.72 2.65
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being compared, For making comparisons between different compounds, a
single quantity is desired which is related to the specific bond
dissociation energies of the chemically equivalent bonds of a molecule
and which is free from reorganizational effects. In this case such a
quantity is given by the average of the six dissociation energies
and is called appropriately the average bond dissociation energy,
ﬁ(M+-CO). This bond energy is one-sixth the enthalpy of the final
process listed in Table 9, There are no reorganizational effects for
this reaction since fragmentation is complete, Values for 5(M&-CO)
are shown in the second column of Table 11. The ordering of bond
strengths is readily apparent from these data. Unfortunately average
bond dissociation energies cannot be calculated for molecules having
more than one set of chemically equivalent bonds (e.g. M(CO)n_lL).
Tﬁé energy to fragment completely such a molecule would be equal to a
sum of terms, one for each set of equivalent bonds. As a result a
new method was developed for interpreting fragmentation energies.
Considering the fragmentation reactions given in Table 9 and the
nature of the bonding in the hexacarbonyl complexes, a single quantity
is desired for the M+—CO bond energy. This quantity will be denoted as
B(M&-CO). If the ith fragmentation is envisioned as occurring in

the following manner:

+
M(CO), " = M + 600 - M(CO)Z_i + 100, (106)
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Table 11, TIonic bond dissociation energies (eV) for M(CO)6 compounds
ﬁ(M+~CO) . .

Compound Electron Impact Calorimetric D (M -COo) A

Cr(co)6 1.16 £ 0.01 0.83 &+ 0.01 1,10 +£ 0.03 0,27

Mo(CO)6 1.63 4+ 0.01 1.35 + 0.01 1.61 + 0.01 0.26

W(CO)6 2.07 £ 0.01 1.74 + 0.01 1.97 + 0.04 0.23
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the ith fragmentation enthalpy is equal to the energy required to
break six M-CO bonds, 6D(M+-CO), minus the energy gained in forming

the product ion, (6-1)5(M%-CO). Hence it follows that:

6-5 1 1.43 1.56 1.70
6-4| + 2| . + 2,03 3.15 3.62
6-3| D(M -CO)= |[3| D(M -CO)= |[2,93| or |4.83]| or| 5.46 ,
6-2 4 4,09 6.40 7.69
6-1 5 5.61 8.06 9.76
6-0 6 L§.94 9.7§J 12.41
L . . 2 L L .

(107)

depending upon the compound being considered. These six equations, the
observational equations, in one unknown, when solved by the least-
squares method [19], give the results listed in the fourth column of
Table 11, Of particular interest is a comparison of the least-squares
dissociation energies with the average dissociation energies calculated
previously (column two of Table 11), Agreement between the two
quantities is very good, This is particularly encouraging in view of
the fact that it was necessary to assume that the M%—CO energies were
the same in all fragments and the molecular ion in order to generate
the observational equations.

Given in the third column of Table 1l are the calorimetric values
for ﬁ(M&-CO). These energies were obtained via Eq. 105 with n equal
to six using the ionization potentials of the hexacarbonyls determined
in this study, spectroscopic values for the ionization potentials of
the metal atoms (6.76, 7,10 and 7.98 eV for Cr, Mo, and W, respectively

[75]) and D(M-CO)'s from a recent calorimetric study [55] (1.11, 1.57,
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and 1,85 eV for Cr(CO)6, Mo(CO)6, and W(CO)G, respectively). As
anticipated the electron impact and calorimetric dissociation energies
do not agree, The differences between 5(M+-CO) and the calorimetric
values for ﬁ(M%-CO) are given under the A heading in the final column
of Table 11, The errors in the mass spectrometric results are
surprisingly constant for all three compounds. The lack of a mass
dependence seemingly eliminates fragment kinetic energies as a probable
cause, Their magnitudes are too low to be a result of electronic
excitations, but are highly suggestive of vibrational excitation,

In fact the average, 0.25+0.02 eV, agrees with the vibrational
fundamental of CO, 0.27 eV, This lends itself to the interpretation
that CO carries one quantum of vibrational energy during the cleavage
of the M-CO bond., Direct evidence supporting this hypothesis was
obtained by determining the ionization potential of CO produced by

the fragmentation of Cr(CO)6 by electron impact., If CO is produced in
its first (v=1) vibrational state, its ionization potential should be
lowered by this amount, Using the recently developed "neutrals" mass
spectrometer [737, with Ar as a calibrating gas the ionization
potential of CO from gaseous CO was determined to be 14,040,1 eV which
is in excellent agreement with the spectroscopic value of 14,01 eV,
The ionization potential of CO from Cr(CO)6 was measured as 13.740,1 eV,
As anticipated the ionization potential of CO was lowered by approx-
imately 0.3 eV, Similar results have been obtained for CO produced

from ketones [76],
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Listed in Table 12 are the fragmentation processes and energiles
obtained for the M(CO)SCS complexes of Cr, Mo, and W, On the basis
of the results for the hexacarbonyls, each energy has been corrected
by 0.25 eV for every CO produced, By analogy with CO it was assumed
that loss of CS would also occur with one quantum of excess vibrational
energy. Therefore 0.16 eV, the fundamental vibrational energy of CS,
was also subtracted from those processes involving the rupture of the
M+~CS bond, A cursory examination of Table 12 reveals that the
fragmentation processes can be grouped into two sets, The first five
reactions involve_the formation of fragment ions containing the
thiocarbonyl ligand while the remaining six do not, The energies of
each set increase regularly with increased fragmentation of the
molecular ion, Neglecting any effects caused by reorganization of the
fragments, the energy of each process can be attributed to the breaking
and making of M%;CS or M%;CO bonds. A series of observational
equations can be generated in the same manner as was done for the
hexacarbonyl compounds, Two sets of equations were developed from
different models for the bonding in the thiocarbonyls., First, it
was assumed that the five ﬁ+-CO bonds in the thiocarbonyl compounds
were energetically equivalent but different in energy from the M%-CS
bond and from the bflco bonds in the hexacarbonyl compounds. Three
quantities can be calculated on the basis of this model B(N?-CO)T,
ﬁ(M%-OO)H, and B(M+-CS). The subscripts T and H differentiate the

M+-00 energy in those ions containing the thiocarbonyl ligand from
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Fragmentation processes and their energies (eV) for the
Group VIB thiocarbonyls

H

Assumed Process Cr(CO)SCS Mﬁ(CO)SCS W(CO)SCS
M(CO) SCS+—*M(CO) 4cs++- co 0.83:0.03 0.93:0.04  1.27+0.04
~1(C0) 405 " +200 1.41£0.03 2.34£0.04  2.89:0.04
-AM(C0)2C8++3CO 2.06£0. 03 3.46£0.09  4.49+0.04
mM(coycst +4co 2.81£0.03 5.28:0.06  6.61£0.04
-Mes)t 4sco 4.12£0.03 6.64:0.09  8.60£0.04
“M(C0) " +s 2.11£0.06 3.08+0.14
—'M(CO)4+ +CO4CS  2.40+0.04 4,49+0.,11
-*M(CO); +2C0+CS  3.09:0.04 5.98+0.11
-M(C0)," +3C04CS  4.30£0.07 8.08£0. 27
sM(co)yt  +4co+CS  5.47£0.07 10. 10£0. 21
M +5C04CS  6.44+0.06 12. 34£0. 13
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those which do not. The M+—C0 energy in the hexacarbonyls can be
calculated from the fragmentation energies of Cr(CO)SCS and W(CO)SCS
because the thiocarbonyls fragment to give ions of the form M(CO)n+
and because the least-squares treatment allows for the dependence of
bond dissociation energies upon molecular environments. Application of

the previous considerations to the fragmentation processes of Table 12

yields the following systems of equations:

i

1
i

100 0.83 1.27
200 1.41 2,89
300 N 2.06 4,49
490 Ay ] 2,81 6.61
500 D(M -CO)T 4,12 8.60
51 -5 ~ ot _ 2,11 3.08
51 -4 Dat =08 | = 240  °F 4,49
51-3 DM --CO)H 3.09 5.98
51 -2 B i 4,30 8.08
51-1 5.47 10.10
510 6.44 12,34 (108)
for Cr(CO)SCS and W(CO)SCS, respectively and:
lil 0. 03
2 Ay 2.34
3 DM -CO)T = 3.46
41 5.28
5 | 6.64 (109)

for Mo(CO)SCS. The results of the least-squares solution of these
equations are given in Table 13, The data clearly show that in the
positive ion the M+-CS bonds are considerably stronger than the M&—CO
bonds which are weakened with respect to the M+-CO bonds in the hexa-
carbonyls. These conclusions are in agreement with the previously

published results for the Group VIB thiocarbonyl complexes [57,647,
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Table 13, Least-squares bond dissociation energies (eV) calculated

for the thiocarbonyls assuming equivalence of the five
MT-CO bonds

~ + A -+ A 4
Compound D(M -CO)H D(M -CO)T D(M -CS)

Cx (C0) (CS 0.92 + 0,07 0.76 + 0.04 2.47 + 0.29
Mo (C0) 8 - 1.28 + 0.04 ---

W(CO)SCS 1.86 + 0.09 1.64+ 0.05 3.82 + 0.37




129

A recent electron impact study of cyclopentadienylmanganese thiocarbonyl
and carbonyl complexes [68] and a recent X-ray structural investigation
of trans-W(CO) 4(CN06H11)CS [77] have also shown the M-CS bond to be
stronger than the M-CO bond. In contradiction to the present findings
the electron impact results show the M+-CO bonds in the thiocarbonyl
complexes to be stronger than those of the carbonyl amalogs, This
discrepancy can presumably be attributed to a crossover in the
electronic properties of CS and CO [78]. Analogous with the hexa-
carbonyl compounds, the M+-GO dissociation energies decrease in the
order W > Mo > Cr, For Cr and W the M+-CS bond strengths show a
similar dependence, Presumably the Mb+-CS bond energy lies between
the two. Values for ﬁ(M+-CO)H are in excellent agreement with the
calorimetric energies in Table 11 for the hexacarbonyl compounds,

On the basis of experimental evidence [517 and force constant
calculations [64], the data of Table 12 were fit to a second model,
ive carbonyl ligauds of the 4(00)533 compiexes were not congsiderad
equivalent, One of them, presumably the trans CO, was assumed to be
more weakly bound than the rest, The two calculated dissociation
energies are f)'(MI+-CO)T and B(M#FCO)T denoting the weak bond and
strong bonds, respectively. For the purpose of generating the
observational equations, the assumption was made that the weaker M%-CO

bond was broken first. For Cr(CO)SCS and W(CO)SCS, the equations are:
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1000 0.83 1.27
1100 1.41 2.89
1200 B ) 2.06 k.49
1300 . 2.81 6.61
1400 D' (i'-co), 412 8.60
141 -5 "t AT 3,08
141 -4 P(M+'C°)T = 12,40 or 4,49
141 -3 pT-cs) 3.09 5.98
141 -2 Ay k.30 8.08
141 -1 D -CO) 5.47 10.10
1410 | L 1 e 12.34 (110)
and:
10 . [0.93
11 D' (i ~C0),, 2.34
12 ~ _ 3,46
13 D@ -CO), | = 5.28
14 6.64 (111)

for Mo(CO)SCS. The calculated dissociation energies are tabulated in
Table 14, There have been slight reductions in the M+-CS dissdciation
energies, but more significantly the destabilizing effect of the CS
ligand is limited to the weaker M%'-CO bond. Dissociation energies

of the remaining four carbonyls do not differ from those in the M(CO)

p34

6

complexes. The relative energy ordering W > Mo > Cr has been preserved
in all cases. The exact agreement between these results and the M-C
force constants strongly suggests that trans CO has been labilized.

Since both models fit the data equally well, an experiment was
designed to differentiate the two cases. The fragmentation of trans-
(13C0)W(CO)4CS was studied in an attempt to ascertain whether there is
a specific or a random loss of the labeled CO, The specificity of

the fragmentation:
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Table 14, Least-squares bond dissociation energies (el’) for the
thiocarbonyls calculated with the assumption that one

Mt-CO bond is weaker than the rest

Compound DM -C0) . Dot -co) . p* (it -coy . dit-csy
Gr (C0) (€8 0.92+ 0.07 0.80 + 0.10  0.654 0.24 2,42 + 0.33
Mo (C0) S —-- 1.44 + 0,06  0.86 + 0.14 -

W(CO)508 1.86 + 0,07 1.84 + 0.09 1,10 + 0.23 3.55 £ 0.32
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(1300)W(00)40s+ - W(CO)ACS+ + Beo (112)

was found to be dependent upon the electron accelerating energy. At
electron energies of 50 eV the labeled carbonyl is lost to form more
than twice as much unlabeled W(CO)4CS+ as predicted on a statistical

basis, However near onset (i,e., at that electron energy equal to the

fragmentation energy) the loss of 1300 is random., The results are

inconclusive in distinguishing the two models,

4. Neutral dissociation energies and heats of formation

Bond energies in the molecule and molecular ion for complexes
of the type M(CO)n were shown to be related according to Eq. 105.

The analogous relationship for M(CO)SCS complexes is:

IP (M(C0) CS) - TR(M) = sﬁ(M-co)T + D(M-CS) - sf)(M:Jr-CO)T - DQ'-cs)

(113)
where it has been assumed that the five carbonyls are equivalent and
the substitution of B for D has been made. Using values determined in
this study for the ionization potentials of the thiocarbonyl complexes
(Table 8, column 2) and spectroscopic values for the metals, the
differences of the left-hand side of Eq. 113 are 1.55 4+ 0.03, 1.08 +
0.02, and 0.24 + 0.01 eV for Cr(CO)ECS, Mo(CO)SCS, and W(CO)5CS,
respectively, Dissociation energy sums are larger in the molecule
than in the molecular ion as a result of the loss of an electron

from a bonding orbital, If it is assumed that:
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ﬁ(M+-Co)H - 13(M+-00)T - ﬁ(M-CO)H - Bor-co),, (114)

(i.,e, the difference between the M-CO dissociation energy in the hexa-
carbonyls and thiocarbonyls is the same in both the ion and molecule),
B(M-CO)T and 5(M-CS) can be calculated, Approximate values for these
quantities are listed in Table 15, The results for ﬁ(M-CO)T were
obtained from Eq, 114 using the values of ]3(MI+-CO)H and B(M%-CO)T from
Table 13, For Mo(CO)SCS the calorimetric value of 1,35 + 0,01 eV
was used for B(Nﬁ;CO)H. Values for ﬁ(M—CO)H were given previously and
were taken from Pilcher, Ware, and Pittam [55]. Substitution of
B(M&-CO)T and ﬁ(M&-CS) from Table 13 (and the results for B(M-CO)Q
into Eq. 113 yields the values for ﬁ(M—CS) in the final column of
Table 15. Although slightly larger than their respective ionic
counterparts, dissociation energies in the molecules follow the same
trends as those in the ion and the same conclusions are applicable,
The corrected fragmentati ionization potentials also
yield information about the heats of formation of Cr(CO)SCS and
W(CO)SCS in the gas phase, Subtraction of the appearance potentials
(fragmentation energies plus the ionization potential of the molecule)
of the ions from the hexacarbonyls and the respective appearance

+ . .
potentials of the M(CO)n (n = 0,1, *++,5) ions from thiocarbonyls

gives six values for the energy of the substitution reaction:

M(CO) 508 ~ M(CO)," + (5-n)CO + CS
-M(CO)g ~ M(CO),, " + (6-n)CO

M(C0)(CS + CO - M(CO) . + CS. (115)
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Least-squares dissociation energies (eV) in the Group
VIB thiocarbonyls

Compound ﬁ(M-CO)T b(M-CS)
Cr(CO)SCS - 0.9 + 0,08 3.10 £ 0.50
Mo(CO)SCS 1.50 £+ 0.04 ---

W(CO)SCS 1.60 + 0.10 4,10 £ 0.70
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These energies are tabulated in Table 16. Known values for the heats
of formation of gaseous Cr(CO)6 and W(CO)6, -9,42 4+ 0,02 and -9.17 +
0.04 eV, respectively [53,547, and for CO and CS, -1.146 + 0,002 and
2,91 + 0.26 eV respectively [797], along with the average energies of
the substitution reaction gives AHf°(Cr(CO)SCS,g) = -6,3+ 0.3 eV

and AHfo(W(CO)SCS,g) = -6,2+ 0.3 eV, These results are in agreement
with gaseous heats of formation of Cr(CO)SCS, -6.7 + 0.3 eV, and
W(CO)SCS, =6.7 £ 0.3 eV, calculated directly from the appearance

potentials of the metal ions:
M(C0) S - M + 50 + cS. (116)

Spectroscopic values of the ionization potentials of the metal atoms
(751, AHf(Cr) = 4,12 eV, and AHf(W) = 8,75 eV [80] were used for this
calculation in addition to the heats of formation of CO and CS. The
precision of the results is such that it is impossible to differentiate
the heats of formation of the compounds. An average, -6.5 + 0.3 eV,
of the results from the two methods of calculation is the preferred
value for both complexes,
5, Conclusions

A comparisonlof the dissociative energetics of the Group VIB
carbonyl and thiocarbonyl complexes has led to a more complete under-
standing of molecular fragmentation of carbonyls by electron impact

and of bonding in metal thiocarbonyls, It is probable that dissociation
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Substitution energies (eV) for the process M(CO)

CS +
CO ~ M/CO) . + CS 5
Related Metal Atom
Ion Cr W
+ .
M(CO)5 0.82 1.24
+
M(CO)4 0.76 0.99
+
M(CO)3 0.80 0.89
+
M(CO)2 1.09 1.01
+
M(CO0) 1.00 1.21
M 0.8 1.05
Average 0.89 + 0.13 1.06 £ 0.15
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of CO or CS from metal carbonyls or thiocarbonyls is accompanied bv
excitation of the free ligands to their first vibrational state. When
fragmentation energies are corrected for this effect, reliable values
for the M-CO and M-CS dissociation energies are obtained from a least-
squares fit of the data. The strength of the M-CS bond is found to
be of the order of a normal single bond, 70-90 kcal/mole and is three
to four times stronger than its carbonyl analogue., Substitution of

CS for CO in going from M(CO)6 to M(CO)SCS weakens the remaining M-CO
bonds by an average of 5 kcal/mole. It was impossible in this study
to distinguish if all of the carbonyls were weakened or if the effect
was localized in the trans-carbonyl ligand. Results obtained in

this study are in agreement with previously published data for the

M(CO)SCS complexes [60-667,

B. Group VIIB Metal and Mixed-Metal Decacarbonyls

The Group VIIB metal decacarbonyls, M
and MnRe), have been examined by a variety of techniques with the goal
of determining bonding properties of the M-M and M-CO bonds. A major
interest has been obtaining reliable comparative data for the variation
of M-M bond strengths in descending order within the Group. The results
from several such studies are summarized in Table 17, It is apparent
from these data that the M-M bond energies of the homonuclear compounds

increase in the order Mn<Tc<Re. However there is sume discrepancy as

to where the heteronuclear compound MnRe(CO)lO fits into the sequence.



Table 17, Parameters relating M-M bond strengths from various

experiments
M-M Reduction Electronic Force
Distgnce Potentials Transitions Constapts
Complex e E;(volts)b oﬂc"(cm'l)c kMM(Md/A)d
2
an(CO)10 2,923 -1.03 29,240 0.59
Tcz(CO)10 3.036 - 31,700 0.72
Rez(CO)10 3.02 -1,66 32,260 0.82
MnRe(CO)10 2,96 -1.39 31,000 0.81
a
an(CO)lo, Tcz(CO)lo, and Rez(CO)lO Refs, [81-837; MnRe(CO)lO Ref, [84].
PRet, [85].
“Ref. [86].

dRef, [877.

Ref. [88].

Bref, [90].
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Dissociation Overlap Activation
Energies Populations Energies
D (M~M) (eV)© AH*(kcal/mole)g
1.08 0.0572 36.2
1.84 0.1844 --
1.9 0.2103 38.6
2,18 0.2259 --
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The present mass spectrometric study was initiated with the intent
of extending previous experiments {88,917 to obtain accurate
thermochemical information for the final members of the series MnTc(CO)10
and TcRe(CO)lO. Results for the M(CO)6 and M(CO)SCS complexes of Cr,
Mo, and W indicated that accurate bond dissociation energies could be
obtained from a least-squares analysis of fragmentation data which
were corrected by 0.25 eV per M-CO bond broken. A plausible explanation
for this correction was that the product CO's were excited vibrationally
by one quantﬁm. It was assumed that similar considerations would apply
to the decacarbonyls.

During the course of this investigation it was realized that the

energy of the process;

+ +
M, (C0),y = M (CO)¢ + M(CO) (117)

was incorrectly being associated with the energy of the M+-M bond. For
this to be true it has to be assumed that the dissociation energies
D(M2+-CO), D(M&-CO), and D(M-CO) must be equal. Since small differences
in these quantities cause relatively large variations in the resulting
dissociation energies (Eq. 117) and hence lead to faulty interpretation
of the M-M bond strengths, it is necessary to calculat
D(M+-M) independent of these effects, The least-squares method of
interpreting fragmentation energies provides such a method, More
precise and complete data were obtained for the an, Tcz, Re2, and

MnRe complexes to facilitate application of this method.



141

1. Mass spectra

The 50 eV mass spectra of the dimetal ions from MnTc(CO)10 and
TcRe(CO)10 are shown in Fig., 14, The spectra of the remaining deca-
carbonyls were similar to those reported previously [88]. On a
qualitative basis the fragmentation patterns of MnTc(CO)10 and TcRe(CO)10
are very similar to those of an(CO)10 and TCZ(CO)lo’ respectively. The
low abundance of the Mz(Co)9+ to MZ(CO)6+ ions from MnTc(CO)lO is in
agreement with the equally low intensities of these ions for an(CO)10
and MnRe(CO)lO. This trend is undoubtedly related to the presence of
manganese in the complexes, but is yet unexplained. The spectra of
Tcz(CO)lo, Rez(CO)10 and TcRe(CO)lO show a similar trend in low

abundances for the MZ(C0)9+ and M2(C0)8+ ions.

2, TIonization potentials

Tonization potentials are recorded in Table 18 for all members of
the Group VIIB decacarbonyls except TcRe(CG)lO. Due to instrumental
limitations and sample size no information about the energetics of this
compound was obtained. The results of this study are in good agree-
ment with those obtained previously [88 7], However, the electron impact
values are significantly greater than the photoelectron results for
an(CO)10 and ReZ(CO)IO' This discrepancy can be attributed to the
inability of the former method to distinguish between ionization from

the 6a1 (listed in Table 18) and the 6e3 (8.35 and 8,57 eV for an(CO)10

and Rez(CO)lo, respectively) levels., The data appear to indicate that
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Figure 14, The 50 eV mass spectra of MnTc (CO) 10 and TcRe(CO) 10°
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Table 18, Ionization potentials (eV) of the Group VIIB metal and
mixed-metal decacarbonyls

Electron
Compound Impact Pho;oelectrona
an(CO)10 8.32 + 0.01 8.02
Tcz(CO)10 8.22 +£ 0.01 | --
Rez(CO)10 8.49 + 0.02 8.07
MnTc(CO)10 8.16 + 0.02 --
MnRe(CO)10 8.22 + 0.01 --

8pef. [927.
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the metal orbitals in the mixed complexes are destabilized with respect

to those in the corresponding dimetal complexes,

3. Ionic bond dissociation energies

Fragmentation energies for the dimetal ions are summarized in
Table 19, Energies of each process have been corrected by n times
0.25 + 0,02 eV, where n is the number of CO's produced in the decomp-
osition, Although assignment of the neutral products for each
decomposition must be regarded as tentative, it is highly probable
that they are correct on the basis of thermodynamic considerations and
previous experience with Group VIB hexacarbonyl complexes, The mono-
tonic increase in fragmentation energies for a given complex correlates
directly with the number of M2+-C0 bonds broken, suggesting that
reorganizational energies are of minor importance. Notable exceptions
are the fragmentation energies for the M2(C0)8+ and MZ(CO)7+ ions
from those complexes containing manganese. For MnRe(CO)10 less energy
is required to remove three carbonyis than two.

The data of Table 19 can be fitted to two models (1 and II) for
the calculation of least-squares bond dissociation energies. The com-
plexes can be considered as MZ(CO)10 moieties possessing ten chemically
equivalent M2+-CO bonds or as (CO)SMM(CO)5 moieties having two sets of
five equivalent bonds, Chemical intuition suggests the former while
the data for Mn2(00)10 and the mixed-metal complexes suggest the

. St
latter. One quantity, D(M2 -C0), is calculated from the first model.

For this case the observational equations are:
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Table 19. Fragmentation energies (eV) for the MZ(CO)n ions from the
dimetal decacarbonyls

Assumed Process ' Mn2(60)10 = Tcz(CO)lO
Mz(coﬂl"o—) M2(Co)9+ + C0  0.74 % 0.07 0.96 + 0.03
- 142(00)8+ +200  0.90 + 0.04 2.33 + 0.03
~ M,(€0)," +3c0  0.91% 0.03 3.83 £ 0.03
= M,(C0), " + 400 1.27 & 0.03 4.99 + 0.03
- MZ(CO)5+ +500 2.16 + 0.04 5.97 + 0.02
- MZ(CO)4+ +6C0  4.15 % 0.03 7.53 £ 0.03
- M2(00)3+ +7C0 5.12 & 0.04 9.17 + 0.03
- M,(C0)," +8C0  5.91% 0.03 10.59 + 0.04
- My(CO)" + 900 6.69 & 0.04 12.52 + 0.03

" M2+ +10C0 7.05 + 0.04 13.61 + 0.05
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Re2 (co) 10 MnTﬁIgCO) 10 MnRe (CO) 10
1.01 +£ 0.05 0.99 £ 0.04 0.96 £ 0.02
2.74 £ 0,06 -- 1.09 + 0.04
4,23 + 0.06 1,13 + 0.05 0.96 + 0,03
5.89 + 0,07 1.38 £ 0.04 1.33 £ 0,05
7.55 + 0.09 2,25 +£ 0,04 2.18 + 0,05
9.44 £+ 0.05 4,31 + 0,04 4,87 + 0.05
11.19 £+ 0.06 5.80 £ 0.03 6.44 + 0,09
12,71 £ 0,04 7.46 + 0.10 2.84 + 0,05

14,36 + 0,11 10.07 + 0.05 11.84 + 0,09
16,05 + 0.12 12,14 + 0.14 14,45 + 0,07
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AHg
AHg
AHy
A AHG
(D (M2+-CO)] = AH5
iy:'A
AH3
AY: )
AH1
Bty | (118)

ovwoo~NOTWMRPWN

f
it

+
where AH 1is the fragmentation enthalpy for the MZ(CO)n ion (n = 9,8,
n
A+
+++.0). For the second model two quantities, D'(M2 -C0) and

6(M2+-CO), are calculated from the following equations:

r1 0 AH;T
20 AHg
30 R + AHy
40 D' (M, -CO)| _ MHg
50 5 AH
51 DM, -C0) AHZ
52 AH3
53 AHy
54 AHy
55 Ay (119)
- - L

where AHn (n=9,8,-°,0) is as defined previously. In generating this
system of equations the assumption was made that there were two sets
of five M2+-CO bonds, one weak and one strong. No attempt was made to
correlate the quantities with the two M(CO)5 halves of the molecules.
The results of the calculations suggest strongly that this ig the case
(vide infra)., 1In addition it should be emphasized that any effects
due to reorganizational energies have been neglected in both calcula-
tions.

Results of the least-squares calculations are given in Table 20.

Also listed for each calculation is the standard error of estimate
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Table 20, Least-squares M2 -CO dissociation energies (eV)

1
. + Std Error
Complex D(M2 -C0) of Estimate
an(CO)10 0.67 £ 0.04 0.77
Tcz(CO)10 1.32 + 0.02 0.38
Rez(CO)10 1.58 + 0.02 0.34
MnTc(CO)10 0.94 + 0.09 1.73

MnRe(CO)10 1.09 + 0.12 2.18
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I1

N + P Std Error
D'(M2 ~-C0) D(M2 -C0) of Estimate
0.48 £ 0.06 1,06 + 0,11 0.47
1.21 + 0,02 1.54 + 0.04 0.16
1,49 + 0,03 1,74 + 0,05 0.22
0.41 + 0.04 1.97 + 0.07 0.31
0.40 £ 0.04 2.44 £ 0,08 0.35
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(i.e. the standard deviation of the differences between the calculated
and measured fragmentation energies) which is taken as a measure of
how well the model fits the experimental data., If all the M2+-CO
bonds are considered equivalent, the ionic bond strengths are in the
order an < MnTe < MnRe < Tc2 < Re2.< However this description does
not explain satisfactorily the bonding, especially for the mixed-
metal complexes., In every case a significant improvement in the
standard error of estimate is obtained assuming there are five weak
and five strong M2+-CO bonds, This description leads to some interest-
ing conclusions. The splitting of dissociation energies (i.e.
ﬁ‘(M2+-CO) - ﬁ(M2+-CO)) is pronounced for the heteronuclear complexes
and is surprisingly evident in the homogeneous complexes. For the
latter, the effect decreases from MnZ(CO)10 to Rez(CO)lo. Values of

D'(M2+-CO) for MnTc(CO)10 and MnRe(CO)10 are the same as or perhaps

slightly lower than that for an(CO) suggesting that the weak bonds

10’

.
ol 3 £l meal 421 Lo mominn o wa “l
originate from the Mn\CO)S portion of the molecule.

<o i
urcncLivre, il

1]

M%-CO bonds in the Tc(CO)5 and Re(CO)5 halves of these molecules are
stronger than the strong bonds in TcZ(CO)10 and Rez(CO)lo, respectively.
These data fit nicely into the following description of the bonding.
Electron density is shifted to Tc and Re resulting in increased T
donation and hence stronger M%-CO bonds in the Tc(CO)5 and Re(CO)5
portions of the molecule., A concomitant weakening of the bonds in

the M(CO)5 halves of the molecules takes place. Hence the M(CO)5

ligands can be ranked on a crude electronegativity scale; Mn(CO)5 <
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Tc(CO)S:: Re(CO)S. Data from TcRe(CO)10 would presumably establish
the order for Tc(CO)5 and Re(CO)S.

Metal-metal dissociation energies are calculated from fragmentation
energies for M(CO)n+ ions. Assignment of the decomposition processes
producing these ions (Eq. 103), although reasonable, is highly

speculative, For the nth process (n = 5,4,:--,0):

pH! = 513'(M2+-00) + 513(M2+-c:0) + DMy - SD(M-CO)-mD(MT-cO)  (120)

~

where AHA is the fragmentation energy for M(CO)n+; D'(M2+-C0) and
ﬁ(M2+—CO) are as defined previously for the five weak-five strong model;
ﬁ(M+-M) is the least-squares dissociation energy for the ionic M-M

bond; and B(M-CO) and’ﬁ(M+-CO) are the dissociation energies for the
M-CO bonds in M(CO)S and M(CO)5+, respectively. When combined with

the fragmentation data for the MZ(CO)n+ ions (n = 9,8,°°°0), the

system cannot be solved because the coefficients of B(M+~M) and ﬁ(M-CO)
are linearly dependent. However results can be obtained for the combin-

ation D(M%—M) - 5D(M-CO). 1In matrix form the observational equations

are:

1000 H
2000 — ) H8
2000 ~ + H7
4000 D' (M, -CO) Hg
5000 A Hs
5100 b, -€o)y Hy,
5200 DM M) - SDQM-CO) | = | Hs
5300 At Hy
5400 | D(H-CO) Hy
5500 - H

551 -5 B
551 -4 H',
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551 -3 AH' 4
551 -2 AH'Y
551 -1 ARy
5510 AR' g (121)

Unfortunately M(Go)n+ ions are produced in very low abundance and it
was not possible to obtain complete energetic data., Energies that
were obtained are listed in Table 21. Each energy has been corrected
by 0.25 eV per M-CO bond broken, Although the data are fragmentary,
dissociation energies were obtained and are given in Table 22, Values
for ﬁ'(Mé+-CO) and 6(M2+-00) are unchanged from their values in Table
20 and are not listed,
Numerical results for 5(Tc+-co) calculated from the data for

'Tcz(co)lo and M’nTc(CO)10 are in agreement, as are those for ﬁ(Re+-CO)
calculated from the data for R.eZ(CO)10 and MnRe(CO)lO. Dissociation
energies are in the expected order ﬁ(Mn+-CO) < ﬁ(Tc+-CO) < ﬁ(Re+-CO).
Results for ﬁ(M%-M) - SB(M-CO) are not altogether satisfying because
of large uncertainties, Values for B(M+-M) listed in the final column
of the table were calculéted from these data using the results for
ﬁ(M-CO) given in the fourth column. These quantities were calculated
using Eq, 105 (n=5) and the results for B(M+-GO) from the second
column, spectroscopic ionization potentials of the metal atoms (7.43,
7.28, and 7 87 eV for Mn, Tc, and Re, res
ionization potential of -Mh(CO)s [93] (8.44 eV) and approximate values
for the ionization potentials of -Tc(CO)S and -R.e(CO)5 (8.27 and

8.94 &V, respectively). These were calculated assuming:



Table 21, Fragmentation energies (eV) for the M(CO) + ions from the
dimetal decacarbonyls n

AH
Assumed Process an(CO)10 TCZ(CO)10
i, (o)t - mcoy, + mecoy.t 1.20 + 0.03 1.39 4
9 10 5 5 . . .39 £ 0.0
+
- M(CO)5 + M(CO)4 + CO 2,98 + 0.04 3.75 £ 0.03
+
- M(CO)5 + M(CO)3 + 2C0 3.83+% 0.05 5.46 + 0.02

1

M(C0), + M(CO)2+ +3C0 4.73 + 0.08 -

)

M(C0), + M(co)” +4C0  5.32 & 0.16 ---

a . -
Charge remains on fragment containing Tc.

Charge remains on fragment containing Re.



154

AH
a b
Rez(CO)10 MnTc(CO)10 MnRe(CO)10
1.59 + 0,05 1.24 + 0.04 1.79 + 0.06
4,55 + 0.06 3.40 + 0.09 4,16 + 0,05

5.47 + 0,06 ---
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Table 22, ;east-squareshdiisociation energies (eV); D(M+-CO),

D(M-CO), and D(M -M)

A + A A A +
Compound D(M -CO) D£M+-M)— D(M-CO) D(M -M)
59 (M~C0)
Mn, (C0) | 1.0+ 0.2 -1.14 0.6 1.2+ 0.2 4.9+ 1.0
Tc, (€0, 2.0+ 0.1 -2.1+ 0.6 2.2+ 0.1 9.1+ 0.9
ReZ(CO)l0 3.0 + 0.4 0.2+ 1.6 3.2 + 0.4 16.1 + 2.4
a b b
MnTc(CO)10 2.1+ 0.2 -0.1+ 1.0 2.3+ 0.2 11,5+ 1.6
c b b
MnRe (CO) ;o 2.4 + 0.6 -0.5 + 2.5 2.6 £ 0.6° 12.4+ 3.8
at oot

b5 (-coy = D (Mn-cO).

ot = Re'
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IP(Mn(CO)5) IP(M(CO)5)

T IeGm) 0 IRQD (122)
Uncertainties in the values for ﬁ(M+-M) are large however, and attaching
real quantitative significance to the data is questionable., 1In fact,
except for ﬁ(Mn+—Mn) the dissociation energies are unreasonably high
for single bonds, Because of this, the following thermochemical cycle

was developed to check the results:

M2+(g) +10 00 = My(€0) o s -AP (e, )
1,0 10¢g) ~ M2 10¢s) ~BH i (5 (C0) 1)
M, (CO) 10¢s) ~ 2245)+ 1ogs)+ soz(g) -AHfO(MZ(CO) 10
10C y + 50, @ " 10C0 ® 10 AHfo(CO)
Bgy 7 Mg 2 Bl (M0
My " M+(g) TP (M)
)" o 4 D). (123)

Data required for the calculations are summarized in Table 23, 1In
addition, the spectroscopic values for the ionization potentials of
the metals and AHfo(CO)=- 1.146 £ 0.002 eV were used. Since thermo-
chemical information is available only for an(CO)10 and ReZ(CO)lo,
results are limited to D(Mn+-Mn) and D(Re+-Re). Calculated values

for these quantities are 3,0 + 0.1 and 4,0 + 0.3 eV, respectively.

These results are considerably more reasonable than the analogous



Table 23,
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Ancillary thermochemical data

Energy (eV)

Quantity Mn Re
AR, 15.37 + 0.04 2.5 £ 0.12
a a
M (4,(C0) ) 0.83 % 0.02 0.97 + 0.01
b [
0 - -
DH,O (11, (C0) ) 17.39 & 0.04 17.13 % 0.22
d d
N (M) 2.91 £ 0.04 7.98 £ 0.07
sub
aRef. [941.
bRef. [95].
“Ref. [967.
dRes, [977.
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results in Table 22. The energies are representative of those for
normal single bonds, and there is a moderate increase from Mh+-Mn

to Ré+»Re. In view of this evidence it is doubtful whether even
qualitative conclusions can be based on the least-squares resulis, At
this point analysis of the failure of the least-squares method is only
speculative, The inaccurate results can be attributed to any one or a
combination of three possibilities: (1) assignments for the
decomposition processes are incorrect, (2) further corrections are
needed for excess energies, and (3) there are insufficient data to

justify the least squares calculation,

4, Neutral dissociation energies and heats of formation

Dissociation energies in the molecules cannot be approximated
from the data for ions because ionization potentials are not known for
Mé moieties, Since a bonding electron is lost in forming the positive
ions, it is anticipated that the neutral bond energies would be slightly
larger (0.2-0,3 eV) than those in the ion.
| Due to the limited amount of thermochemical data available for
Mé(co)lo and M(CO)5 complexes, heats of formation cannot be calculated

for these compounds, Energies of the substitution reactions:

R.ez(CO)10 +-Mh(00)5 - MnRe(CO)10 + Re(CO)5 (124)
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can be calculated from the difference of appearance potentials for
fragments common to both decacarbonyls. Average results are 0,2 +

0.2 and 0.4 £+ 0.4 eV, respectively.

5, Conclusions

A least-squares analysis of the fragmentation data for the Group
VIIB decacarbonyls was successful in determining M2+-CO bond energies
but not M+-M energies, In the ions the metal-carbon bonding is best
described by considering the molecules as (CO)5M+-M(CO)5 moieties with

+
-CO bonds, Average M +-CO energies range

2 2
from 0.77 to 1.62 eV for an(CO)10 and ReZ(CO)10’ respectively and are

five weak and five strong M

comparable to the M+-CO energies for the Group VIB hexacarbonyls,
Metal-metal dissociation energies are approximately 2.5 times those

reported on the basis of the fragmentation:

+ +
M, (C0);q ™ M(CO)" + M(CO).. (125)

D(Mn+-Mn) and D(Re+-Re) are 3.0 £ 0.1 and 4.0 + 0.3 eV, respectively,.
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VI. SUGGESTIONS FOR FURTHER RESEARCH

With most thesis research there are ideas that were not pursued,
questions that were not answered, or modifications and improvements
that were not made, The present research is no exception., In this
section areas for improvement are summarized and suggestions for
instrumental modifications and further studies are made,

If the +/- mass spectrometer is to be used for further thermo-
chemical research with transition metal carbonyl complexes, two major
modifications should be made, Pole pieces should be reshaped and
slits narrowed to increase mass range and resolution. In addition
the ion source should be equipped with a direct insertion probe for
samples of low volatility,

As far as computerized acquisition of ionization efficiency data
is concerned, the acquisition rate could be increased substantially if
the electrometer and DC-DC converter were replaced by a high gain DC
he anode of the electron multipiier
directly to the A to D converter. Several suggestions are glso in
order for improving the software of the gystem, The background
subtraction routine should be rewritten so that the baseline over a
specified energy range could be fitted by linear regression and
subtracted, Since the "times-1" point is located near the baseline in
a region of high uncertainty, the normalization algorithm should be

written to locate a point at higher energy (e.g. the "times-5" point)
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and back-interpolate to the "times-1" point. This modification would
improve the precision of the data, As a further modification, the
IEAS should make use of the CRT. Ionization efficiency curves should be
displayed as the data are acquired. Warren's plots should also be
displayed, enabling more rapid interpretation of the data. As a final
improvement, the "deltas'" (energy différences) for each ion, which are
saved on tape, should be averaged and reported with the uncertainty
upon command at any time during a study,

A major question left unresolved in this research is the failure
to obtain reasonable and accurate M+-M dissociation energies using the
least-squares method. It is possible that the source of this error is
in values for B(M%-CO). If this is the case, results from the fragmenta-
tion data for the M(CO)n+ ions from the pentacarbonyl halides should
help clarify the problem, These ions are present in reasonable
abundances in the mass spectra of the Mn and Re comple.es [98].

Possibilities for further research in the field ¢! metal carbonvls
are seemingly unlimited., However, studies should be limited to 'simple"
complexes, i.e., molecules containing two or possibly three different
ligands where the bond.energies in the ligands are much stronger than
the metal-ligand bond energies to be measured. One such family of com-
pounds are the Group VIB isocyanides. Listed in Table 24 are uncorrected
fragmentation data for W(CO)SCNCH3. Least-squares values for ﬁ(M+-CO)
and ﬁ(w+-CNCH3) from these data are 1.82 + 0.02 and 3.95 + 0.16 eV,

respectively. Comparison of the corrected result for ﬁ(M+—CO),
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Table 24, Fragmentation data (eV) for W(CO)SCNCH3

Process Energy
+
W(CO) _CNCH,, - W(CO) _CNCH 7.98 + 0.05
500 5oNCH, |
W(CO) SCNCH3+-’ W(C0),CNCH, + €O 9.60 £ 0.06
- W(CO)BCNCH3++ 20 11.58 + 0.06
5 W(CO)ZCNCH3++ 3C0 13.31 + 0.06
" w<co>cncn3+ + 400 15.33 + 0.06
+
-~ WCNCH, + 500 17.14 + 0.07
N |
W'+ 5C0 + CNCH 21.02 £ 0.10

3

aRelative to Xe,
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1,57 £ 0,02, with that for W+-CO from W(CO)6 and W(CO)SCS reveals

that the W+-CO energy is lower in the isocyanide that in either the
hexacarbonyl or thiocarbonyl. Values for 5(W+~CNCH3) and B(W+—CS)
cannot be differentiated, but on the basis of the carbonyl energies, it
is concluded that CNCH3 is bound stronger than CS. Since the Cr and
Mo complexes are known, data could also be obtained for them, It
would be interesting to compare these results with those for the

M(CO)SNCCH complexes,

3
In conclusion it is noted that results of this study have been
limited to positive ions, Only half the potential of the +/- instrument

was utilized. 1In theory it is possible that similar results could be

obtained for the negative ions.
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IX. APPENDIX A: DIAGNOSTIC PROGRAMS

The complete and documented listings of the two assembler
language programs which were written to test the D-A converter are
given here, Statement numbers are in the first éolumn of the printout,
memory locations are in the second, and the binary program is in

the third, The rest of the listing is the source program,
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A, D-A Test Number One (DATST1)



paEan
BEE
peonz
Boa3
e84
poas
agne
g ¢
Bo16
Botl
vaiz
pai3
8014
pa1s
He16
oy
%] 2)3]
gaz1
po22
BRZ3
An24
BAZS

x
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[EN I Y]

=t o
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Ll
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(IR
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B85
pB36
llcrs
am4a
aR41
e84z
and43
ad4
an4s
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(alalsla)
8851
852
aBa3
6854
AB55
8nsS6
BaSY
2968
ea61
pasc2
ee63
6o54
6065
alaicl
anay

e

[Ny
o
L1,

IR

B10e
6la1
g1e2
9183
8104
8165
B186
aiev

pL1e
8111

8112

(afala13)
4lala]3)
falalafa]
090 1
4]2la)g
(776
7774
B628

8334

fax]
B
[ax)

8262

7300
1185
3254
1183
3255
1183
3256
3261
1261
G374
4512
as1s
1t

fn
et

AT12
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#*20

2 IKHOMRARRAHORHIORRAORARRKACKAOKHARN KN

/

s

/ DATSTI1

Ve

/

ZDIGITAL TO ANALODG TEST ONE

/s

/

ZWRITTEN BY GARY MICHELS

/

/7

/FEBRUARY 1877

y

/

/R AKAHOKHACKASKAHORNHORAHCIAOK AR AORAOKA
PMODE
DAC=6374 /DA INST CODE
*109

/

7/YARIABLES

7/

THP1. a

™PZ2. @

TMP3. 4]

CONST,. |

K? » 4

M2. -2

M41 "4

PTRNAD. PATTRN

7/

/SUBROUTINE LINKS

Ve
KEEP=4200 488 .
KEEPA
DISPLY=4009 494 .
DSPLAY
UNPACK=4088 408 .
UNPAKA
%280

/7

/MAIN PROGRAM

y

START, CLA CLL /CLEAR AC AND LINK
TAD M2 /SET THE UP
DCA TSTCNT /AND DOLMN COUNT
TAD CONST /SET THE D TO R
DCA INCR 7 INPUT
TAD CONST /SET THE STEP
DCA STEP /COUNTER
DCA DIGYAL sCLEAR THE D TO A INPUT

TEST. TAD DIGVYAL /GET THE INPUT
DAC /CONVERTY IT
UNPACK /7DIGITIZE AND STORE
DIGAD sPATTERN FOR DISPLAY
L INC
LEDE SSAMPLE D OTO A
S 1A SOUTRUT
U
PHODE

HNFACK /DIGITIZE AND STORE
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nare 9220 8543 ANLAD /PATTERN FOR DISPLAY
ilaIe'e Bzz21 4518 KEEP /REFRESH THE SCREEN
0108 Az222 7404 0SR #CHECK THE RIGHT SWITCHES
a101 0223 7rio SPA CLA /FOR A HOLD

g1z 8224 35214 JMP .-18 /STOP THE D TO ACOUNT AND HOLD
B1a3 8225 1257 TAD DCONST /DELAY SO WE

8104 B226 3260 DCA DELAY /CAN SEE

8185 Bz227 4518 KEEP /THE

B1ae p238 2268 12 DELAY /DISPLAY

8197 8231 522¢ JMP -2

plia 8232 1261 TAD DIGVAL /STEP

8111 8233 1255 TAD INCR #/THE D TO R

8112 p234 3261 DCA DIGVAL ZINPUT

8113 8235 7108 CLL

8114 B236 1256 TAD STEP -BOP OUR

8115 8237 1183 TAD CONST /STEP

8116 6248 3256 DCA STEP /CHECKER

a1ty 8241 7e18 RAR /ARE WE AT THE

A12a 8242 ¢roo SMA CLA /TOP?

8121 B243 5219 JMP TEST /NQ. CONTINUE

a1ze B244 1183 TAD CONST #YES,RESET THE

9123 B245 3256 DCA STEP /STEP CHECKER

8124 a246 1183 TAD CONST /NEGATE THE

8125 @247 7841 clIn /D TO A

aize @258 3235 DCA INCR /INCREMENT

812v 8251 2254 152 TSTCNT /COMPLETED ONE PASS?
8130 g252 5218 JMP TEST /N0, CONTINUE

B3l B253 5218 JMP START /YES.START AGAIN
@132 A254 @ane  TSTCNT. B

8133 8255 Ba@p  INCR. 8

8134 8256 ©Bpa  STEP, 5}

8135 9257 7768 DCONST. -20

B136 0268 ©a8 DELAY. @

B137 8261 08808 DIGYAL. B

0148 '

a14i ~UNRACK SUBROUTINE

B142 7

8143 dzez dodb  UNPRKA. B <ENTER WITH NUMBER IN RC
8144 0263 rogd RAL /ROTATE FIRST BIT TO LINK
0145 B264 32100 DCA THMPt /5TORE THE REST

A146 G265 7018 RAR /NOW STORE THE

B147 8266 3101 DCA THP2 /FIRST BIT

B15a8 8267 11826 TRD M4 /SET THE COUNTER
8151 82r8 3324 DCA DIGCTR /FOR FOUR DIGITS
@152 gz2rl 1662 TAD I UNPRKA /GET AND SAVE

B1%3 e2rz 3325 DCA DSPBUF /STORAGE ADDRESS
8154 B2r3 2262 152 UNPAKR /BOP FOR THE RETURN
@133 8274 1i@i UNPAK. TAD TMP2 /RESTORE THE

8156 @2rsS 7804 RAL /LINK AND

8157 22v6 118 TAD TMPI /NUMBER

B160 ez2vr roB4d RAL +ROTATE THREE

2161 9388 7086 RTL /PLACES LEFT

162 g3a1 3100 DCA TMP1 /SAVE THE NUMBER
B163 @3p2 vo16 RAR /AND THE

a164 n3a3 3181 DCR TMP2 /LINK

8165 a3gd  11a@e TADM TMP /GET THE MUMBER

fa166 B3RS Alad AND K7 <AND MASK OUT FIRST 9 BITS
RO Fidbin VR RAL SSET UP CORRECT

T B Tl FTRMAD SPATTERM ADDRESS
o naELe DA FIIHTR

e AEt) TAL M2 SET COLUNT FQR

ER O FIET2 DA COUNT ZBOTH HALYES OF PATTERN

i) [

AGATN.  TAD T FOMTR SETORE THE



a314
9315
8316
8317
93208
8321
6322
8323
a324
Rn3235
8326
9327

9338
8331
8332
B333
8334
B335
B336
8337

3v2s
2326
2325
2327
5313
2324
5274
5662
(214l
tala]a]4]
aB6e
jalalafdl

j2a]a]5]
4511
2433
A1e.
4511
n504
(a]ala]a}
ar3n

jajalald
1680
3214
2200
1688
3232
2209
6141

Boiil
nast
alalala}
] 21K
(]ala}a)
1883
8817
4421
PBR2
pEmna
2432
1763
1763
Bz2z2
6423
poa2

7388
2699
aBan

EHA
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DCA 1 DSPBUF
1SZ PGINTR
152 DSFBUF
1SZ COUNT
JMP AGAIN
152 DIGCTR
JMP UNPAK
JMP T UNPAKA
DIGCTR. @
DSPBUF. @
POINTR. 8
COUNT. @
Fd
/REFRESHER SUBROUTINE
7
KEEPA, ©
DISPLY
HEADA-1
168
DISPLY
INFO-1
8
JHP T KEEPA
PAGE
7
/DISPLAY SUBROUTINE
7 .
DSPLRY. @
TAD 1 DSPLAY
DCA BUFA
1SZ DSPLAY
TAD I DSPLAY
DCA YVALUE
152 DSPLAY
LINC
LMODE
CLR
SET I 1
]
SET I 3
BUFA, @
LDA 3
coM
STC .+2
SET I 2
2
ADD ‘YVALUE
DSC I 3
DSC 1 3
XSK 1 2
JMP REPEAT
PDP
PMODE
CLA CLL
JMP 1 DSPLAY
YVALUE. @
/HEADING BUFFER
24
HEADA, B
4

REPEAT.

@
3]

#FIRST HALF

7IN THE DISPLAY
/BUFFER

#DONE YET?

#M0.D0 SECOND HALF
#DONE WITH 4 DIGITS?
#NO.CONTINUE
/YVES.RETURN TO MAINLINE

#DISPLAY THE
/HEADING

s/DISPLAY THE D T0 A
/INPUT AND DUTPUT

/RETURN

/GET AND SAVE THE
7ADDRESS
/GET THE VERTICAL
<LOCATION

/BOP FOR THE RETURN
/GET INTO LINC

/MODE

/CLEAR AC,M3.AND L INK
/SET THE HORIZONTAL
sCOORDINATE

/GET THE

/BUFFER

/COUNT

/7NEGATE IT

/STORE IT

s/SET THE tQQp
/COUNTER

/GET THE ¥ LOCATION
/DISPLAY THE

/PRTTERN

/DONE WITH THE BUFFER?
/NO.CONTINUE
/YES.RETURN

/T0 CALLING
/ROUTINE

/HEADNING COUNT



8274
8275
8276
027y
0300
8391

n3pz
8383
B304
n205
V306
p387
a3t
A311

6312
B313
a3l4d
8315
A316
8317
n3za
2321

8322
B323
6324
8323
8326
n327¢

R23a

D331

0332
B333
B334
n335
93326

Ba37
834a
8341

R34z
B343
1344
83435
83465
A347

6350

83351

8352
8333
A354
8355
B356
a3sve
3360
8361

A362
AzZR3
AZad
BT

B

aa]al<}
4177
3641
0008
0009
4849
4ar7
4177
774l
0089
41412}3]
4477
7744
nEBe
pooe
lala]a]a]
@ana
pABa
(alala]3]
a]5]a]5]
aaaa
(a[5]a]a]
0008
4477
reda
alalafa]
Apag
4849
4877
4177
rrdl
2680
8080
4177
3641

agza
j4]'4]a]4]
(a]alale]
laala]at
jalalala]
0809
(a]a]413]
2990
aaaa
2080
afa]a]z]
(a]a]]2}
alala]s)
afa]al}
alala]7}
2828
alafaly]
nopa
napa
la]als]
R
FHARE
[
FICT 0
P
Ooon
FIATH

~CONVERS ION BUFFER

INFO.

DIGARD.

4177
3641

40848
4077
4177
rral

4477
7744

0@

(A ﬁ %
AN
AN

4849
4877
4177¢
vr4t
(5]

8

4177
3641

24

IO O0OOOIONEIOREEIORRO0OE

PR SR B I X S A
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7D

/T

0

/R

“A

/T

0



AMNLAD.

PATTRN.

OO E0

PAGE
4136
3641
2181
eir?
4523
2151

- 4122

7651
2414
B477
o172
AES51
15R6
4225
4443
FASE

177
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NO ERRORS

AGAIN B313
FMLAD A543
2R Ad4ld

T B163

s

DEOMST @
DELMY
DICGAT

Mt ;
PHTTRN B5EE
FOTHTR B226
PIRRAD @ 1E7
A423

[ZEA
256

BlEz
TSTUNT #1254
LHPACK 4512
UHFAE A2F

NP RZE2

TWIHIE 432
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B. D-A Test Number Two (DATST2)



al5]alq]
521781
Boa2
BEns
ArAd
BBEs
BEas
alalil
aaie
patl
gpiz
PE13
ori1d
RS
Bl lE
aa17
ARzA
gal
anz22
amn23
og24
BB25
PR26

Baz? 73840

BAaZn 1221

22| 3a17

288

1]

gzl alie

R211  aeaz?

|5 Va0 DER Srbede|

5213 3417

azld 1222

8215 1223

Bz16 7448

8217 5284

220 i

g221  S57YY

3 A222  ARAR

IS B222  2n1n

FANG H22d  @4aam
pAS6
uesy
afaley}

BBs 1 8225 @/uB

g226 614l

FIfiv e V7T
A7 1 Bedd BRGa
BaTe A235  BYYV
5 AZ36 12T
n22v etz

azde aial
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eioioiotoeloloioiokoktokricioiolokitintioioiololoiaoniotok

slerAotoRioiollolieopoRITOICKRKKNoROIORIOKORK

/DA INST CODE

#CLEAR AC AND LINK
7STORE BUFFER ADDRESS
<IN AUTO REGISTER
sCLERR THE DA INPUT
SCONYERT THE AC

SSAVE THE INPUT
sDISPLAY THE BUFFER

/GET INTO LINC MODE
sCONVERT THE OUTPUT

/BACK TO & MODE

<ADJUST CONVERTED NUM FOR SCREEN

/5TORE IN BUFFER
7GET THE INPUT
#INCREMENT BY 8
<15 IT ZERD?
sNO.REPEAT
/YES.STRART AGAIN

*20
//'
/
s DATSTZ
/
/
/ZDIGITAL TO ANALOG TEST TWO
/’
/
ZURITTEN BY GARY MICHELS
/
/
/FEBRUARY 1977
7
7/
/f
/MAIN PROGRAM
/
PMODE
DAC=R374
%200
START. CLA CLL
TAD BUFA
pca tr
LoE DIRVAL
AGAIN.  LRC
ICH DIGYAL
JMS DISPLY
LINHC
LMODE
SAart 1@
FOF
FHODE
TaDh K469
DCA I i7
TaD DIGYAL
TAD Klig
SZ2A
JMP AGATIN
JHP START
BUFA, BUFFR~1
DIGVAL, @
Kia. 1a
a8, 480
s

/DISPLAY SUBROUTINE
/
DISPLY. B

LINC

LI DE

CLE

SET I 2

1¥77

SET 1
AVTY
SET 1 4
- 1368
Lha 1
IS I
Dis 1

i

™3

M

#INTO L MODE

/CLEAR AC.MA,AND LINK
SET HORIZONTAL

ZBERIG

/SET BUFFER

ZANDRESS

/SET THE

ZCQUNT

/BET CONVERTED DA QUTPUT
sDISPILAY

sTIWICE



aavrs
aasy

B0 SRR ARER BUFFR.

Nl ERRORS

AGAIN A2
BUEp Az
LUSER B
s I
DlawAL F
DIERLY &

181

XSK I 4

JHP -4

FDP

PMODE

JMP I DISPLY
HEBAR

A

/BUFFER DISPLAYED?
#NO. CONTINUE
AYES.RETURN

/T0 & MODE

ZAND MATNL INE

#DISPLAY BUFFER
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X; APPENDIX B: TIONIZATION EFFICIENCY
ACQUISITION SYSTEM

A documented listing of the binary and source programs for the
IEAS follows. The AIPOS monitor and FPP library routines AMOD, FCON,
FTYPE, and GETNUM are not included in the printout. The first,
second and third columns are statement numbers, core locations, and
binary output, respectively., The remaining information is the source

listing.
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aa[al| LISTON
ALR2 ZAAHORAKHHOR AR IAOTORAKRAIARAORAAORARAKRORAOKMN
RFA7 e
AL -
AaaS s TEAS
EII06 e
abakile /s
w17 ~#I0ONIZATION EFFICIENCY ACQUISITION
ARt ZSYSTEM
[T s ~
FIETEE e
R L <t SWRITTEN BY GARY MICHELS .
7’
s
~MARCH 1376
s
s
PR 230 3 3 0 U 8 G o P 8 RS A B S S S e e e
e
~ FIELD @
7
K1 ~HEARER AMD IE TABLE
215 ORG Azgag
BREN A200n ABB1 HEADR. 1 #NUMBER OF HEADER BLOCKS
141 BARE 3 SNLIMBER 0OF DATA BLOCKS
5] #DATA FORMAT
3 ]
1 n
5oARan NIE. a. SHUMBER OF IE CURVES
ARG PBER
AAY Bean
GG 03819 PBRRd NORMUL ., 1S5. /NUMBER DF POINTS/CURVE
FERLL 3apn
AZ612 Beang
REAY A2R13 Rl NORANG. 1.5 sNORMAL IZATION RANGE
A< ZA08
RERLS BEEa
Ao SHMNSS VECTOR
AR NRE B3a30
NE42 B3AZ268 /AR MASLOC, @
[Ra3 SLSTSH INTERCEPTS
@ ORG B3118
BRds B2118 aana INCEPT. @

ALSTI0 SLOPES

atuk) ORG A3ten

BEH B3170 9920 SLOPE. B

a5 sLSTS® WEIGHTING FACTORS
95 ORG B32%

(3 IOl AR s B U SV RO A
N
[RORRSV Iy £ AT S B UV Ry

RES3 Br3258 pepa WTLOC. @

7 #MINIMUIM DELTA FOR EACH ION
ks ORGE A3330
055 B3330 000 MIMLOC, B

B5 s

iR5 71E TRBLE
] Ve
faac2 ORG 83499
AREE a3400 aoga [ELQC. B
PAE4 s
Aans 7#INTENSITY VECTOR
PEEG s

Bnay ORG 85880
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7CONTRDL CHARACTER HANDLER

7

CNTRL.

CNTRL1 .

CNTRLZ2 .

CNTRL3.

/CONTROL

CNTABL .

CCOLNT,
CNTABRA.
CTLFLG.
TEMP1.
TEMPZ,

Ve
7z
o

7

ZRAUTO
s

ALXA .,
AL,
AUX2,
AlXE.,
AR,
AUXS,
AUHG .,
ALME
7

/FPP INDEX REGISTERS

s

FrRa,
FXR1,
FrRE2a

—

o

CHA
-215
-212
-283
-222
-3
CNTA
a
B

4]

LITORG 27408

FlI

ORG

@ m 3

DA A B o R o B )

A
A
4]

arosn

CNTABR
TEMPI
CCOUNT
TEMF2

I CNTRL
I TEMPI
CLA
CNTRL3
TEMF 1
TEMF2
CNTRL 1
I CNTRL
I TEMP1
CLA
CNTRLZ2
CNTABL

I CHTRL
CTLFLG
CNTRL3
CNTRL
CHTRL
CNTRL

I CNTRL
R TRBELE

BL

ELD 1

18818

INDEX REGISTERS

/INTERUPT ENTRY
sSET TABLE POINTER

#SET COUNT

~GET CONTROL CHARACTER
<COMPARE WITH

<TABLE ENTRY

SMATEH?

~BOP POINTER

<BND COUNT

ZTRY AGAIN

<COMTROL R?

~#N0. I5NDORE
#YES, RETURN
<A CARRIAGE RETURN

#SET FLAG

Z1GNORE CHARACTER
~NORMAL
sRETURN

/LR

<LF

<CNTRL C
ZCMTRL R
<TABLE COUNT
/TABLE ADDRESS
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AaE 10823 A8eR FXR3. %]
BIEY 1RaZ4 ARRGE FirRed. A
Q1ve 10025 00D FxRS. &
By 1a AARD FeRG. A
B¥z 18azv FHR? 4}
217E '
A1¥a <FFPP APT
ALvVE e
BivE 18938 APTA 1111
RIvy 1ne3l FPC. A
AzZEd 18832 FXR8
2R 1ER33 Ee
1pE34 aFR.- 5]
{ARES 5]
10835 a
16837 5]
Ve
AONITOR LINKS
~
alagaty] READ. 21
19841 WRITE. 22
164z FETURN, 25
18843 @ UMITa ra24
{aRdd 4 STELK. 76e34
18845 7635 NBLK. T3S
10ndp 7636 IUMIT. 7R36
10847 Y64 ISTBLK. 7546
7
SRR TABLES
Ve
192850 EKGFLG, @
18851 CHHFLG. ©
RSz TSTFLG. 27
[ERS3 Ak 4}
19854 aggg a
1855 7a3Y CHTRFA. CTLFLG
19855 1460 PUCHTA. PCNT
RSy 2377 PBUFQ,  LPBUF-1
188ER AVAG ERRA. ERR
1AREL 2343 DIGA. LiG
5 18862 2344 DIGIA.  DIGH!
Py 1aae3 vaon CHTRLA. CHTRL
OZ4ap 10864 0177 CHTRLH. 177
1ARRS Y27 NIT. EXIT
1pasae a214 CMMD1A. COMNDL
18RR7Y BBED EERMUM. B
1087 0pEa COUNTL. &
1ER7 1 pEE SEMRERY. &
A72 DEEn ENIYL. 3]
1072 aang NSTERS. @
18074 00aE NSZANS. 2
1AATS BORR EHERGY. @
1PB7E DO HLUPTRE. B
10ayy goaa LUPTRE. 8
18180 9089 CHAR. 5]
taial pang i
1a1a2 oaan 5]
1a1a3 aRRa 5}
1Aa16G4 paan 5}
ta10s anen 7
1n1es 0899 5]

J

18187 AR

=
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aana TPARM.

aaae TeLK.
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b o B
e
(AU B ) |
=

a0

= 2 T

1

=

~SUBROUTINE LINKS

Ve

-

ACOUI=4000 488
ACR

CHKFLG=4808 48
CKFLG
FFFGO=4008 486
FFFG
GETPRM=4908 480
GPARM
GETTY=48808 400
GTTY

GNUME=4D88 420
GNUM

LPCTL=4G080 428
LFTRC
FUCRLF=4n20 420
PLCRLF
FUSTR=4088 420
FSTER

PUTLF=4808 408
PLPTR
PUTTY=4200 400
FITY
SHMPLE=-4000 489
SAMPL
TABSP=4080 468
TSP

TRAF=4080 400

TRF

v
<CONSTANTS
7
K2, 2
K3. 3
Kd. 4

" KP. 7
kit 1t
K?7.» [id
KRoea, 265
K384, 304
KPVP . ey
K4rbd. 4riad
M2 . -z
M22. —-32
M251., -251
MZ91. -3081
M297 . -3av

2pan. -2000

<REQUIRED INSTRUCTIONS

d

DAC=6374
LIMC=6141

/TAPE PAMAMETER
LIST
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SAM11=8111
FDP=pGR2Z
PARGE

187
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iazag
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1A267
l1ozare

6291
1863
3464
1449
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EJECT

~#COMMAND OVERLORD DISPATCHER

e

¢

COMAND »

COMND 1.

A& COMND2.

rran
5304
1198
Al
291
2250
BEne
56591
B33
GarR b
G330
B0
0423
426
P39&
H2RA
B469
XS]
A3an
ARt L=
B3
A5A5
jajatals)

TTYIMP .

CIF &

TAD CNTRLA
DCA
TAD
neR
TAD
nCe
TAD
DCA RETURN
CDF 12

TAD K4ara4g
DAC
CLA
DCA
DCA
DA
CDF 2
DA
CDF 18
TAD FRUFA
DCA AUXD
DA
LFPCTL
FPENT
PUTTY
HSTER
GETTY
CHAR
2
TAD
TAD
SPA
JMP CNTERR
ThDh M32
SMA CLA
JMP CNTERR
TAD CHAR
AND KF?7
TAD TTYIMP
DCA L+

5]

MR T L +8
ACAOU IR
BLESUDB
CAIN

DELSR

ELIM
FiLsav
CMMDER
CMMDER
IEPRNT
CMHDER
EMNDER
CMMDER
MASPRT
MORPRM
OPTMIZ

I READ
READ

I WRITE
WRITE

cLL
BKGFLG
CHHFLG

CHAR
M3o1

I CNTRLH

I RETURN

TSTFLG+2

I CNTRFA

I PUCNTA

7INITIALIZE CONTROL
sCHARACTER HANDLER
<INITIALIZE AIPOS
/MONITOR

71,0 LINKS

7INITIALIZE ELECTRON
7ENERGY

sCLEAR
ALl
sFLAGS

#INITIALIZE
/PUT STRING
~ROUTINES
7SET LP TO
<FRINT MODE

/FRINT ASTERISK
/GET

#COMMAND
/CHARACTER

1T MUST

7BE

ZALPHABETIC
#FORM
ZCORRECT
~JUMP

<D ISPATCH
#h
B
-C
D
~E
F
pgc
7H
~1
-]
K
/L
M
N
0
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Q462 18271 A627 FENTAB P
Bac3 18272 A366 CMNDER P
fga64 1273 A641 READTA e
BaeD 1AZ274 A66ER SETEE 7S
RAGR 1AZFS AGT L TIME /T
Ben? 1RA27P6 B366 CMNMDER pan)
R4A7A 18277 A306 CMNDER ' N
B47v1 18388 as6ve? LRELT <L)
Ray? 1A3A1 @3A6 CMMDER ¥
D473 18382 0305 CMNDER e
AdT4 1R383 B366 CMHDER g
BaArS 7ILLEGAL COMMAND CHARACTER
B4PE 18304 7208 CNTERR. CLA CLL
S46R JMP 1 ERRA

6477 18385

A ZUNDEF INED COMMAND

a! 7801 CMNDER. IAC

& 5460 JHMP 1 ERRA

a: -,

5k -

A Aotk OMMAND  ROUT INE Ssotolok

158 Ve

ST e

A5 16 #ACOUIRE IE DATA

@51l 19318 4522 ACQUIR. GETPRM /GET INITIAL PARAMETERS
AS1E 18311 4517 ACOUT ZBCOUIRE DATA

MS13 18312 4521 FPPGEO

A51d 18313 3349 MORM ZNORMALIZE DATA
AS15 19314 S465 IMP 1 XIT /RETURN

Ao 7 ACOURIE DATA AND SUBTRALCT BACKGROLUND

517 /BEFORE NORMAL I1Z ING

ASZR 1315 4922 BLKSUB. GETPRM ZEET INITIAL PARAMETERS
9521 18316 4517 ACoU I /ACGUIRE DATA

ASE2 18317 2659 152 BKGFLEG /SET SUBTRCT FLAG
G523 163228 4531 PUTTY #SEND OUT @ CRLF
ASZ2d 1B321 1547 MYCRLF /TO LET U5 KNOW
AS2S 18322 4517 ACQUI SACOUIRE BACKGROUND
ASZ5 10323 4521 FPPED

AS27 18324 2340 NCIRM AMNORMAL 1ZE

RS20 1A225 7IRA cLa CLL

g 18326 3058 DCA BKGFLG ~CLEAR FLAG

5 18327 5465 JMPCT XIT SRETURN

a #CHAIN PROGRAMS

i <ENMTER WP TO ¢ COMMANDS

4l /FOLLGWED BY )

AnAG 1633@ 7ARL CATN.  IAC /SET CHAIN

[k 183231 3951 DCA CHNFLEG /FLAG

A0 1R33E 3366 DA CARCNT /CLEAR COUNT

as 182322 4531 PUTTY SERINT

AT47 10334 1723 M3 /CHAIN MESSAGE
AS43 10335 4523 GETTY SWAIT FOR

o4 10336 @160 CHAR /COMMAND CHARACTER
B%AS 19337 8918 19 ZSTRING

ASAG 18748 1364 TAD CHARA /COUNT CHARACTERS
AS47 18341 3817 DCA AUX?

RSSO 10342 1417 TAD 1 AUX? /GET A CHARACTER
A551 18343 1151 TAD M251 sCHECK FOR )

ASSZ 19344 PESE SNA CLA

pe33 18345 5392 JMP .45 ~DONE

RS54 16346 7A4E CMA /BOP COUNT

AS55 108347 136868 TAD CARCNT 7BY

BESE 108250 3366 DA CARCNT 1

A55? 19351 5342 JMP .7 ~REPEAT



ASaR 1RESS
AE61 1

1257
183668 5354
¥ 168361
16362 3A51
10363 5465
18364 aavyys
B235
RERR

P ]
Lo} UJ

o Ln

1836
1E36¢

JR] R

1“_\-;I =4

11 1488 4533

2 1a4ial navd
1ad4a2 4327
+o1adaE 1vvv
19484 4336
1485 4521
146 4151

17 18487 4533
a611 19418 QBaS
aelz 18411 4527
B613 18412 2132
nE14 18413 45326
B515 18414 4521
BE1E 1A41S 48354
AEL7 1416 4525
118417 4530
pEzl 10428 4525
BeEF2 18421 ARG
4] 18422 3465

t

1H423 452
18424 4
13425

12428 6201
27 1144
B ZEAR

6 o D
T e

Ty i 3
[ax]

[y

1643ﬂ
12435
18436
1A437
1844
1041
102
17443
T 184
W1 10445
19445

1A447 224
16458 G202
118451 ddd]
1a452 wiia

pace)
P o
iel
[N

A
3443
1137
3443
1443
3142
3in
Ledetet
Alig
Bl

lﬂJUI“Jﬂ.ff
3

PO U )
o T

S CHN1.
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TAD
DCA
T
DA
JHP
152
JMP
CLA
DCA CHNFLG
JMP T XRIT
CHARA, LCHAR-1
CMNDZA, COMMD2
CARCNT. A
FAGE

CHAREA
AUX?

I AUX?
CHAR

1 CHMMD2A
CARCNT
4

CLL

/RESET CHARACTER
ZPDINTER

GET COMMAMD CHARACTER
SSTORE

ZDISPATCH

#CHAIN DONE?

/NOPE

7YEP,CLEAR

sLHAIN FLAG

/RETURN

sCALCULATE THE DELTAS AND LEAST-SQUARE

<INTERCERTS
SFRINT OM LINE PRINTER

DELSQ. TRBSP ZCENTER
v sHEAD ING
PUSTR sPRINT
DELHED-1 ~HERD ING
PLITLP
FFPGO <CALCULATE AND
DELTA /FRINT DELTAS
TABSP
66 #CENTER AND
PUSTR /PRINT
LSQHED-1 /HEAD ING
PUTLP
FRFGO
L5TS0 #CALCULATE INTERCEPTS
PLICRLF ZEND THE LINE
PUTLP FRINT ON LP
LPCTL ~ZEND
REOT TRANSMISSTION
JMP T XIT /RETURN
«ELIMINATE CURRENT IE DATA FROM TRELE
ELil1.  FPPGD DD 1T THIS
ELIMIE WA
JMP 1 MIT ZRETURN

sSAYE HEADER ANMD DELTA TRELE

FIL3AY. CDF 7

THD K3P4
oR 1T HEADA
TAD T UNIT
Cl.L RAL

SZL
JiriP
L
DCA
TAD
ncA
TAD
ANMD K77

oA TPARM
THD I 3TBLK
DCA TBLK
COF 18

RI1F

CIF B8

JHS 1T WRITE
TFARM

I NBLK
I UHIT

<DRTA FORMAT

SCHECK RIT @
<OF UMIT NUMBER

ZEXISTING FILE
ANEW FILE., SET
/BIT B

<FILE LLENGTH

SSET

ZSET UNIT FROM

< IR CONTROL

sTO PARMETER LIST
ZSTARTING BLOCK
AT PARMETER LIST

ZSTARDARD
SZHMORITOR
1.0 CALL
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12609
18681

Bral 18a05
avas 1asny
Byl 181
Fvdd instl
s 10612
Ards 1RE13
1aG 14
1HES
1A LA
o1na
1as2

1871 :
la4dea
10473

1asaa .
nsn1 2
A 1E9a2 «

13457 S
1a46a 2
ladal 7
18462 €

A1 FILERR.

1E4E0 5300

ladra 2230

5465
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1
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=
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TAD TPARM
SPA CLA

JHE -2

CIF @

JME T RETURN
HERADR+2

Cla CLL

CDF 1@

Tal K2

JMP I ERRA

HEADA.,

ZAND
AWAIT TILL DONE

ERIT TO ALIPOS

SATTEMPT TO SAVE

sDATA IN A PRE-
sEXISTING FILE

/FRINT RAL TE IRTA ON TTY

IEPRNT. PUTTY
IEHED

TAD NETEPS
ZIA

DCA FXR4
FPREH
IEPRIN

JMF T OXIT

ZPRINT

~#HEADING

SSET INDEX
SCONTER

/FOR FPP

SPFRINT ENERGIES

#AND INTENSITIES

SRETUREN

sPRINT NORM EMERGIES FOR A GIVEN MASS

<IN THE TTY

MASPRT. FUTTY
M5
GHUME
PUTTY
MASHED
FRPG
MPRINT
JMP T XIT

SGET

STHE
SMAGSS
SPRINT
ZHEADING
<AND
~ENERGIES
RETURN

/RESET NORMALIZATION PARAMETERS

NORFREM. FUTTY
MMS 1
EHLUME
FPPED
HMUL
FUTTY
HMS2
GNUMB
FRrPED
MRAMG
JMP 1 XIT
FAGE

ZGET THE
SINTENSITY
ZMULTIPLE

SCHANGE IT
~BET THE
SENERGY
/RANGE

/CHANGE IT
sRETURN

<OFTIMIZE GRIN AND ENERGY LIMITS

ZRACOUISITION 1 PASS

SRECYCLE TILL COMTROL R

OPTMIZ. IAC
DA TSTRLG+H2
PUTTY
sz
GMUMB
FPFE0
STRTEN
FUTTY
AMS3
GHUME
FRPED
ENTREYL
FUTTY
ArE4
GHUME
FIFPGEO
FEANGE

OFTML.

#3ET TEST FLAG
ARET

<STARTING
~EMERGY

#BET
~ENERGY
#INTERYAL

ZHET
<ENERGY
ARANGE
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BITE g CLA IAC /SET ACQUISITION
(5rastal DCH MSCANS 71 PASS
FI7SG (=T nl AR ZHCGDIRE AND
[ShTe FRFGED ZMORMAL IZE
BI7EE MIDEM sDATA
FriE 10646 Sza2 JMP QPTML sL.O0ORP
Arez /PRINT NOREMALIZED ENERGIES AS A TABLE
ars3 /0N THE LIME PRINTER
Avad 10627 4533 PRNTRE. TRESP #LENTERE AND
BYES 19638 REre ’ )
APHRE 1RG31 4527 FPUSTR “PRINT HEADING
OYERT 18R32 23600 TABHED-1
AY PR 1ARZE 53R PUTLF 0N LP
BF¥1 1R634 4521 FRPGEO /PRINT TRBLE
A7YZ 18635 4746 FTAEL
ATYE 18636 4525 LPCTL #END OF
A7V 1RG3Y RRAng REOT STRAMSMISSION
ATTS 10648 5465 JMP T OXIT #RETURN
BV TG <INPUT IE DATA FILE
B777 13641 G231 READTA. LDF @
18R 1AR4:2 1445 TRD T IUMIT ZSET TAPE UNIT
1RE1 180643 8142 AMD kK77 <TO PARAMETER
10644 F110 ICA TPARM SLIET
18643 1447 TaD I ISTBLK ZSET STRRTING
18645 2114 DA TBLK SBLOCK
18647 6211 CDF 18
18858 6224 RIF STALL MONITOR
1AE51 &282 CIF A
1AESZ 4440 JM3 1 READ
1RES3E Al11m TPARM
1Ba54 1117 TAIN TPARM SWATT TILL DONE
1BESS 771A SPA CLA
1d 1S 5254 JHMP -2
1A637 9465 JMP 1 XIT /RETURN
/SET ELECTRON ENERGY
1AEED 4531 SETEE. PUTTY /GET
1ARAL ZA1E EM3 /ELECTRON
1REER 4524 EMUMB ZENERGY
1RER3 4521 FRFPGO <BND CHAMGE
1AGa64 3162 STRTEN <17
19665 1871 TAHD SENRGY ZSENT IT
18E66E 6374 DAC SOLT
TARETY 73R CLA CLL
1867A 5465 JMP 1 XIT SRETURN
/RESET DELAY TIME
1BS71 4531 TIME. PUTTY ZRET
13672 27214 THS sDELAY
1AAPR 4824 GHUMB <TIME
{BE74 4521 FRPEO SCONVERT
1RE?PS SA3T7 DELTIM Z/AND STAORE
18676 Sda JHPT RIT SRETLUEN
/PRINT WARRENS PLOTS ON LIME PRINTER
(AEF? 4521 WRPLT, FPRPGO
taran S WARPLT
1arag . LPCTL CFESET TO PRINT
1araz PRHT ~MODE
L IETHE 4520 LFCTL ZEND
LAPR4 AR REQT <TRANSMISS 10N
1045 1a7a% JHP T XIT /RETUREN
1ady 7#¥ERROR HANDLERs oK
& 2R6T ERR. DCA ERRMUM 7/5SAVE CODE NUMBER

1a58 187a
1851 1A7a@

“J

1967 TRD ERRMUM 7GET
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a5z 1a71a a1z RTR
1897 18711 7018 RAR /FIRST
1854 18712 aidn AND K7 DIGIT
1355 18713 1143 TAD K268 ZMAKE ASCII
1875 14714 2461 oA 1 IGA ZAMDT SAYE
1857 14715 1867 TAD ERREHUM /BET
1F 18716 a14a AND K7 ZSECOND DIGIT
1 18717 1143 TAD K260 MAKE ASCII
16 10720 3462 DCA 1 INIGIA /SAYE
1 1av21 4531 PUTTY /PRINT
| 1avea 2337 ERREMS 7ERROR MESSAGE
1 187232 1054 TAD TSTFLG+2 /ZOPTIMIZATION?
1aceE 1ara2d 748 574 CLA
1967 18725 5734 JIMP T OPTMA ' AYESLRECYCLE
1873 1726 2455 JHP T CHMND 1A M. RETURN
i /ROUTINES EXIT HERE
16 1av2y VIR EXIT. LA CLL
18738 1651 TAD CHHFLG /CHAINING?
1a731 7640 SZ2A CLA
18732 5735 JIMP 1 CHNA ZYES.CONTINUE
1AavE3 34615 JMP 1T CMMD 1A ZNMDLTD OVERLORD
1724 pRAZ OPTMAL.  ORFTHMIL
1168 18735 A3S7 CHMA. CHN1
1181 -
1imz g
1183 ootk SUBROUT INE Shotordoioolekok
1134 e
1188 i
1195 SGET ARUTISITION PARAMETERS
1187 18736 9ARB GPARM, 8
11ia 1ar3y 4531 FUTTY /GET
1111 18748 1673 AMS 1 /10N
1112 1741 4524 GHUME MASS
1113 1742 4521 FPFGD
1114 18743 3138 MASS
1115 18744 4531 /GET
111 1A7P4S 17RA ZSTARTING
THIT 10740 4524 SHAMB ZFENERGY
1AVE? 4521 FRPGO
1arsn 31 STRTEN
1E87S1 <57 FUTTY EET
18752 1705 AMS3 /ENERGY
{AFPSE 452 GHLIME <INTERVAL
1A754 45 FPFIE0
1aras 2213 ENTRWL
1B7S6 4531 PUTTY /GET
1avae iviz AMS 4 JEHERGY
12752 4524 GHUME ARANGE
tavel 4521 FPPGOD
1BTEZ 3244 RAMGE
1avas 4531 FUTTY /GET
167VGE4 1716 AMZS ) /MUMBER QF
18755 45724 GNUME ZSCANS
18766 4521 FRPIE0
1Avay 3313 SCANS
1B773 5735 JMP 1 GPARM
sCHECK FOR CONTROL R
14y CKFLG, &
17y CDF &
1777 TAD I CHTRFA /GET FLAG
1avvrd az1d CDF 19
19775 PHdn 2R CLA ZCONTROL R?



pisa 1aPee
1151 18?7
1152
1153
1154
1155
11586
1157
116am
1161
1i&2
1183
1154
11E5
11655
1167
117a
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1172
1173
1174

11868
11ma1
11saz
t1ae3
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11pas
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IMP 1 CMNDIA
IMP 1 CKFLG
PAGE

ZYES, OVRELORD EXIT
~MO.RETURN

#/LINE PRIMTER REMOTE CONTROL

/NECESSARY INSTRUCTIONS
MPCD=6644
CLAR=1
RLTER=2
RFFED=3
RECT=4
RESET=S
FRNT=6
PLT=7
SPP=18
RESPP=11
LPTRE, @
TAD 1 LPTRC
152 LFTRC
MPCD
CLA CLL
IMF 1 LPTRC

/GET ARGUEMENT
/BOP THE POINTER
SEND OUT TQ LP
/CLEAR AC

ZRETHREN

ZSTART FFP AND WAIT TILL DONE
SRESTART AFTER ALL TRAPS
~PROGRAM COUNTER AT CALL+!

FFFPG. (3l
FPICL “RESET FPP
TAED K1t LOCKOUT CPULFU
FPIOM #LDAD COMMAND REGISTER
CLA
TAD I FPPG GBET PC
ICA FPC ZSTORE IM APT
152 FPPG

FFRPGE1.  TA» AFTA ZGET APT POINTER
FPST /START FPP
HLT SZKIP IF STRRTED
FFIST ZINTERRUPT FLAG SET?
P -1 SREAD STATUS.SKIF
RAL ZINSTRUCTION
SR CLA sTRAP CAUSE EXIT?
IMP 1 FPPG ZNDO.RETURN

TEAP #YES.HAMDLE TRAP
JHP FPPGL /RESTART FFP
APTA. AFT

~TRAP HANDLER
STRAP4-JIHMS TO OFERAND
STRAPS-ERROR EXIT

TREF. 4
CLA CLL CMAR RAL ~MINUS TWO
TAD FPL /BACK UP
D& TRPIN /FC TO GET
TAl 1 TRPIN ZTRAP INSTRUCTION
RTL /ZROTATE TO A
RTL 200D FLACE
aHD K7 ZUSE BITS 2-11
TAD TRPJ ZCREARTE JUMP
DCAR .+ /SAVE ALAY
4 sDISFATCH
TRPJ . JMPT -2 sFPROTOTYPE INSTRUCTION
TRP3
TRF4
TRPS

THEPS
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11nar 186t TRP?

L1352 aREan TRPIN, @
PUAGE 5631 TRPE. JHP T TRP ZUNDEF INED
11834 4434 TRP., JME 1T OPR ZSUERDUTINE EXIT
11855 5631 JP T TREP SRETURN
11835 10934 TRPS., TAD NPR /GET ERROR CODE
FIRS7 G460 JHP 1 ERRA ZERROR EXIT
11058 5631 TRPE. JMP T TRP ~UNDEF INED
11851 3631 TRFY. JMP 1T TRP ZUNDEF INED

<IE AQUISITION

LIBRZ D@Eae A, &

11853 1058 TAD BKGFLG

L18nd Po40 526 CLA #CERT BUFFER?
5277 IMP L +12 #NO. K IP
1154 TR Mzaan #ZERI

LIBET ZATE DCA COUNTL

A

11avR 138 Tal DATLIA
11871 3a11 LCR AUX1 ZDATA
1Rre 6261 CIF @
11873 2411 DCA 1 AUXi
2ETA 152 COUNTL sBUFFER
5273 JMP -2
E2ll CDF 1@
1378 TAD DATAD ZSET HIGH
2AvA DZA HLPTR SWORT POINTER
1a7s TAD HWPTR SSET LOW
! 1AL AW0RD
11183 3@vr DcA LWPTR SFOIMTER
11184 1871 TAD SEMRGY SSAYE
11105 3ars DCA EMERGY SSTARTING ENERGY
T1IRE 1875 TAD ENERGY <AND
11187 58374 DAL SSEMD IT OUT
1111 7306 LA CLL
11111 4523 GETTY AWAIT FOR
11118 Bian CHAR <50
11113 pand 1 SCOMMAMD
111t 1 ioe TAL CHAR <18 IT A 7
11115 1153 TAD MzZA7
41111 Paan SR CLA
11117 9466 JHP T CHMNDA #NO. RETURN
LIIZR 187 Tah NSCANS YESL.SET SORN
11121 va41 CIA
LUIR2 3365 DA SCANL ALO0OP
11 173 ACRL, TAD NSTEPS ~SET STEP
11124 VA4l CIf
11125 2368 DCA STEPL Z.00P
11126 4532 ACG2, SAMPLE ZSAMFLE ION INTENSITY
11127 4529 CHEFLG SCONTROL R7?7
1113 287G 152 HUPTR ZINCREMENT HIGH
11131 2876 152 HWPTR ZPOINTER BY 2
2 oRVY 122 LLPTR SINCREMENT LU
11133 2877 152 LWPTR ZFOINTER BY 2
11134 P2 TAlr ENIVL SGET INTERVAL
11135 7adl (o {4] MEGATE
11136 1875 TAD ENERGY #DECREMENT
11137 2arn DCA ENERGY <ELECTRON ENERGY
11148 23265 152 STEPL ZSTEP DOLIN DONE?
11141 32265 JP pcnz ~N0, REPEAT
t1id2 1873 TAD NSTEPS ZYES .
11143 7adi CIf ~RESET STEP
11144 33005 DA STEPL SLoop

11145 1147 ACQZ. TEHD M2 SDECREMEMT
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1115a
111351

111se
11153
11154
11155
11155
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1118
11161
11182
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11178
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112R2
112873

112as
llﬂﬂh
11207
1izim
11211
iizi2
11213

A}

,_.
:I
IR

;_)
=
o

— e e
N
=
18]

11219
iae

L1248
i 11241
L1242
1124
11244
11245
11245
11247

11164 &

112034 E

t1dtd 3

HIR17 6
11228

11221

1876
3878
1147
1677
k{5 kary
1erz
1avs
3875
4532
AT f

\JIC']

4

I_
o

i 5

(A3}

0 01 )

oy T AN I I G

[a R |
= G
=

eUNE s SR SN 67 R

g
2y
d
1

A

] =
= S
=
=

1381
]

3302

H111
falals ey
vE18
728

[ RS RIS B PR
Pl d 3T
oo

v

=N

[}
)]
o

[ S

SCANL.
STEPL.
DATLOA.

DATAD

TAD
DCA
TAHD
TAD
A
TAD

HWPTR
HWPTR
M2
LWPTR
LWPTR
EMIVL
TAD EMERGY
DA ENERGY
SAMPLE
CHKFLG

152 STEPL
JMP ACR3
152 SCANL
JMP AcCot
JHF 1 ACR
4}

4}
DTALDC-1
LTRLOC
PAGE
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sHIGH POINTER

#DECREMENT
LOW POIMTER

~INCREMENT

ZELECTROM

7/ENERGY

SSAMPLE IONM IMTENSITY
sCONTROL R7?

/STEP UP DONE?
/NO.REPEAT

/SCAN DONE?

~NO.DO MEXT SCAN
ZYESRETURN

/5ET ELECTROM ENERGY.DELAY.SAMPLE
<I0N INTENSITY

SHMPL .

5]

TAD
LIA
DA
LA
TCA
TAD
DAC
CLA
TAD
I
Il“'?
JrR
152
JHP

NSAM

SAaML
ACHI
AcLO
ENERGY

CLL
DCONST
OTRL
IHRL
1
DTRL
.=3

» LIMC

SAMIL
PDP
SRA
CLA
CLL
TrRD
=]
Bal
THI

nCa

ACLO
ACLO

ACHI
ACHI
SAML
SAMPL !
HIHIFT

152
JMP
TED
CTA
DA
TRD
L
DA
TaD
Ak
TZA

NTIMES
ACHI
RFR
ACHI
AICLD

ACLO
152 NTIMES
JrE =7
CIF @

7SET SAMPLE
<COUNTER

sCLEAR DOUBLE
/FRECISION AC
SSEND QUT
~ELECTRON ENERGY

~DELAY
SBY DIDING
SNOTHING

<LINC MODE SET
/SAMPLE SIGNAL
-8 MODE SET
ZPFRSITIVE?
~sNOL.SET TO ZERO

ZADD INTENSITY TO
sDFPALC

/DONE SAMPL ING?
/NOLREPEAT
SYES.AVERAGE INTENSITY

/DIYIDE
~BY
sROTATING

sDPAC

<DIVISION DONE?
/NOLROTATE AGAIN
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el 11258 1058 TAD BKGFLG /YES.CHECK FRR™
1aa3 11251 7?7648 G2/ CLA sBACKGROUND” SUBTRACTION
ledd 11252 5254 JHP SAMPL2 ZSUBTRACT
1445 11253 P10 CLL /ADD SAMPLED
Tdam 11254 1304 TAD ACLD ZINTENSITY
1447 11235 1497 TAD I LIWPTR ZT0
1458 11256 3477 oA T LWPTR ZBUFFER
1451 11257 7TAAd EAL
1432 11268 1476 TAD 1 HUPTR
1423 11261 3476 DCA 1 HWPTR
134 11262 8211 CDF 18
145% 11263 56600 JMP 1 SAMPL ZRETURM
1455 11264 7i10m SAMPLZ2. CLL SSUBTRACT
1157 1304 TAD ACLO ZSAMPLED INTENSITY
146/ YR ClA
14051 1477 TAD 1 LWPTR /FROM BUFFER
(T o DCA T LLPTR
TR AL
KRR DCA LSAVE
VR CMA
14via TAD 1 HUWPTR
1312 TAD LSAYE
T oA T HWPTR
T Bm2il CDFE 1@
T4¢2 11200 S&50R JHF T SAMPL sFETURNM
AT LE6E NSAM. 19609
1474 11382 RARA SAML. 2]
1475 11367% BRen AcCHI. A
1476 11304 apna aeld. 1
1477 11385 7riad DCONST. —-14 /.25 SEC
1588 11305 aan 0TRL. 5]
1501 11387 AR08 IHRL. 4]
152 11318 aatl NSHIFT, (1
11211 BRed NTIMES. A
11212 BRaa LSAYE. B
SHAcT AT SHBRDUTINE S ok
SOUTPUT A LIST TD THE TTY
ZLIST ADDRESS IN CALL+1
SLTET I FIELD 8
11313 0888 PTTY. 5]
11314 ir 1= TAD T PTTY ~GET ARGUEMENT
11315 23335 DCA LISTP SSAVE
11316 2313 IsZ2 PTTY <BOP THE PDINTER
1735 TAD 1 LISTP sGET THE COUNT
AR DCA FBUFL APARAMETER COUNT
1335 ™D LISTP S0P LIST
rael 1AC <POINTER AND
3348 DA FBUFRA ~SAYE AS ADDRESS
RIF SSTANDARD
CIF & ZMONITOR
JHS T WRITE 170 CALL
FLPARM

THD PUFARM
SRA CLA
JHRPL -2

SSTANDARD WATIT
#TIlLL DOME

CHKFLG ZCONTROL R?
Y13 P T PTTY /DINE . RETURN
25 PEOA LISTP. 6
5 BEd) PUPARN, <8 /FARAMETER
6211 CDF 18 sL1ST



1548
15414
1542
1543
1544
1545
1546
1547
300
1551

1552
1553
185
1555
15%8

1134p
11341
11342
11343
11344

11408
11431
11402
11483
{1404
114485
1148
Piar

15457

1550

11411
11412
11413
11414

11428

11427
11428
SISE I

114322

11433
11434
11435
11435

167
1618
1611
a1
1513
181 11d44m
11441
1142
11443
11444
11445
1 Ladi
L1447

11451
tia%z
11453
11445
11455
11455
11457
114
11461

1635

11418 B2

11437

jalalala)
falalala)
alalalsl
Bana
AfReG

PBUFRA.
PBUFL
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PARGE

s/GET A LIST FROM THE TTY
<CALL+1=5STORAGE LOCATION IN FIELD 1!
SCALL+2=L 5T LENGTH

BTTY.

D] o= B3 sl o= 3

el
1428
t2zi

Fela

11415 52173
Tl «
11?5

GTPARM.

GRUFA.
GREUFL.

70N THE
ARE BUTTY.

AU
3y o~ Ul
ax

S B

o
T
™
=4

ZOUTPUT
FLFTR.

L LSR5

[5]%ha5)
Gl
24430
Ratals;
alals]s)

LPARM.

PCNT.

5}
TaD
DCA
152
TeD
A
152
RIF
CIF @

JHMS 1 RERD
GTPARM

TAD GTPARM
SPA CLA
JMP -2
CHIKFLIG

JHF T GBTTY
i)

CIF 18

I GTTY
GRUFA
GTTY
I GTTY
GEUFL
GTTY

TTY

5]

TaD PCNT
oA 1 PEUFA
FUTTY
LFRUF~1

TED FRUFA
oA AUXe
DA PCHT
JMP T BUTTY
TO LINE PRINTER
5]

RIF

CIF @&

JMs I OWRITE
LFAaRM

THD LPARM
SPA CLA

JMR -2
CHEFLE

TAD PEUFA
LA Alxn
DR PCMT
JHP T PLPTR
a1

CDF 18
LPBUF

4

8

/GET BUFFER ADDRESS
/SAVE IN PARMETER LIST
sBUP POINTER

ZGET LIST LENGTH

/SAVE IN FPARAMETER LIST
BOP FOR RETURH
SSTAMDARD

MONITOR

ZCALL

/STANDARD
ZURIT

/CONTROL R?
<TONE. RETURN
/PRARAMETER
AZI5T

«PUT A LIST CREATED THROUGH PUT 5TRING

/GET LIST LENGTH
ZAND STORE HERE
S50 WE CAN USE
A0UR TTY PUTTER
/RESET BUFFER
SFOINTER

<CLEAR COUNT
/RETUREHN

/STANDARD
710

/CALL

<DUME?
~HND.CHECK AGAIN
JCOMTROL R?
SYES.RESET
sBUFFER FOIMTER
sCLEAR COUNT
/RETURM
/PARAMETER LIST



1R3R
1637
1648
1641
14z
15432
1Eebd
15345
1Eein
1547
1R5R
1651
[E5F
153
1&g

1655

1

170
17

4 e
Lyt

1veet

w0

1705

17EN

1V

1vin

1711

s
13
vl
Yis
7lG
1T
I

1Rz
11463

11464
11465
11465
114E&7
11478
11471
11472
11473
11474
11475

11476 5

11477
11388

11aat

11aaz
11503
t15a4
L1SES
11580
11587
11518

HRAR
166

alslsla]
335

AR BN S

(AR EEUS N IS B S
g
=

e
1

T

1
i gd

11511 3«

11512 =«

11513

11514 53

LI5S 5aY

11516
sy

1S3 O

11537

11540

11541

11542

11543 34

11504

1153

LIS
11547
117550
11551

11952

11553

11554

28 MERA . -25

FELS
|21z

FIEIER

17s

VR4t

2 COMLOA.
3 PUTCTR. B

.
A

ZPUT STRIMEG

PSTR . 4

PSTRA, &

FSTRAL. A

PUSAY., B

SETPTR, B

TiCA
TAD
CIR
oA
RN
k

TAD
DR
157
152
JrP
JHP
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ROUTINES

I PSTR
PSTR

SETPTR
PSTRGD
I PSTR

1 CONLOA

SETPTR
FSTREGO
I PSTRA

TAD CONLOA

. IMS SETPTR
PETR1, TAD I AUXL
DCA PUSAY

TAD PUSAY

i M2S6

CLA

I P5TRAL
PUSAY

I AUXE
PENT
FUTCTR
PSTR1

I PETRAL

PUTCTR
I SETPTR

I Axd

I Auxe
FCNT
FUTCTR
4

I FSTRGO

CONLOC-1

APUT OUT CELF AT AUXE

PCRELF. 8
TAD
DCA
TAD
DEA
152
152
JHP
MYCRLF. 2
CR. 215
I.F « 212

R

1 auxa
LF

I AUxB
FCNT
PCHT

I PCRELF

<TAE SPACE ROUTIMNES

TEZP . [l
TAD
CIA

I TESP

#CALLED IN &8 MODE

<GET STRING ADDRESS

<BOP POINTER
SINITIALIZE
#SEMD IT QUT
RETURN

sFPP ENTRY
CGET ADDRESS
JINITIRLIZE
<SEND TO BLFFER
SRETURN TO FPP
ZEAME AS PETRA
<BUT PURGES
sDECIMAL POINT

#DECIMAL POINT?
<YES,RETUEN
#ND,STORE AWAY

/RETUEN

SSAVE ADDRESS
ZGET LENGTH
SEHD

~SET THE COUNT
sRETURN

“GET A CHARACTER
<STORE IM PBUF

<BOP PARAMETER COUNT

SSTRING DOME?
ZNOLREPEAT
~ES.RETURN

ZGET RETURN
“SAVE ALAY
sEET LIME FEED
ZSAVE AUAY
ZBOP PARAMETER
sCOUNT BY 2
SRETURH

#CALLED IM 8 MODE
7GET SPACE COUNT
~AND SET UP LOOP



11565
11566
11567
11578
11Eed
11572

1yaa 11573 &
11574 ! -
11575 GPar?
11376 A2

11GaAd
11685

118y
11616
11611
etz
11313
11514
11615

ety
11628
11821

11623
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11631
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DCA PUTCTR CCOUNTER
152 TBSP ~BOP FOR RETURN
JMS TESPGD SPUT THEM QUT
JMP 1 TBSP ZRETURN
SPA. B <FPF TRAP ENTRY

TAD FXR3 sGET NUMBER OF SPACES
CIA SSET LOOP
DCA PUTCTR /COUNTER
JMS TESPGED SPUT THEM OUT
JMP 1 TBSPA sRETURN

TESFED. A '
TAD SP /GET ASCI! SP
DCA 1 AUXD s/3AVE THRY INDEX B
152 PCNT #BOP PARAMETER COUNT
152 PUTCTR SDONE?
JMP -4 /MOLCONMTINUE
JriP 1 TBESPEO ZYES, RETURN

SP. 244
FAGE

#GET A NUMEER FROM THE TTY
GHUM. &
TAD HUMA
DCA AUKE
GETTY
MLML
12
JMP T GHUM
NUMA.  NUML-1
HUML. B

a

/SET UP STRING
<FOINTER
#GET THE
SMNUMEBER
~18 DIGITS
sRETURN

MAXIMUM

AR a3 B R (R AN

e

743PECTAL FPP CALLED ROUTINESH#ox
~#PASS A CHARACTER TO FPP

0 GCHAR. &

TAD 1 AUX3

DCA FrR4

JMP 1T GCHAR
sINCLUSIVE OR
#ADDRESS OF A IN BASE REGISTER ONE

#GET A CHARACTER
/FR5S THRU INDEX 4
/RETURM

B IN LSW OF FAC
SRETURN WITH RESULT IN LSW OF FAC
OR. ]
CLA CLL
TAl I EBAS1A /GET ADDRESS
DCA ORPTR SSAVE
THD 1 ORPTR ZGET A
CMA ZCOMPLIMENT A
ANT APTH? ZINTERSECT R
D 1 ORPTR /ZADD A
DA APTHY SSTORE RESULT
JHMP 1 DR ZRETURN
EAS1A, B1+2

ORPTR. 8

#3ET LINE PRINTER TO PLOT MODE
STPLOT. B
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TIEA3 4525 LPCTL
11644 p@avy FLT
11645 9642 JrP 1 STPLOT

7LABEL WARRENS PLOTS
llede apna LABEL. 82

11647 4525 LPCTL 7SET PRINT
11656 aEe6 FRENT #MODE ON LP
11651 4525 LPCTL ZAND ISSUE A
11652 BAA3 RFFED sFORM FEED
11653 4533 TABSP /ZENTER
11654 ap72 72
11655 4527 PUSTR ZPRINT FIRST
11R59E 2F52 LEBL1-1 /L. IMNE
11657 453/ FUTLP
11aan 4333 THRSP /CENTER SECOND
11661 311 1@1 /L INE
11662 45727 FUSTR
L1663 2876 LABL2-1 ~AND

4 11EG4 4730 PUTLP PRINT
1MEES 4933 TABSP sLENTER THIRD
L1R6Gn REy I L INE
11R6Y 4927 PUSTR SAMD
TIA7R 2103 LAEL3-1 <FRINT
11671 453/ PUTLP

LIEP2 SE46 JMP 1 LABEL /RETURN
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13753 400

13754
AR2Y 1AYSS

137905

]

1 14081
14802

Zeped 1WA
tapnd

3245 14m9
142
1y
14818
Coldnt
Lamle
14313

P
=
i

3
pasl
o

14815

314816
14817

Gy

3401

G2HT
148
G bl
1121
GPER
e
1472
E14631
7452

13758 A23:

13757 4an

Fack B ST N T O 1 B Sy B
O e S L ¥ 1 I Y B FY B

-
b
et}
=

1472
Fleiii

57 RE
A ]
1477
4t
1537
el
1427
FARFIR
AR
SEEN

1414 N

FDIY

FARDD
FMUL
FHER
FALD
FDIV

FPPTLIO

RATIO
INTYL

SENGY
(188,

DTALDA.

FPPK2.

sCHECK TO

F3TA

B7
FADD

. B85
JSA FCON
TRAP4 PSTRA
FLIA (CONLOC
FSTR B&

FLDA HIINT
JEa FCON
TEAP4 PSTRAL
TRAP4 PCRLF
TRAP4 BUTTY
FLDA (COMLOC
FSTA BG

FLDRA B?

FSUB NORANG
FADD (.wvm5
JS5A FCOOM
TEAPY PSTRA
FLDA (CONLOC
FETAH B@

FLDA LOWINT
JSA FCOH
TRAP4 PSTRAT
TRAP4 PCRLF
TRAP4 BUTTY

FEXIT
0: 5085

50

i

~J3

s/STORE IT FOR LATER
/ROLND TO THE NEAREST HUNDRETH

sCONYERT IT NOU

ZSTICK IN LP BUFFER

/RESET CONVERSION POINTER

/GBET THE INTERSITY
SCONVERT IT

<SAVE DMLY THE INTEGER PART IN THE LP

<BUFFER.

<DUMP THE LINE OW THE TTY

#RESET POINTER

sBET THE HIGH ENERGY
/SUBTRACT THE NORMALIZATION RANGE TO GET

7/L0W ENERGY.ROUND
ZCONVERT IT

sSAYE IN LP BUFFER

/RESET CONYERSION PDINTER

SGET LOW INTENSITY
SCOMNVERT IT

<PUT QUT EVERYTHING BEFORE THE DECIMAL

/POINT. TERMINATE THE LINE

ZFRINT ON TTY NOUW

SEE THAT BUFFER POINTERS ARE

WMTTHIN MAXIMUM aND MINIMUM RAMGE
<ENTER IN FIXED EXIT IN FLOATING POINT

CHECK.,

Ja

CRLF TO END THE LINE



6 14028
14821
1dEz2
14@23
14424
14825
idBze
laaay

14834

JI6T 14035

14876
14837
14647
14841
{4l
18142
3AP3 1404
1345
14746
14847

14355
14E51

3IF7 14052 0
14B53 7
14954 6z
1455 7

14856
14Rny
14paea

Selrns
207
41
3411
342
3413
di4d
2915

Sele

14856
14367
14878

317

A8

A t41am
14131

D LA AT
14183 7

a2dn 14la4

47T 14107

t4mEa

B230
1121
a7
2224
1a51
40465
RS
8231
11zt
Gavra
2225
1n&E1
Al
1em1

A<}
1631

1

us]

if1

1
3

It

2
a

]
7
= Ty

2

1
1

3Y

a
TR St
P ]

—_
— P
%

1821
41a8

14LRE Ga7

3438
2431

2432

14111

14187 &
ld1 1 P

NERRZ.

NERR1.

218

FLDA HILOC
JSA FLOART

FSUB ULIM
JLT MERR1

STAERTD
FLDA LOLOC
JSA FLOAT

F5UB LLIM
JGT NERR2

JEQ .+4
Ja CHECK

FLDA RATIO
JER -3
TRAPS 12

TRAPS 13

/GET HIGH POINTER
/FLOAT IT

/GREATER THAN UPPER LIMIT?
“MO.STARTING ENMERGY IS TOO LOW
/GET LOW POINTER

CFLOAT IT

#LESS THAN LOWER LIMIT?
/ND-ENERGY RAMGE IS TOO SHORT

#THEY ARE ENUAL.CHECK FOR INTERPOLATION
/WE ARE OK,RETURN

#«DD LWE HAVE TO INTERPOLATE
MO RETURN

#GET THE LOW AND HIGH INTENSITIES

GETINT.

an

FLDA (LOINT-3

FLDA T B2.3+
FSTA Bl2
FLDE T B2.3+
FHEG

FADD B12
L RATIO
FNEG

FADD B12
FSTA LOWINT
STARTD

FLDA HILOC
FSTA B2

JEA LIMTRP

FSTA HIINT
JAHOGETINT

/LINEAR INTERPOLATION
7EMTER WITH UFPER AUDRESS IN B2
SFRACTION IM RATIO

LIMTRP.

JA

LDh¥ -1.3

FLIA 1 B2.3+
JaR FLOAT

F5Ta B12
STARTD
FLDA 1 B2.3+

/START OF LOW INTENSITY DATA

#SA%E FOR INTERPOLATION ROUTINE
INTERPOLATE

AT FIND
ZOUR LOL

ZINTENSITY

/GTORE

/GEET HIGH PDINTER
/STORE HERE FOR LINTRP
ZINTERPOLATE

SESTORE HIGH INTENSITY

ZRETURN TG MATN LINE

#ZET INDEX PEGISTER FOR ADDRESS

SMODIFICATION.
ZFLOAT IT

GET THE FIRST INTENSITY

#53TORE TEMPORARILY

#GET SECONDCLOWER)Y INTENSITY



3 14112

14113
14114
14115
14118
14117
1412n
141z

14122

14123
14124
14125
14128
L4127
14136

G2 14131

HeDn

3456

2457
3468
3461

FIF <
15

A&
a5

P
agel

(Al

14132

3 141373

14134
14139
14136
14137
14148
14141
14142
14143

=
o o—

X

I o—

=
Ay

[
&

=
1Y)

—_
OSSR
—
™

,_.
=
O

< 1E0
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JSA FLOAT

FNEG
FADD
FrMUL
FHEG
FATD B12
JA LINTRP

B12
RATIO

7BACK INTERPOLATION
~HIGH POINTER IM B3
ZINTENSITY IN B4

SEXRIT WITH FRACTION IN RATIO

1831
4123
piBnz
TEVT
FARG
AyEs
1121
a7 e
G212
P0G
\V33
1121
6472
@ra3
1212

INYTRP.

Lef b 2

14145

14146 G

G 14147

14138 <

14151
14152
14153
14154
14155

141585

JA .

LDx -1.3

STARTD
FLLTm 1 B3.5+
JSA FLOAT

F3Th B12
STARTD

FLowm I B3.3+
JSA FLOAT

FNEG
FADD
FSTA B13
FLDA B12
F3LUE B4
FDIV B13
F5TA RATIN
Ji INYTRP

B12

CHAIN "IEASI™]

AFLOAT IT

/INTERPOLATED INTENSITY=
#FIRST-(FIRST-SECOND)I®RATIO

#RETURN WITH OUR INTENSITY IN FARC

#SET FOR ADDRESS MODIFICATION

#GET HIGH INTENSITY

/STORE A SECOND

ZGET LOW INTENSITY

Z(HT INT-X INTY/(HI INT-LO INT)=

STHE RATID
<RETURN

ARCALCULATE Al PRINT DELTASH

~FLIRST

IE CURME TAKEN AS THE REFERENCE

SNORMALIZED EMERGIES OVERWRITTEM BY
ZDIFFERENCES

%N
2

AR DELTA.

o

Lo
—_— s o
()]

TP
o
o

14157 65

141nH
11
14162
14163
1464
14155
1o
11y
1417a
14171
14172
141773
14174
14175
1417i

BEIn
(ke tate;
7y

<ty
¥ ehlifs
A15 M)
(A5G}
Febam

Gz

FLDA HIE

FSUE FRPONE

FaTwd
FLDA

NUMPLT
FPPTWO

FaThH
FLDA

E12
(7.

JSA FTYPE

FI.DA
FriL

HUMPLT
(4.

FNEG
Fanne ¢

&
(%)t

ATH 3
FLLDA CIELDC

F5TA BUFLDC

<GET THE HUMBER BF CURVES
AZSUBTERCT ONE TO GET

<THE MUMBER OF PLOTS

/F7.2 COMYERSION SET

#GET NUMBER OF PLOTS
SMULT BY B-Z TQ GET HALF THE QUTPUT

AZWIDTH IN SPACES.
ZSHBTREACT FROM 56 TO CENTER OM PAPER

/STORE THIS NUMBRER OF SPACES HERE FOR
~TBSPA

#SET BUFFER LOCATION FOR DATA PICKUP
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ANrE 14177 400 FLDA HORMUL SSET THE QUTER LOOP COUNTER TO ADVANLE
14208 20
14201 ¢ FNEG <BY ROLS
1AZE2 0 AT 7
14293 40801 DELL, TRAP4 TESPH /SPACE NOW
14284 1561
ABZT 14285 BRaEyY e 7
BERZE8 14205 1408 FARDD NORMUIL /GET THE RO WE RARE ON
14287 218
E1A 14218 5248 FSTR IROW /STORE IT
2 14211 R2ET FLI'M MUMPLT
14212 [app: FHEG
14213 F ATHE 6 #SET THE INNER LOOP TO ADVANCE BY COLUMN
14214 A FLDA IROL APICK UP THE FIRST ELEMENT OF THE FIRST
14219 o« FMUIL (3. SCALUMM.
14216 74R3
FARAY 14217 1121 JS5A SETLOC
14 A ey
e FLIA T 81 /THE REFERENCE CURVE.
At 1 z FSTH B2 /SAYE IT HERE FDOR LATER
AR 14283 n DEL2. =TH &
B4R 14224 1403 FADD NIE
14225 3R05
BEag 14226 6241 FS5TA JCOL /GET THE CURRENT COLUMN AND STORE
ARAS 14227 0408 FLDA cCOMLDC
1238 7d52
ARdE 14231 /200 F=TA EB #INITIALIZE CONVERSION BUFFER PDINTER
19 JSA ELMLOC

FLDA I Bl /GET THE MATRIX ELEMENT
Fate B2 ~SUBTRACT THE REFERENCE ENERGY
= FSTA I Bl #ZTORE IT BACK IN THE SAME PLACE
14018 FADD ., 085 HOW ROUMD IT
7455
BrASd 14241 1121 J3A FCON <CONVERT IT 10 ASCII
FRS5 TRAP4 PSTRA FUT IT IN THE LP BUFFER

J¥M DELZ. 5+ #REFEAT FOR THE NEXT COLUMN TILL DONE

FESe TRAP4 PCELF STERMIMATE THE SYNTHESIZED LINE
1537
(aalRInl < L TRAP4 PLPTE ZAND PRINT IT ON THE LINE PRINTER NOU
2 1448
aos 3 2171 J¥N DELL. P+ G0 TD THE NEXT ROLW AND REPERT TILL DONE
T W el
55 BRI FEXIT
/DECREMENT THE COUNT
147 g ELIMIE. FLDA NIE #15 THE BUFFER CLEARED?
1
BRnh 14 JER ELIMER /YES.ERROR
1
FIRGE ) FsUB FPPOME HNT-SUBTRACT ONE FROM
142
SR ) F5TA NIE Z/THE COUNT
14
AV 14 FEMIT
[ Ea o B ELIMER. TRAPS 22
! 1R
[ala s ZPRINT UNHORMALIZED 1E DATA ON THE TTY
HEFPE 142710 alon IEPRINM. LD -1.5 ZSET INDEX | FOR ADDRESS MODIFICATION

14278 FeYTY



FLDA SENGY #GET THE STARTING EMERGY
FSTh B4 SSTORE HERE SO IT CAN BE INCREMENTED AND
FLI FRPTLIO USED LATER
4l 12 F5Th E19
AR 143680 [0 FLDA (7.
1281 CddA7
alad 211zl J5A FTYFE 7.2 BET

Bloz

n1a3 F3TA EBEA ZCONVERSION POINTER SET
atEa 2 FLDA B SGET THE EMERGY
A1ms 38 FDIV (188,
14211 7485
Bime 14312 1409 FEDD (.8R5 /ROUNE
14213 7455
B1a7 1431 1121 JSA FCON sCONVERT TOQ ASCIT
14315 6PEn
g11m 14315 480 1 TRAP4 PITRA SSTORE CONVERTED NUMBER 1IN OQUR BUFFER
B11l 2 FLDA INTVL /SUBTRACT THE ENERGY INTERWVAL
1 3 FHEG
5] FADbDM B4 #TQ THE OUR EMERGY
£ FLLA
a FSTR B1B
5] FLDA (11,
ALy J5a FTYFE /F11.9
14328 7R5A
Bz 143321 adna FLIA (CONLDC
14330 7452
F12l 14333 /200 FSTA Ba SRESET CONVERSION POINTER
ARG STRRETD
ASEI FLIA DTALOC.5+ ~GET THE INTENSITY
jafalala)
1121 JSA FLOAT
il
1121 JSA FCON ZFLOAT AMD CONVERT
2 BP5A

3 VTR

AL 1514

221

FLDA (COMLOC

TRARY PSTRA

SPUT DUT EVERYTHING BEFURE THE DECIMAL

TRAP4 PLRLF 7END THE LINE

TRARP4 BUTTY ZAND PRINT ON TTY

JeM OIEF1.- 4+ sCOMTINUE TILL DONE
) FEXIT
/CALCULATE A LEIGHTED LEAST-SQUARES
<«FIT OF THE DELTAS FOR EACH I0OM IN
/THE TABLE.
sPRINT THE INTERCEFTS ON THE LIME
SPRINTER.

<1 14354 g4p8 L5TI0.  FLDA MORMUL
14355 3818
Fial 142505 DR FNEDS
A1-42 14357 an2? AT 7 #SET A LOOP COUNTER TO MINUS THE NUMBER
A1 14360 8408 FlL.ha (JTLOC ~0F ROWS
14361 7474
Ald4 143262 6242 F5TA BUFLOC #+SET DUR POINTER TO THE WEIGHTING FACTOR
0145 14363 BRE7Y SETWT.  XTA 7 /VECTOR



B 14

B 160

[ARN
ER RS

#1632
8164
a165
B166
aiey

a1en
A1t

5 14481
T o144B2 1831
14413 dap7
19eBle Ban {

1dzn4d 1408
14365 301A
14366 62448
14367 4480
14378 v483
1121
2 Eededy
3 249
bo2aid
G511
1AE

1 .-'Z‘r v

TR
Leledll? 2
144113 436073
14411 @
14412 6
14413 8
14414 &
14415
Telells SR1E
Lt le 1

AITH 1442

et}
5243

SRt 15
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FADD NORMUL

FSTA IROW
FMUL (3.

JsSA SETLOC

FLLAR IRQL
FSUB FFPONE

JET L +6

FELA
F5TR I Bl
IR L +5

FLDA FPFONE

FS5Ta I Bl
J¥EN SETWT. 7+

FCLA

FSTA SUMX
FSTA SUMXX
FSTA SUMW
FLDA NORMUL

FMEG

AT 7

aTh 7

FADD NORMUL

FSTa IROW
FIAL (3.

IR SETLOC

FLDA 1 Bi
FADDM SUMY
FLDA IROW
FADD FFFONE

F3Ta TEMP
FLIA T Bt
FruL TEMP
FADDIM SUMX
FLDA TEMP
FrHULM TP
FLDA I El
Firut TEMP
FADDM SUMKY
JEN SN Y

TRAP4 TESPA

FLDA HUMPLT
FHER

RTH 7

wTh 7

FRDD NIE

FSTH JCOL

<DETERMINE THE ELEMENT

/STORE A SECOND
/MULTIPLY TO FORM A CORE DISPLACEMENT

7/AND SAVE ITS LOCATION IN Bt

#ARE WE ON THE FIRST TWO ELEMENTS?
SNOLSET LWEIGHT TO ONE
ZYES.

<SET THE WEIGHTING FACTOR TO ZERO
<JUMP OVER THE QTHER STUFF

ZET FACTOR TO OWE
<L0O0P TILL DONE

#CLEAR THE
»SUM OF THE RELATIVE INTENSITIES.

#8UM OF THE INTENSITIES SQUARED.
~#AND THE SUM OF THE WEIGHTS

#SET THE SUM LOOP COUNTER
#GET THE ELEMENT

sSTORE FOR FUTURE CALCULATIONS
SCOMVERT TO CORE DISPLACEMENT

#AND SET THE RBSULUTE LOCATION

#GET THE ELEMENT FROM QUR WEIGHT VECTOR
~ADD TQ OUR SUMMING REGISTER

#ADD OME TO THE ELEMENT

#TO FORM THE INTENSITY

s3TORE TEMPORARILY

SEET THE WEIGHTING FACTOR

AMULTIPLY IT BY THE INTENSITY

ZAND ADD TO THE IMTENSITY SUM

SFORM THE INTEMSITY SRUARE
SMULTIPLY IT BY THE LIEIGHTING FACTOR

#AND ADD TO THE TOTAL
SCONTIMUE FOR ALL ELEMENTS

sFUT QUT OUR CENTERING SPACES RS
<CALCULATED BY DELTA

/ZET COLUMM COUNTER

<FORM THE CORRECT COLUMN

~AND STURE HERE



14462 BaaR2

14471
14472 :
14473 301E
14474 G240
ety
7avd
Sadz

150
IARRL 4
14502 Va3
14933 1121
14584 Gddv
LARES DR

14506
14587
14516
14511 a242
14512 1121
LARAR B3
1T AGE
AT
A5 16

AT R

onREn
A B0
TATT
Azl
e 5 1]
Tl Cea
1121

14551
14552

ferahd
A TS N 4 3
IS N R A S O |
A3 AR5 BeHn

T

SUMZ2.,

223

FCLA

F5TA SUMY
FSTa SUMKY
FLDA HOEMUL

FHER
ATx 6
XTh 6

FADD NORMUL

FSTA IROU
FLD® (WTLOC

FSTR BLIFLOC
FLDA IROL
FHUL (3.

Jsi SETLOC

FLLdA T Bl
FSTA TEMP
FLI¥ (IELOC

F5Th EUFLOC
JsA ELMLAC

FlLpa I B
FrL TEMP
FADDM SUMyY
FaTh TEMP
FLDA IROW
FADD FPFONE

FHUL TEMF
FADDM SUM=Y
Jelt SUMZ. 6+

FLDE SUMY
FrdL SUMS
FSTH TEMP
FLDA SUiM
FrHIL SURxe
Fale TEMP
FSTA DENDH
FLDR (SLOPE

FSTA BUFLODC
FLDe JCOL

FMUL (3.
JSA SETLCOC

FLDA SUMY
FHUL SUMY
FSTA TEMP
FLDFA SHMY
FRILL SUMeY
Fale TEMP
FLIs DEMOM
FaTh 1Togl
FLDAY CIMCEPRPT

sCLERR THE
ZENERGY SUM AND
ENERGY®RINTENSITY CROSS SUM

#SET THE ROL} COUNTER

#/FORM THE CORRECT ROW

/STORE IT

<SET OUR VECTOR POINTER TO THE WIEGHT
/BUFFER

/SET THE DISPLACEMENT

AGET THE WEIGHT

#STORE TEMPORARILY

<SET WECTOR POIMTER TO THE IE BUFFER

#AMD GET THE ELEMENT WE ARE DEALING WITH

SPMULTIPLY IT 8Y THE WEIGHTING FACTOR
#ADD TO THE ENERGY SUM FOR THAT 10N,
SCOLUMM, ZTORE THE PRODUCT A SECOND

SFORM THE INTEMSITY
#AND THE CROSS PRODUCT

/ZADD TO THE SUM
<FIMISH SUMMIMG FOR THAT 10N

m

NS [ m OaLITy THITTOC ST OT
SHNO CALCULATE THE SLORPE GND INTERCERT

<EUT FIRST

SDENDM =SS XY - (SX) k2

#SET POINTER FOR THE SLOPE YECTOR
#CALCULATE THE DISPLACEMENT
#SET THE ABSOLUTE LOCATION

SCALCULATE THE SLOPE

/SLOPE = (SWHSXY-SxkSY) /DENOM
SSTORE ALAY



224

14568 6242 FSTA BUFLOC #SET INTERCEPT VYECTOR POINTER
14361 824 FLTA JCOL
14562 44089 FMuL (3. #CALCULATE THE DISPLACEMENT
1amRd 7a03
RZ1R 14964 1121 JsA SETLOC #SET THE LOCATION
L4565
AL 14566 g
1anar?
B312 14570 : FSTA B@ #SET THE CONVERSION POINTER
B31E 14571 pZ43E FILTA SLrR ZAND CRLCULATE THE INTERCEFT
B314 14572 4247 FMUL SUM=Y
315 14573 ARG FSTA TEMP
BS1E 14574 A2da FLDA SLMMXY
L3759 aRdi FrHuL SUMY
FSUR TEMP
FOos TENDM S INTERCEFT= (SXMK5Y-SXKS XY ~DENOM
F5Te T B1 ZSTORE IT
14 FADD .88 AROUMT,
2 7aEn
1121 JER FCOM SCOMVERT TO @ASCII,
R ATGA
A5 A ] TRAF4 PETRA <HMD PUT IN PRINT BUFFER
1472
A JEH LETSRL. 7+ SREFEAT FOR ALL IONS

FLDA (CONLOC

1de] ]

FEXIT
ZPRINT THE INFORMATION IN THE IE TABLE
AO0R A GIVEN TOM OM THE TTY
Z(PRINT ONE COLLMND
14612 11210 MPRINT. J5A GETHUM <GET THE MASS TO LDOCATE WHICH ION
1as1s 6551
1414 AR5 F3Th TEMP SCCOLUMMY WE WANT. STORE FOR LATER
1eha 13 FLDR MIE
IR AR
1a1?

FHEG
AT 7 #5ET SERRCH LUOP COUNTER
LDX -1.56 #AND ADDRESS MODIFIER

MP 1. FLDA MASLOC.6+ ~GET THE FIRST MASS IN THE LIST

251 F5UB TEMP 715 1T QuUrRS?
A ] JEO 46 SYES. GO OM
1224

217l JuH MP1.7+ ZN0LTEY AGARIN

dEnYA
ST TRAPD 16 <THEY SENT US 0N A BUM TRIP

X ARUIGRY

Af3a “TH A ZGET LHICH COLOMN IT Liag IN
Geed 1 F5Ta JooL ZSTORE HERE

Aty 3R FLTA CIELDE

T kA

G242 FSTA BUFLOC AECTOR FOINTER TO THE IE DATA
e TS| FLDA NORMUL

AR

1

14643 DRN3 FNFG
4 tAsddel BREY ATH 7 #SET THE ROW COUNTER
Lehadfd IOR2 MP2., FLLA
14545 G2 1R F3Thn B1@
14347 0480 FLDAR (8.
1450 7o
BI68 146591 1121 J5A4 FTYPE /F8.9

LAGRZ PAnG



g3a1 14633 400

1
5511
a1 12
14665 GPGH

G R
14687 1477

YR a480

FATE 14672
A373 14573 A

14674 RS
Ha37d 14575

BEFS 14a76

Taln
ARTE 11
TRGE
AETT 112
[5)
AR FrEE
[SENS 1483
1 TS
ez 1121

AP LT BP
Q4R 14711 4001

14718 1477
and 14713 400

S

Beiltia 14717 ¢

EeHay

a2
£S5
SIHBRN

Fletel 1A7HL S
14742 3013
107k A
1147 kel TFaE

1A7AT G

225

FLDA (CONL3C
FETA BA

EANE IS

FSTA IROW
FADD FRPONE
J3R FLON
TRAP4 PSTRAL
FLDA CCONLOC

F&TA BB
FLDA FPPTWO

FSThR B18
FLDA (12,

JSA FTYPE
15 ELMLOC

FILLA T Bl
FRDD (.@Bs5

JSA FCON

TRAP4 PSTRA
TRAP4 PLRLF
TRAPA BUTTY
TN MP2. 7+

FEXIT

JE5R GETHUM
ALN &
FNORM

JLE 45
FaThA HORMUL
FEXIT
TRAPS 17
J5R GETNLM
JLE 45
FETA MORANS

FESIT
TRAPS 20

#SET CONVERSION PDINTER

#DETERMINE WHICH ROW(RELATIVE INTENSITY)
AFORM CORRECT INTENSITY

<CONYERT THE INTENSITY

<PUT EVERYTHING BEFORE THE DECIMAL

<RESET

/’FIZ’.E’
<BET ARSOLUTE LOCATION IN TABLE

#GET THE ENERRY
ZROUND

SEONVERT AND

<PUT EVERYTHING

<ENDT THE LINE

~PUT THE LINE OM THE TTY

/REFEAT TILL ALL ARE DONE

<GET AND STORE THE NORMALIZATION
ALTIPLE

STHAMGE ASCIT TO THE NEW NUMBER

#INTEGERIZE IT
SMAKE SURE ITS POSITIVE

ZSTORE THE HEW MULTIPLE

</GET AND STORE NORMALIZATION RANGE
3

JCONYERT TO FLOATING POINT
ACHECK TO SEE IF POSITIVE

SEAVE MELW RANGE



[Aletisl
A441

P44z
7443

By

SERTRYN

Eleint

AT

8463
8464

G465

Eleha G

Eeho

Bl

AL TR

Aava

L4746
L7
147 5
11751
1475z
14753
14754
L4755

14756

LAPST §

LAV G
1Pl

(R A

et
7y
1121
TGS

kil

14ved BRR3

14765
14766
14767
14778@

1776

1477y

U5REd

VSRS

[y

i

IISTARN!
152
15mla

=01
SRS
1Snta
15617
15026
19821

FDEAG

15037

15040

R
Y5151
11ed
[T
(2[R
1400
7455
1121
a7 ER
<4E L

FIFIFE

5751
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/DUMP THE IE TRBLE
Bl FTRBEL.

FLDa FPPTWD

FETh R1A
FLIR (7.

JSA FTYPE
FLIA (IELOC

FSTA BUFLOC
FLDA MNIE

FMUL  £<,

FNEG
FApD (66.

AT 3
FLDA NDRMUL

FHEDG
ATH 7
TEHP4 TESPA

NTA 7
FADD NORMUL

FSTR IROL
FLDR NIE

FHEG
AT 6
)6

FrlD MIE

FaTi JCOL
FLDA CCONLOC

F&TA Ba
JER BLMLOC

FLDR T Bl
FADD (.885

JSA FCON

TRAP4 PSTRA

JHM PTABL L. 6+

TRAP4 PLCRELF

TRAP4 PLFTR

JAM PTABL2. 7+

FEMIT

Jan GETHUM

7Fv.2

#SET VECTOR POINTER

/CALEULATE THE NUMBER OF SPACES NEEDED

#TD CEMTER ON LP

#STORE HERE FOR QUR TAB SPACE ROUTINE

SSET ROW COUNTER
SPUT THE CERTERING SPACES NOW
/DETERMINE THE ROUW

/STORE FOR REFERENCE

#SET COLUMN COUNTER

SDETERMIME WHICH COLUMM

~STORE FORE LOCATION REFERENCE

<ZET CONVERSION POINTER

sCALCULATE THE CORE LOCATION OF THE

/TABLE ELEMENT. GET THE ELEMENT LIKE
#/THIS. ROUND IT

/CONVERT

SRUT IT IN BUFFER

~FINISH THE RO

ZTERMINATE OUR LINE

ALET IT GO

D0 ANCGTHER FOLI TILL THE TABLE IS

sFINISHED

CGET A DELAY TIME IN SECONDS AMD CONVERT
ST THE RIGHT LOOP COUNTER WYALUE
P21 DELTIM.

ZRS5EMELE THE MUMRER
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AR 16

pEnl

50
asen 17

Anny

15054
15155

B51G
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FOIY DFACTR
FADD (.5

ALH B

FHOEM

Fa1Ta TEMP
FSUE FPPONE
JLT TERR
FSUB (4A95,
JET TERE
FLDA (DCONST
FaTa Bl
FL.DA TEMP
FHMEG

FLM 2

TSH PUTLIRD

FE=IT

STO CONVERT JUST DIVIDE BY OUR FACTOR
/ROUND IT

sREMIVE THE FRACTIOMAL PART AND REFIX
ZSTORE FOR A SECOND
<15 1T GREARTER THAN 17

#M0,ERROR

#LESS THAN 483957

#EAD NEWS.WE CAMNOT DELAY THAT LONG
SGET THE SINGLE PRECISION ABDRESS
#STORE HERE FOR PUTLRD

S/GET THE LOOP COUNT

SFORMOITS TWOS COMPLIMENT

SMAKE IT IN IMTEGER FORM IN THE LSl OF
STHE FAC. STORE 1T NOW

L1V 1 TERR. TEAPS 21

AvototokPLAT LIFMRIRENS PLO TS oksokk

37 WARPLT. FLDE MUMPLT

11 |U;=r'
FI Rt

B2y et

1hiaz
EEn 1%l
] 15 181
(R Ea k]
159110
1s1ar
i
191t !
PO )E DR
15113 3010
Bo07 IR e 20

15115 2511
PR PR

FHEG
ATH 7

. NTR 7

FALD NIE

FSTa JooL
FLDv ¢ IELOC

F3TA BUFLOC
FZLA

FSTa IROW
Jaa ELMLOC

FLTA T E1
FSTH MIH
FLIA MOEMUL

FSUE FPPONE

FHEG

ATV &

XTH 6

FRDD NORMUL

FS5TA IROW
J3R ELMLOC

FLTR T Bl
FSLE MM
JEE L +4

FLDR T Bt
FSTH MIH
I=H MHTALZ .64

SSET LOOP
SPLOTS
SHET THE COLLUMH

COUNTER TO MINUS THE NUMBER OF

SSTORE IT
#SET OUR POINTER TO THE IE BUFFER

I E; ;’n E B \8 ~
SDETERMIME THE LOCATION IM CORE

SGET THE EMERGY
SINITIALIZE THE MINUMUM DELTA TO THE
SFIRST ELEMENT

SSET UP ® LOOP COUMTER FOR Tt

ZTHE ROLS. GET THE COUNT
SCOMVWERT IT 70 THE ROW WE ARE 0ON

SSTORE IT
~SET CORE LOCATION IM Bl

ZGET THE ENERGY
<15 IT SMALLER THAM OUR CURRENT MINIMUM?
HOLTRY AGRIN

AIT IS.GET IT
ZETORE IT AS OUR MIMIMUM



A Ulun

AR
[

B

151 h <
1515 7
15191 €
1514 1H
15157 34

15154
15155 240
IFIEEI"L
15137
151680 210

12151 il

1510

15185

ART LD1EN
AS75 15167
IR R R R G
IR SN |
15177

CHESEFT

1517

15175

[RER e
a3

I;1f||4

FIed
6 10

AN
a1

ST

S AR
VO
SR
(R ty
RIS

FIETS

ST
PO 1Y
B
B33

Rl
T DIVXAX,

DIVYAX.
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FILDA (MINLDC
F5TA BUFLDC
Fl.Id JCOL
FHUL (3.

JER SETLOC

FLDA MIM
FrMUL 1@,

ALY 8
FHORM
FDIV 1A,

Fsle (.85
F37Thm T Bl
JxM MMCAL L. 7+

FLDA ¥LMTH
FETA MULNTH
FLUY HORMUL

ALK &
FHOEM
FSTA XFACTR
FLIDA NORMUL

FSTh B1a

FLIY ¥LHTH
JE5A AMCOD

JEO .+11
FMNEG
FADD
Fabn
FSTrH
FLDA

Bl
MLNTH
HULMNTH
FFPONE

FADDM XFRACTR
FLIw 5

FATTM MULNTH
FLIEA YLNTH
FSTA ULIMIT
FDIy HLPYDY?
AlLH &

FHOEM

FETH YFACTR
FLIN HUMYDY
F27TH B LA
FLDA YLHTH
JaA AMoD

JER o+
FHEG
FHbD
FATD
FETA

B12
YLMTH
UL IMIT

#SET OUR POINTER TO THE MINIMUM VECTOR
ZAND
#SET THE CORE LOCATION FOR OUR ENTRY

SBET THE ENTRY

ZFIX IT UP A& BIT

sROUND IT

/STORE ALAY
#REPEAT FOR THE REST OF THE 1O0NS

<GET THE X AXIS LENGTH
#STORE IT HEEE FOR AWHILE
<AMD CALCULATE THE LENGTH PER DIVISION

Z/INTEGERIZE IT
#AND STORE A5 THE X AXIS FACTOR

/NOWLFIND THE REMAINDER THROUGH THE
SMODULUS ROUTIME
SREEMARINDER IMN THE FAC

<IF IT I3 ZERD WE DONT HAVE TO FUDGE

#INCREASE t
AMULTIPLE AND STORE AS DUR A1

ZBDFP THE XFACTOR

ZAND ADD 3
SPLUS SIGH.
AR5 BUT ¢

TO THE LENGTH FOR THE LAST
DN THE SAME THING FOR THE Y
STORE THE LEMGTH HERE
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Fl.b# FRPONE

FADDM YFACTR sNO EVERYTHING 15 OK WITH THE Y AxX1S

FCLA
FaTH PLTFLG sCLEAR THE PLOT FLAG
FaTa IR0 ZAND THE ROW

Fl.Iv\ FPPONE

FSTa JOOL #5ET FOR THE SECOND COLUMN

FLDA HUMPLT /GET THE MUMBER 0OF PLOTS

FLiy FRRTW0 sDIVIDE BY Z.5INCE THERE ARE TWD PLOTS
Al 8 <FER PAGE

FHORM ¢ /INTEGERIZE

FHEG

ATx & SAND SAVE RS OQUR PLOT LOOP COUNTER

FLIE FRPTWO

FSTH B1@
FLIng HUMPLT
JEA ANIOD #GET THE REMAIMDER OF THE RIVISION EY 2

JED 45 SIT RS ZERD. THERE IS NOT AN ODD FLOT
FSTA PLTFLG /SET THE ODD PLOT FLAG
AL — 1.6 ZAND IMCREASE THE LOOP COUNT
FEHT 5% OUTLOP. FLDA NULMTH SWE BWILL DO THE PLOTS ONE ¥ PCOINT AT A
(STt ; FHRG ATIME
Elias i AT 7 SSET THE POIMT LOCP COUMTER
RTINS FLTA <FACTR
EIi FETH 83 SSANE THE @ FACTOR IN A HANDY BASE
ST FLE SREGISTER
FaTh BYFLAG SCLEAR THE BYPASS FLAG
#T e
FrabDh FPROMNE SARE LE OM THE LAST PLOT PAGE?
P JHE L4153 SHDLSKIP PAST
Fia L FI.DA PLTFLG ZYES WE ARE.CHECK THE PLOT FLAG
TR IR 45 STHERE ARE TWO PLOTS ON THE LAST PAGE
G FILLDA FRPOHE SOHEY OME PLOT 2N THE LAST FAGE
AL TR F3Th BYFLAG SSET THE BYPASS FLAG
] Jufn AELABL sHOW LABEL THE PLOT AND Y A/X1S

EITIS

INLOP,. FLDA (LPBUF

a7 7 FSTAR BUFLOC SSET QUR POIMTER TGO THE PLOT BUFFER
STRATR D BT JER ZROBUF SAMD CLEAR THE BUFFER

G

KTA 7

EHP FRADD MULNTH

A FSTH RYALLE sGET THE X WALUE FROM THE LOOP COUNTER
NN FLIE EYFLAG <CHECK THE EYFASS FLAG

(PPN

JHE 45 SOMLY OME FLOT. IO MOT SET THE PUT FLRG
RIRALE

Fl.Ii FRPONE 1T 15 SET

R P Y

PR 1

FATR PUFLAG #SET THE PUT FLAG FOR THE FIRST PLOT
FL.IA K183
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A7 14 152458 1121
A7 R4A07
V15 1121
Ay 1G 18
By
avza
15345 5351
Bzl 15347 1121

L5250 6a235

15367
15379 v463
15371
TR7TFE Gddr
£ 15373 A
15374 2231
13375
15376 B4oa
15377
154n4
19401 B2

A | ]

o

1 RARG ;
156 DGR
15497

1543
19411 125
21EE RS
C1SA1E FaaR

g tel 7 d
13415 G251
Bian
7S935
L2z
251
1257
1121

153416
13417
15420
15421

LA
154507 14008

AGAIN.
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FETA KTRANS
FLDA »WALUE
JHE . +4

JE5A PUTYAR
JEA PUTHRT

FILDA HvVALUE
FSUB (18,

JET .+4

JSA PUYDV
FLDA (MINLOC
F3TA BUFLOC
FLDA JCou
FrL (3.

J5A SETLOC
FL.DA

FSTA
FLDR

I B1
TEMP
CINCEPT

FSTA
FLDA
FML

BUFLOC
JCoL
(3.

JSA SETLOC

FLDA
Fsug
FSTA
FLDR

I 81
TEMP
TEMP
(SLOPE

FSTH
FILLTH
FrlL

BUFLOC
JoOoL
(2.

J5R SETLOC

FLDA
FruL
FDI%
FADD
FrLL
FDIY

I Bl
yALLE
MFACTR
TEMP
YFACTR
(.05

FG3TR
FLIA

TEMP
(LFBUF

F5TH
FLDA TEMF
FADD KTRANS
J5R PTRUT

BIFLDC

FLDA =YALUE
F5UE B3
FADD (.

/SET THE TRANSLATION CONSTANT
215 THE X VALUE @7

ZNOLLE DONT HAYE 7O

/PLOT THE ¥ AXIS

/PLOT THE ® AXIS POINT

ZARE WE DONE MARKING THE Y DIVISIONS?
YES.SKIP

#PLOT THE Y DIYISIONS

#SET QUR POIMTER TO THE MINIMUM VECTOR

#AND SET THE CORE LOCATION TO BE

ZACCESSED. GET THE MINIMUM
#5TORE TEMPORARILY

#SET OUR POINTER TO THE INTERCEPT YECTOR

/AND SET THE LOCATION WE WANT

/GET THE INTERCEPT

#AND SUBTRACT OFF THE MINIMUM
/RESTORE HERE

#SET UP THE SLOPE VECTOR

#DETERMINE THE LOCATION OF THE ELEMENT

/GET THE SLOPE

JMULTIPLY 1T BY ¥ (GRAFH UNITS)
/CONVERT TO DATA COORDINATE UNITS

/ADD IN THE TRANSLATED INTERCEPT
SCONVERT THE Y VALUE TO GRAPH UNITS BY
AMULTIPLYING BY THE Y FACTOR AND

DIVIDING BY QUR ¥ UNIT. STORE TILL WE
/ARE READY

ZSET DUR POINTER TO THE PLOT BUFFER
NOW GET IT

#ADbD IN THE TRANSLATION FOR WHICH GRAPH
SPUT THE POINT IN THE BUFFER

/START PRINTING THE PLUSCDELTA POINT)?
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f:.' P
aEtaial

1Teafl THEE

AY7S 15446 1408
15447 7463
1R4En B27R
15451 2480
15452 7

1630 &

16891 £

10345
161005

LY

110 1
IR

101t 1A%
EORER0

a2 1121

15474 5574
1813 15475 641
13476 GART
1014 15477 Bdae

AT

1915
191ia
GG
101y 1121
A3

15508 3901
PES0T 1841
19510 55405
159511
15510
15513
19014 G5
1S 15515
U2 15500
15951V G50

AP B b ¢

10ma

171
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JLT .+1p2
FLDA XVALUE
FSUE B3

JHNE 426
FLDA (LPBUF

FSTa BURLOC
JEa PUXDY

JEA DELPT
FADD 4.

FITR EMDRIT
Faue 3.

FSTA START
FLDR tLPBUF

FSTA EBUFLOC
JEA LIMPUT

Ja L +E

[

FLDA =WALUE
FEUBR B3
FZUB i,
JET . +d4
JLT . +27
J3A DELPT
FaTa PUBLK
FLDA (LRBUF

F3TR BUFLOC
FLDA PUBLK

J5A FTPUT

FL.DA PUFLAG
JHE  L+27

FLDA XFACTR
FADDM B3
FLDA FRPONE

FARDM IROW
JA 38

JSR DELPT

FETA PUBLK

FLD® CLPEUF

7NO.SKIP OVER TH1S PLUS SIGMN STUFF

<D0 LE HAVE TO PLOT THE X AXIS DIVISION?
#NO.SKIP AND CHECK IF DONE

~SET OUR POINTER
ZAND PUT DUT THE AXIS DIVISION

/LLOCATE THE DELTA POINTS POSITION

/AND SET OUR YARIABLES TO PUT OUT
SYERTIURL PART OF +

#5ET THE BUFFER POINTER
SZAND PUT IT QUT MNOW

~SKIP OWER THE REST OF THE + CHECKS

SFINISHED WITH + YET?

ZYES

#M0O,BUT WE ARE NOT ON THE LAST POINT EIT
#GET WHERE TO PUT THE DELTA

SZAYE A SECOND

#3ET THE POINTER
#GET THE LOCATION

SAND PUT THE POINT IN THE BUFFER

<FIRST OR SECOMD PLOT?

sWE ARE OM THE FIRST, SET FOR THE SECGRD
#FINISHED THIS DELTA FOR THE SECOND

<BOF THE DIVISION INDICATOR

<~BOP TO THE NEXT DELTR

FUT THIS LINE OUT ON THE LP NOu

AMOT FINISHED WITH THE PLUS GET THE

ZALDCATION, STORE TEMPORARILY



a5

LEEG

1873
fened
1875

1ava
1877

1156
1idy
b
11603

1194

159205 Grda2

15527 A401

15538 G4E7

15531 1121

13532 S0R3

19533 9261

15534 1a@1

15535

15538/

158

15

18

i

1 ;
155

15945

155G FERS
15547

15565 |68

S -
SEGH 85

1RAEAT 74R3
15604 1

15685 1

1%

BEET

SR 2408
{E611 Y425
15612 6242
152613 1121
15514 G433

S Fl

bl i)
[y
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F3Ta BUFLOC
FLLA PUBLK

JsA PTPUT

FLDA PUFLAG
JEQ .+12

FCLA
F3TR PUFLRAG

FETA KTRANS
FLLDA FRPONE

FRADDM JCOL
JA AGATH

FLDE FPCONST
FSTH PCNT

TRAF4 PLPTR

FLTA BYFLAG
JNE L4+

FLDA JCOL
FSLE FPPONE

FSTa JCou
JEH INLOP . 7+

FlLDA FFPTLIO
FalDM JCoL

FCLA
FSTA 1RO

J¥H DQUTLOP. 6+

FEMIT

#/DETERMINHE WHERE TO PUT

JAa .

FLDA (MINLOC

STR BUFLOC
FLDA JCOL
FriuL (3.

J5A SETLOC

FLDA 1 Bl
F3TR TEMP
FLDA (IELDC

FSTA BUFLDC
JER ELMLOC

FLDPA T Bl
F3UB TEMP
FIruL YFAECTR
FDIV (.85

FADD KTRANS

#SET THE BUFFER LOCRTOR

#AND SEND OUT THE DELTA POINT
ZWHICH PLOT?
/THE SECOND.SKIP

#CLEAR THE PUT FLAG FOR THE SECOND PLOT
#CLEAR THE TRANSLATION CONSTANT

<BOP TO THE NEXT IE CURVE

<G00 DD THE SECOMD PLOT ON THE PAGE
#3ET THE PARAMETER LIST COUNT
sPUT THE LINE ON THE PRINTER NOUW

#DID WE BYPASS THE SECOND FLOT
AYES

#NOLRESET TQ THE FIRST IE CURVE

<LOOFP TO FINISH THE TULO PLOTS

<BOP TO THE HNEXT IE SET
sSTERT WITH THE FIRST DELTA
#LO0OP TILL ALL PLOT PAGES ARE DONE

THE DELT#H FOINT

/SET THE POINTER TO THE MINIMUM VECTOR

/DETERMINE THE ADDRESS
/GET THE MINIMUM
/STORE A SECOND

/RESET TO IE TABLE

#LOCATE THE ELEMENT WE WANT

/GET THE DELTA
<SUBTRACT THE MINIMUM

#AND COMVERT THIS ENERGY TO DISPLARCEMENT

#ON THE GRAPH. ADD TRANSLATION CONSTANT
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1A% {5623 1931 Jf DELPT /RETURN WITH VALUE IN FAC
18624 N5F
§ 106 /PRINT PAGE HEADING AMD LABEL THE Y AXES
1197 15625 1031 AXLABL. JA .
15626 5675
1118 15627 4001 TRAP4 LABEL /PRINT THE HEADING
15630 1646 '
1111 15631 @41 FLDA FPPTLD
15632 6914
1112 19832 6219 FSTR B19
1113 156834 Adpn FLDA (5.
15635 7533
1114 156 J3A FTYPE F5.2
15 7
LIS 1RGR B76R FLDA BYFLAG /HOW MANY PLOTS ON THE PAGE?
1116 1 101 JEQ .+18 ZTIW0
15642 GBG51
1117 1 a1n3 LD» 188.3 /ONLY ONE
B1e
1176 SRR TRAP4 TESPA /SPACE TO THE RIGHT POINT
1 !:_-]f'l 1
1121 15647 1971 Ja .47 /D0 NOT RESET THE COLUMN OR LOOP COUNT
1REEN SARSE
1122 LDX -2.5 #3ET THE LOOP COUNT TD MINUS TUO

1123 FLDIA FPPONE

15654 £5

112 FADDM JCOL SEOP TO THE NEXT COLUMN
1125 FLIA YFACTR ZCALCULATE THE LABEL SPACING
1135 1% FMUL FFPPTLIO SLABEL EVERY T3 DIVISIONS
11av FDIV (&, /0OHNE SFACE FER 2 POINTS
1130 Fale (5. /THE LABEL TAKES S SPACES
P15 ALN B
1138 FHORM AT OIT UP
1TART i FSTH NOSPAC sATORE OUR SPACING FACTOR
11734 AXLOOP,. FLDA NUMYDY JDETERMINE THE MUMBER OF LABELS WE HAVE
1135 FDIY FPPTLIO /TO MAKE
1176 ALM B
TSP 19574 Pian FHNORM
Llail 15675 141 FADD FPPONE
1967E B
1141 19677 FNEG )
1142 15780 ATH 4 /AND STORE IN QUR LOOP COUNTER
1143 15701 G4 FLDAR (HMINLDD
157R2 PRzt
1144 1578375 6242 FSTA BUFLOC
Lid% 19704 a2edl FiLIR JCOL
L1ds 159785 48 FMUL (3.
15785 7433
1147 15787 1121 JSA SETLOC
157 18 6447
1198 15711 0s01 FLDA 1 Bl /GET THE MINIMUM DELTAR (FIRST LABEL)
1151 13712 6252 FSTA MIN /3TORE
1152 15713 1121 J3A PRENTDV /AND SEND IT TO THE LP BUFFER
15714 ahndg
1155 19719 oe34 KTA 4
1134 15716 14@1 Fall FPPONE ZARE LIE ON THE LAST LABEL?
13717 6511



1155 1572A
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JEQ .46 /YES.CONTINUE WITH THE MEXT GRAPH

11515 FLDA HOSPAC

1157 ATH 2

11E0 TRAP4 TBSPA ASPACE FOR THE NEXT LAREL

1161 JeEH o -13, 4+ /FINISH THE FIRST GRAPH

[

1162 1597360 9263 FLDA BYFLAG /BYPASS SETY

1163 19731 184] JIME .-z sYESL.DONE LABELING PUT IT QUT
15738 5774

1164 15733 gR3g ®TA 5 #NO.DO THE NEXT ONE

TIEE 15734 140 FRLID FRFONE AHAYE LWE DONE THE LAST DNE?
15735 6511 ,

1ign 15736 16861 JEG L +34 ZYER.FRIMT OUT THE LABELS
15737 a7v2

LIGF 15740 @241 FL.LI'd JCOL SNOLRESET T THE MEXT IE CURVE

1178 15741 2401 FSIB FPPONE

15742 a5

1171 13743

FSTA JCOL

FLDE MUMYDY sCALCULATE THE HUMBER OF SPACES
FDIY FRPTO ~BETWEEN THE TWO GRAPH LABELS
ALM A

FMNDORM

F3TA TEMP
FRID FPPONE

o el mE FHUIL (5,
S OPSER2
TSEIERN T 50| FSTh FUBLEK
*IAETER 25 FLDA TEMP
197681 426 FMUIL NOSPAC
1 IS7R2 1401 FADD PLBLKE
1G7H3 G467
12nS 19754 Bnas FHEG
1286 157v535 1498 FRDD (64,
15766 7548
1267 15767 8623 ATKX 3 /DDNE HERE.SAVE AND
1218 15770 4af1 TRAP4 TBSPA #/PUT OUT THE REGUIRED NUMBER OF SPACES

T 1214 1Rang
taan
1215 18802
PtA L

1221 166064
16985
1222 16806
16087

1205 1681R G
] 1Al ey

TERLE

Jet ARLOOP.S5+  ~L0OP TO FINISH LABELIMG THE SECOND GRAP

TEAF4 PCRLF Z/TERMINATE THE LINE

TEAP4 PLPTR sLET THE LINE GO
dﬁﬁi TRAP4 STRLOT #5ET THE LP TO THE PLOT MQDE
ig;i JA AXLABL ZRETURN
Sh25

sCONVERT THE ENERGY LABEL TO RSCII
PUT IM BUFFER
#BOP THE LABEL

1831 PRNTDV. JR .

FL.DA (CONLOC

FSTA BB /SET COWVERSION POINTER
FLDR MIN /GET THE ENERGY LABEL

FRDD <.863 SROUND IT
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166132 7455
1726 1EALD 1171 J5A FLON ACONVERT 1T
16015 Avan
1227 16A16 4001 TRAP4 PSTRA /PUT 1T IN THE BUFFER
1472

160917
1238 16n2a

B<am FLDA ¢.1

& ; S FADDM MIN #BOP FOR THE NEXT LAREL
1252 1623 1831 Ji1 PRNTDY /RETURH
LER24 GARBd

/PLOT THE ¥ AXIS DIVISIONS
PUYDY. JA .

FLDA MUMYDY
FHEG

ATH 2

FL.DR YFACTR
FRLD KTRANS
F3ThR B2
FLDA B2

#SET THE COUNT

<FORM THE INITIAL DISPLACEMENT
/5TORE FOR FUTURE INCREMENTATION

16835 #GET THE RISPLACEMENT

1 16035 ! J50 FTRPUT ~<5ET THE COREECT POINT IN THE PLOTTER
16E37Y B3
laadn B2sEa FLDA YFACTR ~BUFFER

16841 5202 FRDDM B2 /BOF THE DISPLACEMENT
lehgz 21214 JeN L -5. 2+ ALODP TILL ALL DIYISIONS ARE DONE
16043 6A35

1258 16044 1831 Jr PUYDY /RETURN

16849 6AZS

PLOT AN ¥ AXIS DIVISION

1291
2NR 15845

PUXDV, JA .
1RRA? |
1A% FCLA
i FADD KTRANS
R FSTA START /SET THE STARTING POINT
SASE B FLDA (1@, ’
15054
1257 1855 FALD KTRANS
{256 I5E55 G270 FSTA ENDBIT /SET THE ENDING POINT
1261 16657 1121 JSA LINRUT /FUT THE LINE INTD THE BUFFER
15A6A 6133
1262 16RG1 131 JA PUXDY /RETURN
1o8Re BR4R
12 #SET A BIT TD PUT A POINT DN THE LP
1 /ENTER WITH THE DISPLACEMENT IN FAC
1265 1&RR3 1031 PTRUT, JA .
16064 GRAG3
1266 1eigs 1121 JSA ROUND /ROUND THE DISPLACEMENT
16EB66 6313
1267 1a@a? 1121 JSA LIMCK /CHECK THAT IT DOESNT EXCEED THE GRAPH
16378 6330
1278 1571 6264 F3TA FTLOC ZLIMITS. STORE IT HERE
1271 16872 8400 FLDR ©&.
1EA7E Y5RS
1272 16874 6218 FSTA B18 sDIVISOR FOR MOPULUS FUNCTION
1273 15875 B2ad FLLDA PTLIC SGET QUR DISPLACEMENT
1274 16B7A 3218 FDIV B1P sDIVIDE BY @ TO GET THE CORRECT
275 16A7F RZES FSTA WRDLOC ZJORD LOCATION IN THE BUFFER
1275 16100 8264 FLDA PTLOC
1277 161t 1121 J5A AMOD ZAJ5E THE REMAINDER TO SET THE
15182 6530
1380 161R3 RR6S FSTA BITLAC /CORRECT BIT
1381 16194 B2ES FLDA LRDLOC



15105
16106
1a1a7?
15114
tat1l
16112
1ieg 16113
16114
16115
16118
16117
15122
2 a1z
15122
10123
16124
15125
16125
1a127
16138
113t
16132

4 16133

16135
326 16136

16137

1614m
1h141

16158
16191
2 16152
16153
16154
16155
16155

510165
16165
16167
16178
252 16171
16172
161?73
15174
181?75

16134 61

1121
6447
B2ia
alalul
1881
6123
peazl
384
2481
=914
2111
6115
1031
124
B384
s[5 R8s
4801
16265
1121
6354
1031
6E63

]
= e ] T

)

1
1
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<PUT A LINE ON THE LP
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JSA SETLOC
FLDA BITLOC
FNEG

JEG .+12
AT 1

FL.LDA K288
FDIY FPPTWO
JeN -2, 1+
Jn . +3

FLDA K268
ALN @

TRAF4 OR
JSA PUTWRD

Ja PTRUT

#SET THE ABSOLUTE CORE LOCATION

#GET OUR BIT LOCATOR

/NEGATE

#1T I5 ZERO.NO ROTATION NECESSARY
#SET THE REOTATION COUNTER

sFIRST BIT SET

/ROTATE

/TILL DONE

#SKIP THE MEMT INSTRUCTION

«NO ROTATION.SET FIRST BIT

AL IGN OUR NUMBER

<D0 AN INCLUSIVE OR WITH WHAT 1S ALREADY
#THERE. PUT THE RESULT IN THE BUFFER

ZRETURN

ZSTARTING LOTATION IN START
#ENDING LOCATION IN ENDBIT
<SET ALL THE BITS BETWEEN IN THE BUFFER

LINPUT.

JA .

FLDR START
JSA ROUND

JSA LIMCK

FSTA START
FLDA ENDEIT
JSA ROUND

J5n LIMCK

FSTA ENDBIT
FSUB START
JLT LPTERR

FLDA (8.

FSTR
FLDA
FhiIy
FSTA LPOINT
FLDA START
JaA AMOD

B19
START

=N
[vp )

FSTA LBIT
FLDR ENDBIT
FDIY BlA
FSTA UPOINT
FLDA ENDBIT
JSA AMOD

FSTA UBIT
FLDA LPOINT

/GET THE STARTING LOCATION
/ROUND IT

SWITHIN DUR LIMITS?

#STORE HERE AGAIN
#D0 THE SAME FOR THE ENDING LOCATION

#GET THE DIFFERENCE
#AND MAKE SURE WE ARE NOT MESSED UP

#SET MODULUS DIVISOR
sGET THE STARTING DISPLACEMENT

/AND FIND THE STARTING WORD

/THE REMAINDER SETS THE CORRECT STARTING
/BIT

#DETERMINE THE UPPER WORD

7/AND THE REMAINDER FOR SETTING THE UPPER
ZBIT
/GET THE LOWER WORD POINTER



1357

13568

16176 &6
16177
IRZam 1
121 BR7:
haEne "

IRZ1 ppa

16215
16216
16217

1121
Beted?
alsfale
54D 1

2oE51A

3 5261

PR

3TEE

AR lin

1121

G354

2111

RE20

wavd

1S 1121

5 Geelv

14y v Bl ]
1418
tebi
1412

1413 7]

1414 2

1415 B2951

1416 1 et 1

5514

1tV 5251

14281 211

H5R

el

i

400 1

n27¢3
1121
Gl

LUORD.

ULI0ORD.,
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ALN &
FNORM

FSTR TEMP
FLDA UPDINT
ALM &
FHOREM

Fole TEMP
JER ULORD

FSUB FPRONE
JEO LLIORD

FNEG

ATH 1

FLDA LPOINT
JSA SETILOC

STRRTD
FLDA FPPPI2-1

FADDM Bl
STARTF
FLDA K3r?
ALN @

J3A PUTWRD
J¥N ._1’.;1'}'
FLDA LPOINT
JER SETLAC

FLIA FPPONE

FSTA TEMP
FLIA LEIT
FsuB (7,
JEQ . +11
AT» 1

FLDA TEMP
FruL FPPTWQ

FRDDM TEMP
JHd -3 14+

FLDRA TEMP

ALH @
TRAP4 OR

J3A PUTLRD

FLDAR UPOINT
Jsa SETLOC

FILDA Kzaa
F3TA TEMP
FLDA UBIT
FMNEG

JEO +1L

AFIX IT UP A BIT
/SAVE TEMPORARILY

ZGET THE UPPER WORD POINTER

AFIX IT UP TODOD

/FORM THEIR DIFFERENCE
/THE BITS TO BE SET ARE IN THE SAME WORD

#THE BITS TO BE SET ARE IN CONSECUTIWE

~LORDS

#3ET THE FINAL DIFFERENCE TG A LOOP

/COUNTER

<START AT THE LOWER WORD

~"baBpnaoL"

sPLUS ONE

#SET ALL BITS

<0F ALL WORDS

<BETUEEN THE LIMITS.

#SET THE BUFFER LOCATION DF THE LOWER

SOIORD

SINITIAL BIT SET

<3TORE FOR ROTATION

ZWE IO MOT HAYE TD ROTATE

SROTATION COUNT

sROTATE TO THE LEFT ONE PLACE BY

AMULTIPLYING AMD ADD TO THE PREYIOUS
/RESULT. PREFIORM THE REQUISITE ARITHMETI

LEFT.

v ———
1

A5l
ATICK

/PUT THE RESULT INTO THE BUFFER

<SET THE BUFFER LOCATION OF THE UPPER

/WORD.

/ROTATION COUNT

1T IS ZERO.DONT ROTATE

F INAL
IN LsW OF FAC
/DO AN INCULSIVE OR WITH WHAT IS THERE

INITIAL BIT SET
/STORE FOR THE ROTATION RESULT



14324
1435
1426

16274
16275
16276
16277
163a8
16301
173E2
16303
10374
16385
15306
16267
16310
16311
1e312
1445
147
1456
1451

1437
Leld

14441
14l
1443
1444

1445

16313
16314
1315

12316

1432

- 1R323

15324
1457 1132
157

1451
1Rz

1474 1a3ddn 8
1A

- 'r"S 1[37.»17

ey

1RA52

1500
1581
15m2
1563
15R4
158% 16

1506

1507

ARz 1
8251
3481
63514
5251
2111
R27h
B251
anie
4861
1626
1121
B354
1031
G133

18321
6313
1@
a1l
18971
5325

Bt

> Ba09

1A31
6313

(Al

— e - T

IR Bt & B R
[y

SO AL

oo B

AN
gL
DN i

i
o e e o)

-
£

1

4

RAER
RRnag
1331

G330

1831
B354

256 [R5t

IR 6 4

LPTERR.

<sROUND THE DISPLACEMENT

AUNIT
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ATX 1
FLDA TEMP
FDIY FPPTWO

FADDM TEMP
JxH L -3. 14+

FL.LDA TEMP
ALN @
TRAP4 OR
J3A PUTWRD

JA LINPUT

<CHOF OFF FRACTION

ROUND.

RNDERR.,

Ja .

FRDD (.5
JaL RNDERR
ALM B
FNORM

JA RDUND

FCLA
JA ROUND

/LIMIT CHECK

L IMCK.,

L IMERR.

Ia .

JLT LIMERR

FSTA TEMP
FSUE LL
FSUB KTRANS
JLT LIMERR

FLDA TEMP
FSUR ULIMIT
FSUB KTRANS
JET LIMERR

FLDA TEMP

JA LIMIK

FCLA
JA O LIMCK

IMIT

#SET THE COUNT LOOF
/GET RESULT

#ROTATE ONE PLACE RIGHT BY DIVIDING

ZADD BACK DN

<#CONTINUE TILL THE ARITHMETIC SHIFT IS

#DONE. GET THE FINAL RESULT
<ALIGH IT TO THE LSW OF THE FAC
#INCLUSIVE OR

#PUT THE 0ORED RESULT INTO THE BUFFER

/RETURN

TO THE MEARREST

#ROUND UP

#1F WE CANT ALIGN IT ITS NO GOOD

~CHOP QFF FRACTION AND FIX
<RETURN

SRETURM LITH ZERD

#1TS NEGATIVE???7?
<SAVE IN OUR TEMPORARY LOCATION

<15 IT LESS THAM THE LOWER LIMIT?
/YES,ERRDR

<GREATER THAN UPPER LIMIT?
NES.ERROR

#CLEAR THE FAC
<AMD RETRUN IF OUTSIDE THE LIMITS

AAUT THE LS OF THE FAC INTO THE
<LOCATION SPECIFIED BY Bl
<ENTER WITH FLOATING POINT WORD IN FAC

PUTWRD.

JA .

FSTA TEMP

FLDA T Bl

F3TA PUBLK

FLDA TEMP

/SAYE A SECOND
#GET WHAT IS ALREARDY THERE
/STORE IT IN OUR PUTTER BLOCK

PICK IT UP NOW
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1912 16363 R4P1 FSTA PUBLK-2 /3TORE AND OYERLAY OMLY DONE LDOCATION
16364 G465
1511 18Zr5 n4nl FLDAR PUBLK /GET THE ALTERED RESULT
16366 6467
1512 16367 6601 FSTA I Bt Z/AND STORE IT BACK AGAIN
1513 16372 1631 J& PUTWRD /RETURN
16371 6354
1514 #2ERQ THE PLOT BUFFER
1815 18372 1831 ZROBUF. JA .
16373 G372
1516 16374 0181 L.D» ~188.,1 /LDOP COUNTER AND ADDRESS MODIF IER
15379 Frpg
1517 18378 aanz FCLA /CLEAR THE FAC TO BE SURE
1520 1R377 BAAG STARTD ZGET IN FIXED POINT
1521 16480 G447 FETA LPBUF+208-206008, 1
a0l 2600
1522 1684082 2111 JMN 2.1+ ZCLEAR TILL DOMNE
16403 6460
1527 16404 AARS STARTF #RETURN TD FLOATING POINT
1524 16405 1931 JA ZROBUF #RETURN
16406 6372
1525 /FORM THE Y AXIS
1526 16467 1831 PUTYRX. JA .,

16418 f4a7

13411 Bapz FCLA

fedtz 1257 FADD KTREANS

16413 6267 FSTA START /SET THE STARTING POINT
156414 A27S FLDA LLIMIT

15415 1257 FADD KTRANS

D R2TR FSTA. ENDEIT #SET THE ENDING POINT
1121 J5A LINPUT #SET ALL BITS IN BETWEEN
26134
1831 JA PUTYAN +RETURN
Stk

Z/PUT A POIMT AT Y=B(THE X AXIS)
1R21 PUT=RT. JA

Crtekt
FCLA
i FADD KTRANS /SET THE CORRECT POINT(DEPENDING ON THE
1547 15427 1121 JSA PTRUT SPLOTY. PUT IT QUT
15438 6RE3
1544 16431 1931 JA PUTHPT /RETURN
16438 6423
1545 /DETERMINE THE ABSOLUTE LOCATION OF AN
1346 SELEMEMT IN A 2 DIMENSIOMAL MATRIX
1547 7AS STORED IM A YECTOR
1550 ZALGY=[ACT, T

1991 16433 1851 ELMLOC. Ja .
16434 65433

1952 16435 B2d41 FLDA JCOL

1353 16436 4488 FMJL NORMUL
16437 2413

1554 16448 1240 FRDD IROL

1555 tod4l 4400 FHUL 3, /G=T+R0UMAMK]
15442 7483

1506 1e4d43 1121 JSA SETLOC #SET THE LOCATION NOW THAT WE HAVE THE
15444 G447

1557 16445 1031 JA ELMLOC /DISPLACEMENT. RETURN
16445 6433

{1567 /GIVEN n DISFLACEMENT FROM AN INITIAL

1561 /LDCATION SET THE CORE LOCATION

1563 ZENTER WITH DISPLACEMENT IN FAC



1563
1564

1565

1566

567

1577
1Eae
1601
LinRe

LER3E
T&r
1ERS

RN

1&A7
1510
1511
1612
1613

s14
1615

15la

1517

§ -
{ratts

CHATH TG
aonn ERRORS

18447
14510
165451
15452
16453

1R

16453 &

16455
15457
L HdGR
154651
1EiRE
18463
15464
15455

LEada6e §
164G 6E

12478
16471

17472
1R473
1Rd?P4
17473
1Rd¥m
16477
1R509
16501

16582 193

16503

240

#INITIAL LDCATION IN BUFLAC

sLERVE THF RESULT IN BI1

1231 SETLOC.
a7
a1
62m1
B4z
64m 1

9401
Eedy i
G201
RS
1831
B ed?
BEAA

7 PUBLK.

Ja .

ALN B

FaTh B1
FLLDA BUFLOC
F5TA PUBLEK

STARTD

FLIA PUBLK+1

FADDM B1
STARTF
Ja SETLOC

A

a

|4
5

FLOAT THE FAC

7/ENTER FIXED POINT EXIT

FLOAT.

#PASS AN ASCII CHARACTER TO GETNUM

1 GETC,

b el s

1R5NS
15565
LT

15516

Gaas

TO FPFPLE!

Ja .

FSTA FIX+!
STARTF
FLDA FIX
FNORM

JA FLOAT

JA .

TRAP4 GCHAR

WTA 4
JA GETE

ZALIGN THE DISPLACEMENT
/AND STORE IN Bl

#GET THE INITIAL POINTER
“STORE HERE

#GET INTO FIXED POINT
ZAMD PICK UP THE LAST TWO WORDS OF THE

<POINTER. ADD TO THE DISPLACEMENT
SEETUEN TO FLOATIMG POINT

ARETURN

FLOATING POINT

#5AYE IN OUR HANDY FIXER UPPER LOCATIONM
ZGET INTO FLOATING POINT

<FICK UP THE RESULT

#NORMALIZE 1T

/RETURN

#GET THE CHARACTER

A0AD IT INTO THE FAC

ZRETURN
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RT3
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1AL

Al anE
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B ELR

k. Nt
ST
Y
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[

Fit

FE1E
Bl
1
13
i1t
B
B

[y

1 TH

CHRCNT 103035
CLUODNT BPRED
Clz 181773
[MEINTESS| LRAG
ChUCK L ta
(RIS Setd
CHETRL
(M

I
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CHHA 1Av3s
CHMFLG 18051
CHHI 16357
CREFLG
AR

CHMRDER
(R IR
CHMTEA

12115

10863
; a6
CHTHLY ByDR5S

(U]
(R N RES Y A
i v

[l IS TREN
CONIMT
COHHD2
IRAIRTRER
OO0
COLINTL.
[
CTLFLG ¢
LA
LaThD
DAETLDA
PCOHST
DELHED

DELRT 15574
DELZR 18486
LELTH 14151
DELTIM K
Bl

ToE MR
DEFEHCTR
LIG
IR EELE]
DIR1E
DIseL
[NRRYE
DR
DOADY 13547
LToLDA 14012
DVALDC
El.TIM 1
FLTMERE
FLIMIE <2515
FIMLOC 1R4A33
(: _
1

EMS

FHIETT
EHITRIEY
EH THER
EH TN
EHTENVL
ER

taras
THAGA

12337
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EREHUM
EXIT
FCOM
FILERR
F1L.5aY
FIx
FLOAT
FFL
FREG
FFrGO
FREGL

FFPKE2

FFFINE
ARE
FFFP12

BELIFL
GCHAR
GETC
GETINMT
GE THUM

GETTY
ML
GHUME
R EEH
ETTREM
GTTY
HEATH
HEG TR
HTTHT
HIL
FILARTE
TEHED
L
TP I
T HT
IFF )
THCERPT
TP
THP.
INTFAC
INTOEN
INTYL
THWTRP
TR

T FRILK
TUHIT
JONIL
KTRAMS

TPEH

10AGE7
18727
16767
10461
12425
12660
iRar2
18831
11885
14521
1talG
14814
17760
16511
1ae22
16517

eSS4
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kinme 13166
K11 1a141
¥ IR RNCH
17114
18143
1136
AR E
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bt

KA7E4  1@146
k7 19148
[ 114z
KPT? {A14s
LARLL  11R45

Lapit
L.Ab.2
LARLE 121%q
LEBIT 13356
LF 115351
LIMCE 163368
LUERR 165391
L IHC B3R 11
LINFUT 15133
LIMTRF 14168
LISTR 11335
LL T 12677
LLTMIT {3867
LOTHT

L0

LIWINT
LF AR

LPBLUF

LECTLL

LPOIMT
LFTERR

I
LLIF TR
P TR

]

MR I 22

MOCPME 175319

FICDTIEE 17 146
s

MOGEYD 17313
MZLRLE 17427
FCFDOT 1VDES
MOFE=P 17441
MOPFRTD 175B27
MOPLITC 17354
MORTRE P7ARRA
MCRTP ¢
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MURTP3
MCRETR A
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[ KRN

o i

~
I
=
=

244



IMRERIAROS
ML
M

[RIEINET]

FiF 1
P2

MYCRLEF

FHELIL.
FICE kG

NP
P

MO EM

METERS
MTiMES
HULHTH
HUT R
LML

LT
RISV Y

TR
DA
T
(NI D!

CHEFTE
bl
LR
MR
[N

P

7044

 PTRAT

a5
14
14523
LGS
11547
18147
1154
s
11Er
tr1ss

1R1Es

el
1

10073
11211
13gas

245
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SENGY
SEHRGEY
SETEE
SETLOC
TRTR
SETWT
SILOPE

SRCHL

STHRET
STRILK

STEMER
STERPL

STRLOT
STRTEN
STRTER
SLIFL

A NIE
SRt
Rl
Sy
N[N
SIS

THMIED

TEMF
TEMF1
TEMPZ
TERR
TIME
THE
TRARM
Tl
Tl
TEFIN
TiE T
TREP3E
THFP4
TRFS
TR
THE?
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TETFLG
T JIMP
WEIT
LILTH
ULIMIT
LINTT
UFDINT
LD
LISFERELT
Lo o0
WETTE
LIEFLT
LTLOC
XFACTR
XIT

126R73
16971
1aa6m
1G4y
11520
147263
AZ17H
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AER 1
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045
1EP <t
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11168
11a42
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XLNTH 13875
XKYALUE 13P12
YFACTR 13247
YLNTH 13199

JROEUF 16372
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