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FOREWORD

Apvances IN CHEMISTRY SERIES was founded in 1949 by the
American Chemical Society as an outlet for symposia and col-
lections of data in special areas of topical interest that could
not be accommodated in the Society’s journals. It provides a
medium for symposia that would otherwise be fragmented,
their papers distributed among several journals or not pub-
lished at all. Papers are refereed critically according to ACS
editorial standards and receive the careful attention and proc-
essing characteristic of ACS publications. Papers published
in ApvaNcEs IN CHEMISTRY SERIES are original contributions
not published elsewhere in whole or major part and include
reports of research as well as reviews since symposia may em-
brace both types of presentation.
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PREFACE

The mass spectrometer has clearly become a basic tool for chemical
manipulations and has discontinuously increased in importance from
the days when it was regarded primarily as an analytical instrument.
New techniques for mass analysis, new designs for sampling, and new
electronic accessories have all helped raise the mass spectrometer to a
position of prime importance in chemical research. More important than
all of these tangible improvements has been a modification of the basic
philosophy of chemists toward mass spectrometers. At one time a mass
spectrometer would only see a sample after it had been given the ultimate
chemical purification and analytical treatments. The chemist was more
worried about the mass spectromster than about his sample. In the mod-
ern world the mass spectrometer has become an expensive but rather
conventional monitor available to the chemist at any stage in a research
problem to help establish what is going on in a chemical process, both
quantitatively and qualitatively. Water vapor, fluorine compounds, boron
hydrides, sulfur compounds, transition metal chelates, and many other
reactive and unusual materials are now being routinely introduced into
mass spectrometers for study.

As one might have predicted, the contributions to chemical knowl-
edge by the art of mass spectrometry are directly related to how many
different kinds of chemical systems are examined and how many different
kinds of studies one can perform on these systems. Gas chromatograph-
mass spectrometric units, fast-response systems, high temperature sys-
tems, and high precision electronic circuits are only a few of the many
new developments which have contributed to the current popularity of
mass spectrometers in chemical laboratories.

I wish to acknowledge the promptness and cooperative attitude of
the various participants in the original symposium and especially the
cooperation of those authors who were able to prepare the papers for
this volume. A number of papers which concerned specific topics were
submitted for publication in various specialized journals.

The American Chemical Society staff of the Advances in Chemistry
Series under the direction of Robert F. Gould has been most cooperative
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in handling the editorial matters related to this book. In addition, I
wish to acknowledge the contributions of Nancy Naomi Craig and B. K.
Micklitz in preparing material for publication.

Joun L. MARGRAVE

Houston, Texas
March 1967
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Mass Spectrometric Studies of
Chemionization by Reaction of Electronically
Excited Species

J. L. FRANKLIN

Rice University, Houston, Tex.

During the last few years an increasing number of studies
has been carried out on a class of reactions involving the
formation of ions in gases by reactions of two neutral atoms
or molecules. The reaction Ar* -~ N, —» ArN,” 4+ e is
typical. Recently progress has been made toward determin-
ing the rate constants of these reactions, which turn out to
be in the order of 10 cc./molecule/sec. In some instances
several excited states are known to take part in the reaction.

The occurrence of diatomic ions of the rare gases has been noted by
several experimenters (29, 30, 43), but for a number of years the exact
nature of the processes leading to their formation was not understood.
In 1951, Hornbeck and Molnar (18) measured the appearance potentials
of the homonuclear diatomic ions for all of the rare gases. Their mass
spectrometer was not ideally suited to studies of mass spectra of gases at
elevated pressures. The instrument had relatively poor resolving power
with the result that their appearance potentials were not precise. Never-
theless, they demonstrated that the appearance potentials of the diatomic
ions were in all cases 0.7 to 1.5 e. v. below the ionization potentials of the
corresponding rare gas atoms. The pressure dependence in each case
was found to be second order. Both of these results show that the reac-
tion did not involve atomic ions, and Hornbeck and Molnar concluded
that the reaction involved attack of an excited atom upon an atom in the
ground state—i.e.

X*+ XX, +e (1)

where the asterisk signifies electronic excitation. Reactions of this kind,
in which an ion is formed by the reaction of two or more neutral entities,

1
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2 MASS SPECTROMETRY IN INORGANIC CHEMISTRY

Table I. Appearance Potentials of

Excited Lowest Appearance
Atom, Excitation Ionization —_——
X* Energy Potential He
He 19.8 24.6 23.2 (18)
23.3 (35)
23.4 (22)
Ne 16.8 21.6
Ar 11.5 15.8
Kr 9.9 14.7°
14.0°
Xe 8.3 13.4°
12.1¢

®2Pg/o state.

is called chemionization. Following the studies of Hornbeck and Molnar
(18), various workers have studied mixtures of certain of the rare gases
in an effort to ascertain whether heteronuclear diatomic ions could be
formed. Thus, Pahl and Weimer (36, 37) observed HeNe' in a glow
discharge but failed to find HeAr* or NeAr" in mixtures of those gases.
Fuchs and Kaul (13) studied NeAr* and ArKr’, and the latter was exam-
ined in greater detail by Kaul, Lauterbach, and Fuchs (21). Kaul and
Taubert (22) reported ArXe' and KrXe'. Munson, Franklin, and Field
made a rather complete study of the diatomic ions of the rare gases taken
alone and in combination (35). They found that all of the possible rare
gas diatomic gas ions are formed, and they measured appearance poten-
tials of all except HeXe*, which was formed in such small amounts that
an appearance potential could not be determined satisfactorily. Table I
gives all of the results of these studies as well as of the appearance poten-
tials measured for the rare gas diatomic ions from the literature. It is
surprising that, considering the relatively small intensities of these ions,
there has been such good agreement among the measured appearance
potentials.

Before discussing these measurements it would be of interest to note
the shape of a typical ionization efficiency curve for a rare gas diatomic
ion (Figure 1). This curve is reminiscent of the excitation curve for
optically forbidden transitions by electron impact and is quite different

In Mass Spectrometry in Inorganic Chemistry; Margrave, J.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1968.



Publication Date: June 1, 1968 | doi: 10.1021/ba-1968-0072.ch001

1. FRANKLIN Studies of Chemionization 3

the Rare Gas Diatomic Ions in e.v.
Potential of XY* where Y is

Ne Ar Kr Xe
23.4 (35) 17.9 (35) 19.9 (35)
22.6 (22) 19.9 (35)
20.9 (18, 35) 16.8 (35) 16.6 (35) 16.0 (35)
16.5 (13)
14.7 (35) 14.0 (35) 13.5 (22, 35)
15.1 (18, 20)
13.0 (35) 12.2 (22)
13.2 (18, 22) 12.3 (35)
11.2 (35)
11.6 (22)

®2py /o state.

from the typical ionization efficiency curve for the formation of mona-
tomic ions by electrons, also shown in Figure 1 for comparison. As will
be discussed in more detail later, the diatomic ions in all cases were
second order in pressure. Further, the molecular-ion formation was
independent of field strength, and thus the possibility of their formation
by ion-molecule reactions is eliminated. Thus, we conclude that Horn-
beck and Molnar’s (18) interpretation of their observations applies
broadly and that the heteronuclear diatomic ions are formed by the fol-
lowing generalized reaction:

X*+Y—>XY' +e (2)

It will be of interest to note the appearance potentials of the hetero-
nuclear ions in Table I. In each case the appearance potential is greater
than the ionization potential of the constituent atom of lowest ionization
potential so that the reaction must always involve an excited state of the
atom of highest ionization potential. Possible exceptions to this would
be ArKr*, ArXe*, and KrXe*. In the case of KrXe* and ArKr* the appear-
ance potential is close to the lower (2P;,.) state of xenon and krypton,
respectively. For ArXe* the appearance potential is quite close to the
higher (2P;,,) state of xenon. If indeed, a state of the atom of lower
ionization potential is involved, it must be an ionic state if the appearance
potentials are correct. Since the reaction of an ion with a neutral atom
would be third order in pressure and these reactions are second order, it
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4 MASS SPECTROMETRY IN INORGANIC CHEMISTRY
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Figure 1. Ionization efficiency curves

seems certain that the reactions leading to the formation of ArKr* and
ArXe' are reactions of the excited argon, and that for the formation of
KrXe* involves excited krypton.

In all of the heteronuclear molecular rare gas ions the energy at
which the ion appears is greater than one of its possible decomposition
asymptotes. There is thus a problem of understanding why such a
molecular ion should be stable. There seems no doubt that they are, and
we think that Figure 2 will illustrate the reason. Consider the case of
HeNe'. Presumably, the interaction of Ne* with helium is repulsive,
whereas that of He* with Ne is attractive. However, the noncrossing
rule, as illustrated in Figure 2, results in a minimum in the potential
energy curve which enables the ion to exist in spite of its energy.

In Table I the HeAr" ion has two appearance potentials. The upper
one at 19.9 e. v. corresponds closely to the energy of the helium metastable
atom. The ionization efficiency curve shows a sharp change in slope at
this point. There is, however, a rather long tail to the curve which has a
lower appearance potential at around 17.9 e. v. This occurs in an energy
range for which there are no known states for either argon or helium,
and it is difficult to understand how an ion with this appearance potential
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is formed. This was, however, a reproducible value and presumably
represented a real phenomenon. There has been some evidence by mass
spectrometrists employing electron beams of narrow energy spread which
suggest that there are indeed states of argon in the ionization continuum,
and one of these has been identified in the neighborhood of 18 e. v. (8).
Perhaps it is this state that is responsible for the lower appearance poten-
tial of HeAr". A similar result is found with NeXe*, whose appearance
potential at 16.0 volts is well above the ionization potential of xenon and
definitely below the lowest state of neon. Presumably, similar considera-
tions would apply, but there have been no excited states of xenon reported
to our knowledge.

The following reactions thus appear to account for the various rare
gas diatomic ions:

He®* + He = He," + ¢ (3)
He® + Ne = HeNe* + ¢ (4)
He (253S) + Ar > HeAr* + e (5)
Ar* + He — HeAr* + ¢ (?) (6)
He(2s3S) + Kr > HeKr* + ¢ (7)
Ne* + Ne = Ne,* + ¢ (8)
Ne(3s3P) + Ar — NeAr* + ¢ (9)
Ne(3s3P) + Kr = NeKr* + ¢ (10)
Xe* + Ne = NeXe* + ¢ (?) (11)
Ar* + Ar— Ar,' + e (12)
Ar* + Kr = ArKr + ¢ (13)
Ar* + Xe = ArXe* + e (14)
Kr* + Kr > Kr,* + ¢ (15)
Kr® + Xe = KrXe* + ¢ (16)
Xe? + Xe — Xe," + ¢ (17)

The strength of the bond in He.,* has been estimated in various ways
with results varying from 0.05 e. v. to 2.2 e. v. Recently, Regan, Browne,
and Matsen (38) made a careful and apparently definitive calculation
which shows D(He,") to be at least 2.2 e. v. This bond strength, if
correct, would suggest that the appearance potential of He,* should be
about 22.4 e. v. In fact, as is seen in Table I, the appearance potential is
about 23.2 e. v., and the question arises as to why the potential is not
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lower and nearer to 22.4 e. v. The following relevant states of helium
atom and their energies (in e. v.) are known (33):

21P, 21.22; 338, 22.72; 318, 22.92; 33P, 23.01; 3P, 23.09.

At least four of these have_ sufficient energy to contribute to the
formation of the diatomic ion. Recently, St. John et al. (39) have studied
the cross-section for excitation of various electronic states of helium by
electron impact. They find that all of the relevant states except 'P states
dropped to vanishingly small values at about the ionization potential of
helium. The P states show appreciable cross sections at voltages con-
siderably below the ionization potential; hence, one concludes that in all
probability it is the large cross section for excitation of the P states that
determine the appearance potential of the diatomic ion. Thus, the 3%P,
the 3'S and 3%S, while being energetically capable of reaction, are present
at low energies in such small amounts as to be undetectable. The 2!P
state is of too low an energy to form the diatomic ion and thus, the
appearance potential is limited to the 3!P state whose energy of 23.09 e. v.
above the ground state corresponds closely to the average appearance
potential determined by various mass spectrometrists for the diatomic ion.
States of higher energy may contribute but would not be detected at
onset.

Until now the discussion has been limited to rare gases. Although
they have indeed played a large part in the development of this field,
several other reactions have been reported involving the rare gases with
other materials and indeed, involving atoms and molecules, exclusive of
the rare gases. Cermak and Herman (6) and Cermak (4) have reported
several reactions of the rare gases with mercury and of excited mercury
atoms with ammonia, methane, acetylene, and methanol, as well as a
reaction with nitrogen in which it could not be determined which re-
actant was the excited entity. Typical reactions involving mercury are
listed below.

Xe® + Hg — XeHg* + ¢ (18)
Kr* + Hg— KrHg' + ¢ (19)
Ar* + Hg —> ArHg' + ¢ (20)
Hg* + H,0 > HgH,O* + e (21)
Hg® + NH, = HgNH;* + ¢ (22)
Hg® + CH, — HgCH,* + ¢ (23)
Hg* + C,H, = HgC,H, + e (24)
Hg* + CH,OH = HgCH,O* + ¢ (25)
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More recently Herman and Cermak (17) have found that the reaction of
argon and mercury (Reaction 20) involves the metastable state of argon.

Munson, Field, and Franklin (34) have studied reactions of certain
rare gases with nitrogen and carbon monoxide, and Field and Franklin
(11) have studied reactions of the rare gases with methane, acetylene,
and other simple gases. The latter observed the formation, by chemioni-
zation reactions, of compounds of xenon with methane, acetylene, oxygen,
and water. The former reported reactions of argon, krypton, and xenon
with nitrogen and carbon monoxide. In each case it appeared to be the
excited rare gas atom that attacked, although this conclusion is somewhat
speculative,

R‘l‘ +Rz

Ry+R3

Figure 2. Schematic representation for non-crossing rule
for states of R,R;*

Perhaps the earliest studies of chemionization were those of Mohler
et al. (31, 32) of Cs," and Rb,*. In these studies monochromatic radiation
from line spectra were passed into the vapor of Cs or Rb, and ionization
was detected at energies definitely below the ionization potential of the
alkali atom in question. Similar studies employing radiation have recently
been made by Lee and Mahan (27), who confirmed the results of Mohler
et al. and also observed the formation of K." by chemionization.

In further studies Munson, Field, and Franklin (34) observed N,
and C,O," respectively in nitrogen and carbon monoxide. Both exhibited
ionization efficiency curves having the characteristic sharp maximum a
few volts above the onset for forming the product ion. From the shape
of the curve it was suspected that an excitation process was involved and
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thus that the ions resulted from a chemionization reaction. These ions
exhibited second-order dependence on pressure, and their intensities were
independent of field strength; hence, they are clearly formed by a
chemionization reaction. The N;* and C,O," ions were present in rather
small intensities even at 300 microns pressure. When the pressure was re-
duced to 70-80 microns, they could no longer be detected. If, at this pres-
sure of nitrogen, argon was then added in approximately equal amounts,
N,* reappeared and along with it ArN,* was observed. A pressure study
showed that ArN,* depended on the first power of the pressure of each
reactant and that N,* depended on both the first power of the argon
pressure and second power of nitrogen pressure. Further, Ny’ formation
depended upon field strength, suggesting that an ion-molecule reaction
was involved. Clearly then, the N,* appears to have been formed from
the ArN," ion. The appearance potentials all correspond to that of Ary',
and indeed the Ar,* ion is reduced as the nitrogen pressure increases.
Thus, it is evident that the same states which lead to Ar." lead also to
ArN,". The sequence of reactions would then appear to be as follows:

Ar* + Ar— Ar," + e (26)
Ar* + N, = ArN,* + ¢ (27)
141'1\12+ + N2 — Ar + N4+ (28)

Similar considerations apply to reactions of krypton and CO.

Along similar lines Cermak (5) has reported the formation of N3O
ion by a chemionization process involving reaction of excited N, with
NO according to Reaction 29.

N,* + NO—> N,0" + ¢ (29)

The ionization efficiency curve showed the same general shape as that
for Ny*, reported by Munson, Field and Franklin (34). Herman and
Cermak (17) have also reported the reaction of excited CO with sodium
and potassium vapors to give the ions CONa* or COK" by chemionization.
Recently Keenan and Clarke (23) have reported Reaction 30.

H*+H—Hs+H+e (30)
This was a quite surprising result since the formation of H;* had previ-
ously been considered to arise only from the reaction:
H,' + H,—> Hy* + H

Similarly, Koyano et al. (25), using photoexcitation have observed the
formation in acetylene of C,H;* and C,H." by chemionization at energies
well below the ionization potential of acetylene. These ions had previ-
ously been observed only in ion-molecule reactions between C.H," and
C.H,.
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Rates of Chemionization Reactions

In studies of ion-molecule reactions it is relatively simple to obtain
explicit determinations of reaction rate because the mass spectrometer
clearly identifies and provides quantitative analysis for both reactant and
product ions. Unfortunately, in chemionization processes the reactant is
not charged and, hence, cannot be observed directly. The reactant must
be inferred from other observations, and its quantitative measurement
must be obtained indirectly. The most obvious approach is to relate the
intensity of the diatomic ion to that of the monatomic ion which cannot
undergo reaction at moderate pressures. Dahler et al. (10) employed
this device in studying the rates of chemionization reactions of helium,
neon, and argon to form the diatomic ions. They considered the reaction
mechanism to be 1s follows.

k
Arte—Art+e (31)
ks
Ar+e— Art + 2e (32)
1
ku - :l: (33)
Ar* — Art+hy
k,
Ar* + Ar > Ar," t+ e (34)
Assuming the steady state to apply to Ar* we find
_ kei (Ar)
W= T h a0 e
Where i, refers to electron current
d(Ary") _ _ koick, (Ar)?
g (AN (A®) = (36)
d(Ar
(Tt)‘ — ki, (Ar) (37)
Dividing (36) by (35) and recalling that 1’:1 = where ¢ is cross-section,
we find
d (Ar ) o' k
1+ 38
2] k,(Ar)] (%8)
Since (Ar*) and (Ar,*) are independent of each other, we can write
(Ar*) [ 1 :| TAr*
1+ = 39
(Ar) Koru(AT) |~ TArs (39)
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where we assume the observed ion intensities are proportional to concen-
tration and with the same constant of proportionality.

From Equation 39 it will be observed that a plot of —,% against the

reciprocal of pressure should give a straight line whose intercept is —
Oe

and whose slope is

o Plots of experimental data did indeed give

straight lines, and in Table II the results of Dahler et al. (10) for both
the ratio of cross sections and.the product of k,r, are reported. From
these results, however, there is no way to determine r, and k, separately.
Reasonable values of r, would be in the range of 107 to 10" seconds so
that k, would necessarily be in the range of 107° to 10°® cc./molecule sec.
Such rate constants would be comparable to those for ion-molecule reac-
tions or at the upper limit would exceed by a factor of 10 the rates of the
fastest ion-molecule reactions.

Table II. Steady State Values for Rates of Diatomic Ion Formation

Rare Gas oo/ 0y ko, X 1076
He 0.06 0.58
Ne 0.01 11.
Ar 0.055 3.6

In the studies of Dahler et al. (10) there was no way to vary the
time of reaction, and this necessarily limited the information that could
be obtained concerning rates. Lampe and Hess (26) and later Becker
and Lampe (1, 2) extended the study of argon by using a time-of-flight
mass spectrometer capable of pulsing the electron beam and ion draw-out
potential. In this study they could, at various pressures, delay the draw-
out pulse and hence vary reaction time in the ionization chamber. As a
result they could obtain explicit measurements of reaction rates. The
following equations developed this relationship, based upon the mecha-
nism of Dahler et al. (10) (Equations 31-34). Since the electron pulse
is of short duration, it can reasonably be assumed that excited atoms are
formed without reaction and then decay by Reactions 33 and 34. We can
then write

ZHAT) [k, + (AT (AF%) (40)

which integrates to
(Ar*) = (Ar*)o exp [ [k, + k.(Ar)]¢] (41)
d(Ary') = k.(Ar*) (42)

In Mass Spectrometry in Inorganic Chemistry; Margrave, J.;
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substituting Equation 41 into Equation 42 and integrating

(ary) = AR 1 —op [ k(A1 ()
(Ar), =22 (Ar), =% (Ar) (44)
o

Ar* being incapable of reaction at the low pressures employed. Finally,
then

(Ar2+) O'ekr(Ar)

= - 4
: . (Ar ‘_)*) . . . o l
Obviously, studies of (Ar) (AT) against time at various pressures wil

permit separation of k, _1 and k,. Lampe and Hess (26) employed

Tu

the value of o./0; Dahler et al. (10) obtained by the steady-state method,
together with their own results to obtain values of k, = 4.3 X 107 cc.
molecule® cm.? and 7, = 4.76 = 0.45 X 107 sec. The product is in
reasonable agreement with that of Dahler et al. (10). Cermak and Her-
man (7), using a beam of excited rare gas atoms found appreciable num-
bers of long lived (> 107 sec.) excited atoms with states approaching
in energy to the ionization potential. Qualitatively this supports the ob-
servations of Lampe (1, 2, 26).

Table III. Rate Constants for Various States Leading to Ar,’

Electron k, X 10° Tw e x 102
Energy, e.vo.  cc/molecule/sec. micro sec. oi
18 1.7 £ 0.2 0.77 £ 0.07 3.0*06
28 2.0 £0.1 0.55 £ 0.03 0.55 = 0.15
65 1.3+ 0.2 0.33 = 0.05 0.34 £ 04

Several investigators have recently reported evidence for the partici-
pation of several excited states in forming diatomic ions of the rare gases.
Kaul (19) observed three states of argon leading to Ar,’, Comes (8)
reported two peaks in the ionization efficiency curve for Ar,*, and Melton
and Hamill (28), employing an RPD method, found three states of argon
and of krypton leading to their respective diatomic ions. Becker and
Lampe (1, 2) obtained ionization efficiency curves for Ar,' at several
delay times. They found three maxima in each curve—a sharp one at
18 e. v., a somewhat broader one at about 28 e. v., and a very broad one
at about 65 e. v. These maxima suggest that three states (or sets of
states) are contributing to the formation of Ar,*. Further, with increasing
delay (reaction) time the peaks varied in relative intensity, the 18 e. v.
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one becoming increasingly prominent and the 65 e. v. one becoming pro-
gressively smaller. The contributions of the various states were not com-
pletely separable, but applying a rate treatment similar to that of Lampe
and Hess (Equations 40-45) gave reasonable results for the lifetimes and
reaction rate constants of the three states involved. Their results are
given in Table III.

Ions in Flames

Flames formed by combustion of hydrocarbons with air or oxygen
contain an abundance of ions, whereas hydrogen-oxygen flames have few
ions, if any. In neither case is the temperature sufficiently high to bring
about ionization thermally, and so one must conclude that ionization
results from chemical reaction—i.c., from chemionization. The exact
nature of the reaction has not been established, but in many cases free
radicals formed from hydrocarbons seem to be involved. This suspicion
is strengthened by the fact that adding a small amount of hydrocarbon
to a hydrogen-oxygen flame brings about a great increase in ionization.

In all flames involving hydrogen or hydrocarbons the most abundant
ion is H;O* followed by NO* when nitrogen or nitrogen-containing fuels
are present. In addition, many hydrocarbon ions are usually present, one
of the most interesting being C3H,;*, which is suspected of having a cyclic
structure. The subject of ions in flames has been extensively studied (24,
40, 42) and will not be reviewed here. However, most scientists con-
cerned with the problem now think that chemionization produces the
initial ions and that these then react with various neutral molecules and
free radicals present to produce various ionic species.

Although the exact nature of the initial reaction has not been estab-
lished, there is some evidence and a considerable body of opinion that
the initial reaction is (3, 12, 41)

CH + 0O —>CHO"+e (46)
The CHO" ion can react with water as follows
CHO* + H,0 — CO + H;0" (47)

and with other hydrocarbons and oxygen containing compounds in a
variety of ways.

Ionization has also been observed in other types of flames or high
temperature environments. Thus, Gatz et al. (15, 16) have found that
ions are formed when NO is added to the nitrogen afterglow and have
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attributed their formation to chemionization, probably to one of the
following reactions:

N, + N+ O—N, + NO* + ¢ (48)
2N + NO* = N, + NO* + ¢ (49)
N,? + NO* = N, + NO* + ¢ (50)

Gatz et al. (14) have also observed cesium ions when cesium was present
in the nitrogen afterglow and attribute it to Reaction 51.

2N +Cs—>N, +Cs* + e (51)

In this laboratory we have found that ionization occurs when benzene is
added to the nitrogen afterglow, but neither the ions nor the process of
their formation has been identified. Ions also occur in shock waves and
probably are formed by chemionization. However, the scope of this paper
does not permit a discussion of these processes.
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Ion-Molecule Reactions Involving
Pentaborane

G. R. HERTEL' and W. S. KOSKI
The Johns Hopkins University, Baltimore, Md.

In attempting to rationalize some results obtained with rare
gas sensitizing agents in the radiolysis of B;H,, some ion-
molecule reactions of D*, D), and rare gas ions with penta-
borane were studied using a tandem mass spectrometer. It
was found that the pentaborane fragmentation varied mark-
edly as a function of the recombination energy of the rare
gas ion. This variation proceeded as expected except where
small ions such as He*, D*, and D,* were involved. In these
latter cases, the fragmentation was considerably less exten-
sive than might be expected purely on the basis of the
energy available for excitation as a sole result of the charge
transfer process. This behavior was attributed to a field
ionization mechanism.

When certain boron hydrides are irradiated, new products are formed
by the coupling of hydride fragments (3). Irradiation of penta-
borane-9, for example, leads to decaborane-16 apparently from the cou-
pling of two B;Hj fragments. Studies of the effects of a scavenger (iodine)
and sensitizers (the rare gases) have led to the proposal of a mechanism
(8). The observed products are believed to arise from the various free
radicals and fragments produced as the following scheme suggests:

BH + B;H, = BH, + B;H, (1)
BH, + B;H, = BH, + B;Hj, (2)
2BH; = B,H, (3)
9B;Hg = B,oH,4 (4)

! Present address: Oak Ridge National Laboratory, Oak Ridge, Tenn.
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When an excess of a rare gas is added, the deuteron beam ionizes
and excites the rare gas atoms which subsequently transfer energy to the
pentaborane molecules via a variety of processes. As the rare gas, and
thus the energy available to the pentaborane, is varied from xenon to
helium, more fragmentation is expected to result which will have a corre-
sponding effect on the products. With helium, the diborane yield is at
a maximum. The yield decreases as the rare gas is changed to neon,
argon, krypton, and xenon. The decaborane-16 yield experiences a broad
minimum at argon. When He, Ne, and Ar were used, small amounts of
tetraborane-10 and hexaborane-10 were produced. In addition, hydrogen
gas and solid polymeric materials were produced in all the radiolysis
experiments.

In a complex radiolysis such as this, much can be learned by varying
the components of the reaction mixture and the conditions under which
the reaction takes place, but it would be of considerable interest to be
able to isolate some of the specific reactions which may contribute to the
production of the final products. In this study, a two stage, or tandem
mass spectrometer is used to study some possibly pertinent ion-molecule
reactions involving pentaborane.

Experimental

The instrument used in the experiments has been described else-
where (4, 10). It consists of two mass spectrometers in tandem. The
primary beam of desired ions is produced and selected by the first spec-
trometer, accelerated or decelerated to the desired energy (from 2 to
200 e. v.) and focused into the reaction chamber containing pentaborane-9.
The ionic reaction products are extracted from the reaction chamber at
an angle of 90° to the primary beam direction and analyzed by the second
mass spectrometer.

The rare gas ions, D* and D.*, were used to bombard pentaborane-9
in the energy range 2-200 e. v. to see what further information could be
learned about the radiolysis reactions of pentaborane.

Results and Discussion

Table I lists the relative abundances of the ionic products observed
when pentaborane is bombarded with 10 e. v. rare gas ions. Xenon is
found to produce relatively little fragmentation, as expected, since the
recombination energies are low. The ionization potential of B;Hy is
10.4 e. v., and the significant recombination energies of Xe' are 12.13 e. v.
(?P;/2) and 13.44 e. v. (2Py/2). Energy available for the fragmentation
of the B;H," ion upon charge transfer, then, is 1.7 e. v. or 3.0 e. v. depend-
ing upon the initial energy state of the Xe* ion. Krypton with its higher
RE’s of 14.00 e. v. and 14.67 e. v. changed the distribution of ions toward
more fragmented species. With argon, the major product is B4H,’, and
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there is substantial fragmentation. Neon and helium produced large
amounts of highly fragmented species.

Table I. Relative Abundances of Pentaborane-9 Fragment
Ions Produced by Rare Gas Ion Bombardment®

Ion Xe Kr Ar Ne He
B;H; 20 76 18
BsH, 8 11 7
B;H, <1 25 8 7
B;H, 24 23
B;H 3 3 8
By 6 15
B,Hg 3 <1

H <1 2 8
B,H, 2 20 31 3
B,H, <1 19 11
B,H, <1 2 11 4
B,H <1 1 13
B, 1 3
BgH, <1 2

3Hg 2 4 4
BsH, <1 6 3
B;H 2

¢ Kinetic energy of rare gas ions = 10 e.v.

Qualitatively, the observed data can be reconciled with the proposed
mechanism. When little fragmentation of the pentaborane occurs, as in
the case of Xe* ion bombardment, very few BH radicals are formed, and
since BH is the key to formation of the diborane and decaborane-16 in
the proposed mechanism, the yield of products is small. As the rare gas
is varied and the energy available to the pentaborane increases, the proba-
bility of BH radical formation rises, and the yields of diborane and
decaborane-16 reflect this increase. The extensive fragmentation noted
can easily account for the large yield of hydrogen observed in the radioly-
sis experiments. Other minor observations can be tentatively explained
from the rare gas ion-pentaborane data, but other than noting that the
fragmentation was greater than predicted in all cases, the only conclusion
to be drawn from the mass spectrometric data is that the proposed
mechanism is a possibility, but the system is complex.

Only the role of positive ions has been considered in this study. It
is known that pentaborane and other boron hydrides form negative ions.
The role that such ions may play in the radiolysis process is not known
but could be significant.
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The rare gas ion-pentaborane data taken over an energy range of
2-200 e. v. along with the reported appearance potentials (5) of the
various pentaborane fragments were used to construct breakdown curves
following the procedure used by Lindholm and his co-workers (1, 2, 6,
9, 11).

A complication of this scheme is the existence in many cases of more
than one important recombination energy. This is unfortunately true for
all of the rare gases with the exception of helium. Lindholm has studied
this problem extensively and has determined recombination energies for
many ions. He is often able to assign a specific ion fragment product to
a specific recombination energy of the bombarding ion in the course of
constructing breakdown curves. Since we were attempting to use a
limited amout of data (from only five primary ions) to estimate the break-
down pattern of a rather peculiar and little studied molecule, we could
not separate the effects of rare gas ions in the *Py,» and 2P/, states. To
estimate the breakdown curves, the two values for each ion were averaged.
The only case in which the difference is sizeable enough to create a
problem is that of xenon. The resulting curves do not reflect any anoma-
lies caused by the averaging procedure although, in view of the later
results of D* and D,* bombardment, it is unfortunate that a more rigorous
representation of the breakdown curves in the energy range of 12-14 e. v.
is not available. The resulting, admittedly rough, estimates are shown in
Figure 1. Data were taken over a primary ion energy range of 2-200 e. v.,
and it was observed that the relative abundances of the pentaborane
fragment ions varied slowly with the kinetic energy of the primary ion
beam (4). The solid line segments in Figure 1 represent the experimen-
tally determined points and illustrate the effects of the primary ion energy
range.

From these curves it is possible to predict the relative yields of ions
expected when bombarding pentaborane with other ions—e.g., D* and
D,*. D* has a recombination energy of 13.5 e. v.; thus, the expected distri-
bution of ions would be no parent peak, little or no B;H:", a large and
rapidly increasing amount of BsH;’, less than 20% B,H,’, and small
amounts of B;H;* and B;H". Instead, one finds that the parent ion,
BsH,*, accounts for over 10% of the products; BsH;", over 16%; B;Hs",
45% ; BH,*, about 8% ; small amounts of other ions are also present. The
results at various incident ion energies are tabulated in Table II, and
the average results are shown in Figure 2a. Obviously, D* does not
transfer its full increment of energy upon collision with BsHy, implying
that simple charge exchange is not the only mechanism operating. What
are the processes which could be involved? It is difficult to ascertain,
but some possibilities are (1) hydride ion transfer with HD formation,
(2) D*-H exchange, (3) an ion-molecule type reaction—i.e., an intimate
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Figure 1. Breakdown pattern of B;H,. The relative abundances

of fragment ions are plotted as a function of the excitation energy.
Solid "line segments represent the experimentally determined

collision, (4) charge transfer, as mentioned, and which cannot explain

points

19

the observed results in view of the rare gas ion results, and (5) field

ionization.

Transfer of a hydride ion would leave an excited B;Hy" ion which
could undergo extensive decomposition since the maximum energy avail-
able from such a process would be more than that available from simple
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charge transfer (~18 as opposed to 13.5 e. v.). This could account for
such ions as B;H,*, BsH;", and B;H,*, as well as some of the B,H," ions
which require more energy than that available from D* (note the Kr
results where none of these ions is formed). Momentum could be trans-
ferred by the H™ and the energy available to the pentaborane fragment
reduced to give an even greater spread in product ions. This cannot
account for formation of the parent ion in any way, however.

Table II. Relative Abundances of Product Ions from
D* + B;Hjy Reaction at Various D’ Energies

D* Incident Ion Energy (e. v.)

Ion 140 100 40 10 2
B;H,* 12.2 11.0 11.8 9.8 11.0
B H.* 23.8 16.6 16.3 17.3 114
B,H," 0.9 5.4 35 0.5 3.7
B;H;* 40.5 34.3 43.1 474 52.3
B;H," 6.8 11.2 3.8 5.0 —
B,H," 3.1 35 6.5 3.7 7.0
B H,* 3.3 5.0 1.3 3.2 0.8
B H"* 0.2 1.1 05 — 2.7
B5* _ _ 0.4 - -
B,H,' — — 2.0 ot —
B,H;* tr 2.8 1.3 2.6 4.9
B,H,’ 8.7 6.3 76 8.5 6.5
B4H3’ 1.0 1-8 1 1 1 3 -
B,H, — 1.3 0.7 0.8 —

An exchange type reaction in which the D" ion replaces an H atom
would lead to a parent ion with a mass of 65. This was not observed. To
account for the 64 peak, the D* would have to replace two hydrogen
atoms, but this is just another way of saying that an ion-molecule reaction
is taking place. The existence of such an ion as BsH:D" (mass 64) is
difficult to accept since the existence of a stable BsHs" is questionable in
the electron spectrum and was not observed in any of the rare gas ion
experiments.

Next, consider the case of an intimate encounter in which the deu-
terium ion is neutralized and leaves, apparently in some cases, before
any excess energy can be redistributed among the bonds of the BsHy".
The deuterium atom must necessarily carry off some of this excitation
energy as kinetic energy or else the parent ion would not be observed.
Rosenstock (7) has noted that the fraction of the energy going to the ion
depends on the mass of the product ion and the mass of the product
neutral; hence, if one assumed that the deuterium ion interacted with
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the entire mass of the B;Hy molecule (an unlikely situation) on neutrali-
zation, the deuterium atom could depart with as much as 97% of the
available energy. The distribution of products would then indicate the
excess energy imparted to the pentaborane.
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Figure 2. Monoisotopic mass spectra of B;H, produced
by D*, D,* and 70 e.v. electron bombardment

Another possible mechanism which could explain the preponderance
of parent ion when the bombarding projectile is a small ion is field ioniza-
tion. In intimate encounters of molecules with small ions, the electric
field close to such an ion can be large enough to cause field ionization of
the molecule by a quantum mechanical tunnelling process. In the pres-
ence of such fields, ionization results with predominantly the parent ions
with few fragment ions. This phenomenon appears to be at least quali-
tatively compatible with the results observed with D* in this study.
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Table III. Relative Abundances of Product Ions from
D;" 4+ B;Hy Reaction at Various D;* Energies

D,* Incident Ion Energy (e. v.)

Ion 200 100 40 10 2

B;H," 15.3 13.3 13.4 155 14.9
BsHy' 0.9 1.1 18 04, 1.6
B;H;* 19.8 17.6 16.4 16.3 14.8
B,H," 1.7 3.3 3.2 3.7 4.3
B,H," 32.5 35.2 38.2 37.8 37.3
BgH,"* 3.8 35 2.4 49 3.9
B;H;* 5.8 6.6 8.3 6.1 6.0
B,H,"* 2.1 1.7 0.1 0.3, 1.0
B5H+ 0.9 5 0.5 ¢ 0.3 5 0.8 5 -
B 1.8 1.3 0.5 0.0, 0.6
B Hg" 1.0 1.3 1.0 1.1 1.5
B,H,* 1.3 13 1.9 1.8 3.1
B,H," 8.1 8.8 9.3 9.5 8.4
B,H,* 0.6, 1.2 12 0.3, 13
B,H,* 1.6 0.9, 0.3, 0.7, 0.5,
B 05 oo 03 o0 =
4 : Vg B U1 -
B3Hg' 0.2 0.21 0.20 0.06 0.10
B;H," 0.18 0.10 0.08 0.09 0.16
B,H,* 0.17 0.29 0.21 0.09 0.08
B3H,* 0.72 0.37 0.27 0.13 0.28
B;H,* 0.23 0.44 0.16 0.06 —
B,H" 0.17 — 0.02 — —
B,H," 0.28 0.16 0.19 0.07 0.13
B,H;* 0.03 0.10 0.08 0.03 0.07
B.H,* 0.08 0.02 0.05 0.02 0.03
B,H,* 0.10 0.07 0.02 0.01 —
B,H,' 0.06 0.05 0.03 — —

The reaction was also run using D." ions, and similar results were
obtained (Table Il and Figure 2b). In this case, there was an even
greater distribution of products, but an explanation is much more readily
available. According to Lindholm (2), the recombination energy of H."
is actually a continuum beginning at the normally accepted value for the
ionization potential of 15.44 e. v. and extending upwards several e. v.
with a broad maximum probability for transitions between 16.4 and 17.1
e. v. There also exist recombination energies of importance between 13
and 14 e. v. and around 11 e. v. (11). Such a variety of available energies
may well account for the distribution of products in the D,* bombard-
ments.

The spectra obtained in these deuterium ion reactions are compared
to the electron spectrum (5) in Figure 2. It is obvious that the energy
imparted to the pentaborane in the D* and D, reactions does not have
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the same wide distribution that the electron spectrum implies. Rather,
the distributions appear to peak more sharply in the B;H;" region.

These results with deuterium ions suggest that one should perhaps
reconsider the He data where the mass is also low. It is possible that the
helium data are “misplaced” on the breakdown curves and that the actual
energy imparted to the pentaborane varies over a wider range than that
shown. Since the recombination energy of He' is so high and fragmenta-
tion is so extensive, any evidence of such behavior is obscured and cannot
be detected in the rough estimate of the breakdown pattern in Figure 1.

The data in Table I indicate that fragmentation of B;H, does not
vary smoothly as one proceeds through the rare gases. Contrary to what
one may expect solely on the basis of the magnitudes of the energy
defects, neon produces more extensive fragmentation than helium. This
could be explained on the basis of the foregoing discussion that a field
ionization mechanism is operating in this case and, consequently, less
extensive fragmentation of the B;Hy" occurs.

Whatever the mechanism involved, it appears that the procedure of
constructing breakdown patterns from positive ion bombardment data
must be approached with caution.
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Mass Spectrometric Study of Ion—Solvent
Molecule Interactions in the Gas Phase

P. KEBARLE

University of Alberta, Edmonton, Alberta, Canada

Important and hitherto unavailable information on ion-
solvent molecule interactions can be obtained from the mass
spectrometric detection of ion clusters in the gas phase.
Individual solvation step enthalpies and entropies for the
reactions A* - (n—1)S + S — A* - nS can be obtained. The
systems where A* — NH,*, H;O", Na* and S = NH; and
H,O are described. The comparative solvation of Cl', BCL,
and B,Cl- by water is described. In a study of the competi-
tive solvation of CH,OH," by water and methanol, it is
found that methanol is more strongly solvating at close range
of the ion. At larger distances (large clusters) water is taken
up preferentially. The ammonium ion shows a distinct inner
shell of four solvent molecules. Ammonia is taken up prefer-
entially into this shell while water is taken up preferentially
into the outer shell.

tudies of ion-solvent molecule interactions in solution date back to the
beginning of physical chemistry and represent a major field in chemi-
cal research. In contrast, the systematic study of ion-solvent molecule
interactions in the gas phase is only a few years old (10, 12). In this
paper we hope to show that a great wealth of significant information on
ion-solvent molecule interactions can be obtained from the study of
ion-solvent molecule clusters A* - nS or B~ - nS in the gas phase. A" or B"
is any positive or negative ion, and § is a solvent molecule—i.e., a mole-
cule with a high dipole moment.

The mass spectrometric gas phase studies are based on measurement
of the relative concentrations of the clustered ionic species: A" - nS,
A* - (n41)S etc. The measurement of the relative concentrations is
obtained by bleeding a probe of the gas into an ion mass analysis system
—i.e., a vacuum chamber attached to a mass spectrometer. In the vacuum
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chamber the gas is pumped out while the ions are captured by electric
fields, accelerated, focused, and mass analyzed by some conventional
means (magnetic separation, quadrupole filter, etc.). After mass analysis,
the ion beam intensities are detected as electrical currents.

Several types of solvation studies can be undertaken if the relative
concentrations of the ionic species are known.

Solvation Enthalpies and Entropies of Individual Solvent Molecule
Additions Steps. Consider the ion A* produced in the gas phase by some
form of ionizing radiation or thermal means. If the atmosphere surround-
ing the ion contains the vapor of a polar molecule (solvent S), a number
of clustering reactions will occur.

A*+S—>A*-S (0,1)
A*-S+S—> A" - 28 (1,2)
A (n—1)S+S—>A"-nS (n—1,n)

At equilibrium the following relations will hold
AFOO'" = AFOO'I + AFOI'«_; + ... + AFO,,_I," (I)

AF°, .y, =—RTIn— 4% _ — _RT I K, ., (I1)
' Py n-1s Ps '
where P, is the partial pressure of X.

Thus, knowledge of the equilibrium concentrations of the clustered
species A* * nS obtained from experiments at different pressures of S
will allow determination of K, ., and AF, ... Such measurements done
at different temperatures will lead to the evaluation of AH, ... and
AS, .1... The availability of such detailed information will, for instance,
reveal the shell structure since a discontinuous change of the AH, 1.,
and AS®, ., , values will occur whenever a shell is completed. Finally, the
total heat of solvation of the ion can also be obtained from Equation III,
with

pe)
AHgy, = E [aH, .40 — AHevap.(s)] (111)
n=0
equations of the same form holding for the free energy and entropy
change of solvation.

It is evident from Equation II, that only the relative concentrations
of the ionic species are required. Thus, AF°, .., and K, can be obtained
from Equation II by assuming that the mass spectrometrically measured
ion intensities are proportional to the equilibrium partial pressures of the
ions in the ion source. The solvation of NH,* by NH3 and H50* by H,O,
are examples of this type of study.
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Comparative Solvation of Two Different Ions by the Same Solvent.
There are three variants of this type of study.

COMPARATIVE SOLVATION OF Ions A*, C* BY SoLVENT S. The two ions
are produced in the same system which also contains vapor of the solvent
S. In general, depending on the effective radius and structure of the ion,
the relative concentration of clusters A* - nS will be different from that of
C* - mS. Thus, for example, in the average n may be larger by one or two
units than m. This will reveal a stronger interaction of A* with S. Com-
parison of n and m can be done at different temperatures and pressures
of S in order to compare the interactions in the inner shell or in the outer
shells. An example of this type of study is the system H;O*, NH,", and
Na* in H,O vapor, which is described in the subsequent text.

COMPARATIVE SOLVATION OF IoNs A* AND B™ BY SOLVENT S. An ex-
ample of this type of study would be the system K* and CI" with H,O.
Since the orientation of the water dipoles is reversed in the solvation of
positive and negative ions, such a comparative study is of great interest,
particularly for isoelectronic pairs as the one quoted above. We have not
yet performed studies on such isoelectronic pairs. However, such studies
are perfectly possible. The pair K* and CI" could be produced in water
vapor. By reversing the mass spectrometer controls, the positive and
negative ions in the system could be measured within minutes of each
other.

CoMPARATIVE SOLVATION OF Two NEGATIVE IoNs B S. An example
of this type of study for CI', BCl" and B.Cl" by H,O is given in the sub-
sequent text.

Competitive Solvation of Ion A* (or B") by Solvent Molecules of
Solvents S; and S.. A comparison of the solvating power of two different
solvents can be obtained by measuring the composition of ion clusters
when two different solvents are present at known partial pressures. An
example of this type of study is the competitive solvation of NH," by H,O
and NH; and the solvation of CH;0H,* by CH;0H and H.O. A dis-
cussion of experiments dealing with these two systems is given later in
the text.

Apparatus and Method

The mass spectrometric study of ion-solvent molecule interactions
requires mass spectrometric apparatus which can sample ions originating
at relatively high pressures. Three somewhat different arrangements are
presently in use in this laboratory. ) )

Alpha Particle Mass Spectrometer (11). A recent version of. this
apparatus is shown in Figure 1. The gas, supplied from a conventional
gas handling system, which can be backed to 170°C,, is irradiated in the
ionization chamber. The radiation is supplied from an enclosed 200-mc.
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polonium alpha source. The polonium is deposited on a circular area of
about 1/8 inch diameter on the side facing the ion source. To prevent
spreading of the polonium, a double container is used. The radiation
reaches the ion source through two 10-inch stainless steel foils. To
prevent early rupture of the foils, two stainless porous plugs are used,
allowing pump-out of the alpha source. The irradiated gas bleeds
through a leak into the evacuated electrode chamber. There the ions
carried by the gas are captured by the electric fields while the gas is
pumped away. The ions are focused, accelerated, and then subjected to
mass analysis and electron multiplier detection in a 90° sector field
analyzer tube.

In “static” runs, gas is supplied to the ion source only at a rate
sufficient to compensate the outflow through the leak (0.5 cc./sec. for air,
equal to conductance of leak). The gas mixtures were prepared in two
2-liter storage flasks of the gas handling system. Flow runs can be made
by passing gas through the ion source.

In the normal runs, one irradiates the total volume over the leak.
Provisions are also made for placing a collimating slit between the leak
and the alpha source. The collimating slit was cut in a turret of 6-mm.
diameter, which screwed onto a leak-carrying cone provided with threads.
The slit was elevated over the plane of the leak by unwinding the turret
a certain number of revolutions.

The ion source is normally at room temperature. However, the tem-
perature can be varied up to a maximum of 200°C. by heaters mounted
in the heater walls. These are used either for bake-out or runs at elevated
temperatures. .

The time for reaction available to the average ion is of the order of a
few milliseconds when the uncollimated alpha beam is used (11). This
time can be increased by using the collimating slit to screen off a portion
immediately above the leak from irradiation.

Electron Beam Mass Spectrometer (6). In a more recent apparatus
an electron beam is used as ionizing medium. The ion source is identical
to that of Figure 1 except that the former alpha source %ort contains only
one thin nickel foil (107 inch) window through which the electrons enter
the source. The electrons are created by an ordinary electron gun housed
in a sidearm of the vacuum chamber opposite the nickel window. Thz
electron filament is kept at ca. —25000 volts while the ion source is near
ground potential. Absence of radioactive contamination, high intensity
(~ 10 microamps) and possibilities for pulsing (for determining ionic
lifetimes) are some of the advantages of the electron beam source. The
greater scattering of electrons at high ion source pressures causes a dis-
advantage which makes beam collimation a problem. A quadrupole mass
analyzer is used with this instrument.

Proton Beam Mass Spectrometer (5). A 100-kev. proton beam ob-
tained from a Walton-Cockroft accelerator is used as the ionizing medium.
The ion source is not like that of Figure 1 but is of the conventional
design—i.e., a rectangular box with repeller and narrowed-down ion exit
slit. The proton beam enters and exits the ion source through thin nickel
foil windows (107 inch). The ion optics are of the conventional Nier
type, and magnetic analysis is used. A proton beam (preferably of even
higher energy than used by us) seems to be the most convenient ionizing
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h ion source pressures since it provides high intensity

possibility for pulsing, and little scattering at high pressure. The proton
beam can also be deflected electrostatically before entering the ion source.

medium for hig
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This permits variation of the proton beam-exit slit distance in the ion
source. The cost of Walton-Cockroft accelerators is relatively low.

A high pressure mass spectrometer using m.e.v. protons from a Van
de Graaff accelerator has been described by Wexler (14).

Conditions for Meaningful Measurements and Tests for Equilibrium.
In the discussion given in subsequent sections it is assumed that the
measured relative ion intensities represent at least the approximate rela-
tive ionic concentrations in the ion source. It is further assumed that ion
cluster equilibrium was achieved in the ion source. The validity of these
assumptions has been examined in previous publications. It was pointed
out that a nonequilibrium growth of the clusters might occur if cooling
occurs because of adiabatic expansion past the sampling orifice. To
guard against this, one must either have molecular flow in the sampling
leak (small diameter of leaks) or keep the partial pressure of the cluster-
ing gas low so that the mean free path for clustering reactions is much
larger than the diameter of the sampling leak. Adding an inert gas under
such conditions should not change the observed relative ion intensities.

Checks for the presence of equilibrium can be made by increasing
the ionic reaction time. If the re(}ative intensities remain constant, one
may assume that equilibrium or near equilibrium has been achieved since
the clustering reactions probably proceed (in the forward direction)
rapidly and without activation energy. The ionic reaction times can be
increased by moving the ionizing beam away from the sampling leak or
slit and by closing down the leak or slit. The latter slows down the mass
flow to the sampling orifice and since the ions, at higher pressures and
in the absence of electric fields, are carried by mass flow to the orifice,
increases the ionic reaction times.

Results and Discussion

Heats and Entropies of Individual Steps. (a) NH4" - (n—1)NHs +
NH; — NH,' - nNH,. Previous work on ammonia (9, 12) has shown
that the primary (positive) ions produced by the alpha radiation are
rapidly converted by ion-molecule reactions to the most stable ion, which

-«

Figure 1. Ion source and electrode system

(1) Stainless steel block forming ion source. (2) Alpha source, con-
sisting of polonium deposited on a metal disc. Metal disc enclosed
in container with stainless foil window and stainless porous plug
allowing pressure equalization across foil. (3) Outer alpha source
container with foil window and porous plug. Double container
prevents spreading of polonium into pressure equalization system.
(4) Porous stainless plug allowing pump-out of alpha source and
pressure equalization across foils. (5) Gas supply to ion source
and flow system (in the direction of the arrows). (6) Tube leading
to vacuum system of alpha source contained. (7) Insulating ma-
terial allowing voltages different from ground to be applied to ion
source. (8) Cone-carrying metal foil at its truncated apex. Foil
has one or several leaks through which the gas and ions enter the
pumping and electrode chamber. (9) Heater and thermocouple
wells for temperature control of ion source. (10) Auxiliary electron
gun for gas purity determinations. (11-19) Electrodes focusing ion
beam into magnetic mass analyzer
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is NH,*. Attachment of ammonia molecules then leads to NH,* -

MASS SPECTROMETRY IN INORGANIC CHEMISTRY

NH‘,"-nNH3 10 torr 23°C

)\
6

3 2 5,

10 torr 23°C

whe
o
wnp

INTENSITY

1 1 torr 23°C
: o

1  torr 100°C

w

1 .
2 3 4 g

Figure 2. Schematic representation of ion intensities for
clustered NH,* - nNH,

Intensities are expressed as fractions of total ion current. Con-
dition of 1 torr and 100° shows cluster of largest concentration
to be NH,* - 2NH,. Reduction of temperature at constant pres-
sure (23°, 1 torr) causes clusters to grow. Increase of pressure
at constant temperature (23°, 10 torr) produces further cluster
growth. Spectrum at top (23°, 10 torr) shows effect of using
large sampling pinhole (70-n diameter) producing dynamic flow.
The resultant adiabatic cooling causes further nonequilibrium
growth of clusters. Other three spectra taken with sampling leak
consisting of a laser produced array of 30 holes, each of 10 p
diameter

nNHg.

A representation of some typical relative ion intensities observed within
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the experimental range used in the measurements is given in Figure 2.
The most abundant species at 100°C. and 1 torr ammonia pressure is
NH,* - 2NH;. As the temperature is lowered to 23°C. and 1 torr pressure,
the larger clusters n — 3 and n — 4 become more stable. Increasing the
pressure at constant temperature also increases the cluster size as is evi-
dent from the increase of the NH,* - 4NH;/NH," - 3NHj ratio on going
from 1 to 10 torr. The ion intensities given at the top of Figure 2 illus-
trate the effect of the sampling leak size. In this case, a single leak of
704 diameter was used. The appearance of clusters of higher mass must
be attributed to adiabatic cooling caused by the expansion of the gas jet.

o £
9Kss oo 230°C
0 B 0-0—0-0\0\_ O
0.5 o gmag o 345°C
"l p—o—om0 o0, 0@ Co.
o o
s 670°C
(o] o
-2 ° 870° C

0 2 4 6 8 10
PRESSURE (torr )

Figure 3. Plot of log X, ;, where X; , = 1,/15Pyy,, at con-
stant temperatures and variable ammonia pressure (pressure
expressed in torr)

Rewriting Equation II for the ammonia system with the assumption
that the relative ion intensities I, — I(NH," - nNH;) represent ade-
quately the equilibrium concentration ratios we obtain Equation IV.
Plots of log K3 4

Ill

RT log K, _,,, = RT log P

v
u-l'PNH:; ( )

with pressure at different constant temperatures are given in Figure 3.
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These data show that Equation IV is obeyed to a good approximation
for a pressure change by a factor of 10. A plot of log K. 3 and K3, vs.
1/T is shown in Figure 4. The data used for K. 3 were of similar appear-
ance to those in Figure 3. Since there is a small variation of log K with
pressure, the values used for the enthalpy plots were taken at zero pres-
sure. This was done only for the sake of consistency. Values taken at
5 torr pressure lead to similar enthalpy data.

2
log K

1k
K3-4

ok
AH,_4=-15.9 Kcal

_] -

o]
_2 L (&)
1 1 1 1 1 1 1 1

27 28 29 30 31,32 33 34 35
T

Figure 4. Plots giving enthalpy changes for reaction NH,* -
n—INH, + NH, = NH,* - nNH, where n—1,n is 2,3 and 3,4
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The slopes lead to AH,3 — —17.8 and AH3 4 = —15.9 kcal./mole.
No data were obtained for the clustering Reactions 0,1 and 12
which would be observable only at considerably higher temperatures.
A K, 5 could still be measured but only at the lowest temperature (25°C.).
It is of interest to point out that the range covered even though insuffi-
cient for determining a wider set of reactions is still quite extensive.
Thus, the measured ratio I./I, increases in the range (10 torr, 23°C. to
1 torr, 100°C.) by a factor of 100,000. The thermodynamic data obtained
are summarized in Table I. It can be shown that the enthalpies and
entropies of Table I agree with estimates based on thermodynamic cycles
and calculation.

Table I. Thermodynamic Data on Clustering Reactions
NH,* - (n — 1)NHy(g) + NHy(g) = NH," - nNH (g)

AS°
n—1, AF° AH, (298°K.),
n (298°K.)" keal./mole e.u.
2,3 —64 -17.8 -38
3,4 -3.8 -15.9 —40.5
45 -0.5 (-9)° (—33)°

¢ Standard state of ammonia, 1 atm.
® Obtained from AF° and the estimated entropy loss.
¢ Estimated.

Figure 5 shows the enthalpies for the first five clustering reactions
of NH," in NH;. The values for Steps 2-5 are those from Table I. The
Steps 0,1 and 1,2 were estimated from the cycle shown in Figure 6a.
From this cycle we obtain Equation V:

AH0,4 = AHamm.(NH“*) - 4AHevap.(NH3) - AHamm'(NH* * 4NH3) (V)

Substituting: AHg,, (NH, - 4NH;) = —30 kcal./mole (9)
AH .y (NH3) = —5 kcal./mole and AHym, (NH;*) = —90 keal./mole
(9), one obtains AH, ; — —80 kcal./mole. Subtracting from this AH2
and AHs, (from Table I) one obtains AH,» — —46 kcal./mole. The
magnitudes of AH, ; and AH, , were selected as —25 and —21 kcal./mole
which numbers give a continuous increase of AH in the direction AHj 4
to AH,;. While the procedure in obtaining Figure 5 is somewhat arbi-
trary, we believe that it does give a good qualitative picture of the
enthalpy changes in the individual solvation steps.

(b) Hz0*(n—1)H,O + H.O — H;0" - nH,O. A system of greater
importance than the ammonium ion described above is the water-clustered
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hydronium ion, H;O* - nH.O. An early, preliminary study of this system
has been published (12). In that study K, .1, was determined only at a
single (constant) pressure of water, and Arrhenius plots of these K’s

gave AHz 4 — —20+5 AH, 5 — —24=+5, AH; ; = —13=5 kcal./mole.
NHy (n-1) NH5 + NH; == NHinNH,
\
™
Q0 Z
0
€207 \ 5
> c
o] \ 9
U \~~ O
- - 6
< g
L10f T
z g
< v
]
o

0l 12 23 34 4.5
Solvation Reaction

Figure 5. Enthalpy changes for reactions: NH,* - (n—1)NH, + NH;,
= NH, - nNH; (n—1,n). Some of the data are based on estimates as
described in the text

Only rough estimates of the expected enthalpies can be made on the
basis of available thermodynamic data. The cycle shown in Figure 6b
is of the same type as that used for ammonia (k here is the as of yet
unspecified number of inner shell water molecules). From Figure 6b
we obtain Equation VI.

AHOJ: = AHll}‘dl'. (HZ%O*) - kAHe\-ap. (H.’O) - AHII,\'dl‘. (H3O+ : kHZO) (VI)

To evaluate AH,;, we need values for the heats of hydration of H;0*
and H;O" -+ kH,O. AH,y. (H30’) can be evaluated from the cycle of
Figure 6¢c. The required proton affinity of water, PA (H.O), is probably
170 kcal./mole (3, 13). Taking the heat of hydration of the proton
AH, 4. (H') = —283 kcal./mole* and AH ., (H:0) = 10.5, we obtain
AH, 4. (H30*) = —123.5 kcal./mole. An estimate of AH,ga. (HsO" -
kH.O) can be obtained from the Born equations (4). (Examples of
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calculations with the Born equations are given by Basolo and Pearson
(2). Taking 1.5 A. for the radius of H;O* and 2.76 A. for the diameter
of the water molecules (2) in the first shell, one has a total radius of the
first shell cluster equal to 3.76 A. Substituting this value into the Born
equations, one obtains the estimate AHzqr (H30 - kH20) — —39 kcal./
mole. Substituting into Equation VI, we then obtain: AH, ; ~ —123.5 —
10.5k + 39 = —84.5 —10.5k. This yields for the average solvation step
in the first shell AH, .;., = AH,; — —(84.5/k) —10.5 kcal./mole. For
k

different values of k we thus obtain in kcal./mole AH,.,, — —31.6
(k=4), —274 (k =75), —246 (k = 6), —22.5 (k = 7), and —21
(k = 8). This crude estimate shows that the data obtained in our earlier
study are in the right range.

AH
NH4(°) +4NH3(°) ——QAPNH“ 4NH3(9)

AHamm. (NH, 1) AH amm (NH¢4NH,)
—4 AHevap.(NH,)

NH; (ammoniated )

AHoy
HO g+ k HOg) — 3 H,0* kH,0(q

AH hydr(H, o) AHhydr. (|'130+|<H 0)
—kAHevap (HO)

30 (hydrated) or H'(hydrated)

-PA.(H,0)
H'ig) + H20 (q) » H3Og) .
AH hydr.(HY) AHhydr.(H0")
-A H evap(H,0)
H,O" (hydrated) or Hlhydrated)

Figure 6. Thermodynamic cycles

In Mass Spectrometry in Inorganic Chemistry; Margrave, J.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1968.



Publication Date: June 1, 1968 | doi: 10.1021/ba-1968-0072.ch003

36 MASS SPECTROMETRY IN INORGANIC CHEMISTRY

® laser leak
7t . o slit leak
O'(n-)HO+H,0—+H,0"n H,0
2 3 2

AN

2F \8

AFh-,n kecal / mole

1 1 1 1 1 | | |

1
0l 12 23 34 45 56 67 78
(n=1n) -

Figure 7. Plot of AF°,. .- at 298°K. (Standard state of water 1 atm.)

Results obtained with two different leaks, one slit leak with slit width 7u and a
laser produced array of 30 leaks of 10-u diameter

Since the early study was only preliminary, a second, more extensive
research on the hydronium-water system was started in this laboratory
a year ago. The alpha particle- and proton beam mass spectrometer are
being used. These two instruments provide very different ionic reaction
times, and their combination allows a good test for the presence of
equilibrium. Unfortunately this study is not yet completed. One result
has appeared clearly from the data obtained. It is generally assumed
(10) that in aqueous solution the ion H3O* - 3H.O has high stability.
Regardless whether this assumption is correct or not, in the gas phase
this special stability need not apply since the constraining influence of
the surrounding liquid lattice is absent. Thus, the positions above and
below the presumably planar trihydrate are free, and since the interaction
is largely a purely electrostatic one, the higher hydrates—i.e., H;0" - 4H.O
etc. may have stabilities which are not too different. This view is sup-
ported by the plot in Figure 7. The standard free energies for the cluster-
ing Reactions (n—1,n) show a continuous change in the range n — 2
to n = 8. Some further information on the H;O* - nH.,O system is given
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in the next section which deals with the comparative hydration of H;O",
NH,', and Na*.

Comparative Solvation of Different Ions by the Same Solvent.
(a) ComparaTIvE HypRATION OF Na*, H;O%, aANp NH,*. Figure 8 shows
ion intensity ratios for water clustering around Na‘, H;0*, and NH,".
The ions H30* and NH,* were produced simultaneously by irradiating
water vapor (at pressures 1-5 torr) containing several parts per million
NH;. Under these conditions, the ammonium ion must be produced by
proton transfer from hydrated hydronium ions (see Reaction 1). Higher
concentration of ammonia leads to the complete disappearance of
H;0* - nH>0.

H,O" - WH,O + NH, = NH," - n*H,0 + (w+ 1 —n*) H,0 (1)

In Reaction 1 we have indicated that after adding ammonia to the hydro-
nium cluster (and proton transfer ), some water molecules will be “boiled”
off. This effect is to be expected since the proton affinity of ammonia is
some 35 kcal. higher than that of water. The ammonium hydrate
NH," - n*H,0 created by Reaction 1 must engage in further collisions
with water molecules before reaching its equilibrium composition
NH,* - nH,0.

The sodium ions were not introduced intentionally. Their presence
was inferred from ion intensities at mass 59, 77, 95, etc. which are of
the same mass as Na* - 2H,0, Na* - 3H,0, Na* - 4H,0, etc. We attrib-
ute this ion series to some sodium containing impurity which in
some manner leads to the formation of sodium ions. As pointed out in
previous work, ions of low ionization potential originating from trace
impurities often represent an appreciable fraction of the total intensity.

The distribution of the hydrates given in Figure 8 is for a water pres-
sure of 1 torr. Data were obtained at pressures from 1-6 torr. The equi-
librium constants for the three ions calculated from Equation II remained
constant in this pressure range. The distributions of hydronium and
sodium clusters (Figure 8) are similar, the average cluster containing
five water molecules. The average ammonia cluster contains only four
water molecules. Experiments were also performed at higher tempera-
tures where the average ammonium cluster is NH," - 3H,O. The water
and sodium clusters were again higher by one unit—i.e., H;0* - 4H.O
and Na* - 4H.O. All water molecules in the ammonium tri- and tetra-
hydrate are almost certainly “inner shell” molecules. Since the Na* and
H;0O" under the same conditions hold one more water molecule, we may
conclude that the fourth and fifth molecules in the sodium and hydro-
nium hydrates are held very strongly and are thus probably inner shell
molecules. Concerning the H3O", this conclusion is in agreement with
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NH; nHO 1 torr H,O
23°C
T + T
3 4 5 6 7
HyO™ n H,0
T }
3 4 5 6 7
Na's nH,0
| 1 1 1

3 4 5 6 7

Figure 8. Comparative solvation of NH,*, H,0*, and Na* by

The sodium and hydronium ion behave similarly while the am-
monium ion holds in the average one less water molecule

the direct H30* - wH,O measurements mentioned in the preceding sec-
tion. From the data of Figure 8 and those at higher temperatures, it
follows that for the hydrations

— AF°,5(Na*) =~ — AF°, 5(H;0%) > — AF°, ;(NHy")
and
— AF°; ,(Na*) = — AF°; ((H30*) > — AF°3 4(NH,")
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Assuming that these differences reflect AH, ;. differences we would
expect: —AH.;,-,( Na* ) = —AH4.5( H;»,()+ ) > —AH4.5( NH.;* ) and
—AH;,4(Na') ~ —AH;,(H30°) > —AH;,(NHy'). These data can be
compared with the total heats of hydration obtained from thermodynamic
cycles —AH 4. (Na*) ~ 100°, —AH,gq (HsO*) =~ 130 (see preced-
ing section) and —AH,. (NH,") =~ 70 kcal./mole. The difference
between the total hydration of NH,* and H30%, Na* is reflected in our
data but the difference between H3O* and Na* is not. Further mass
spectrometric work on this system is required before more meaningful
comparisons can be made.

CompARATIVE Sorvation oF Cl, BCI,, anp B,Cl" By H,O. Figure 9
shows the hydrated negative ions Cl;, BCI, and B.Cl. The original
intention had been to study only the hydration of CI. For this purpose a
mixture of a chlorine-containing compound (CCl, and Cl.), water, and
excess of N. were admitted to the ion source. In addition to Cl- - nHO,
two other groups of ions were observed. These ions were identified as
BCl" - nH,0 and B.Cl" - nH,O on the basis of the typical B, 'B and
33Cl, 37Cl isotope ratios. The two boron ions obviously arise from some
impurity present in the ion source (possibly solder flux). Their presence
persisted over many months.

At the low water pressure (Figure 9) the dominant species are
CI' - H,O (with some CI" - 2H,0), BCI" - 2H,0 and B,CI" - 4H;0. This
difference in water content can be understood if it is assumed that all
three ions hold about one water molecule as a hydrating species (i.e.,
with hydrogens toward the negative ion) and BCI" and B,CI" hold respec-
tively one and three water molecules in a dative bond involving the
oxygen lone pair. The corresponding electronic structures of the boron
ions are given in Figure 10. When the water pressure is increased (Figure
9) CI" - H,O grows to ClI" - 4H,O and CI" - 5H.O but the BCl"- and
B.CI" hydrates grow only by two and one water molecules which could
be expected considering that these ions are much bulkier.

Competitive Solvation of a Given Ion by Two Different Solvents.
a. CoMpeTITIVE SoLvaTION OF CH3;0OH," BY WATER AND METHANOL. A
study of the ions in methanol vapor in the pressure range 1-10 torr
showed that most of the ions belonged to the series CH;OH," - nCH;OH.
This suggested the possibility of observing the competitive solvation of
CH;OH,' by water and methanol molecules. Figure 11 shows the relative
intensities of the mixed clusters obtained when irradiating mixtures of
5% methanol, 95% water and 20% methanol, 80% water both at 5 torr
total pressure and 50°C. ion source temperature. In the mixed methanol-
water clusters, the question of the structural assignment arises. Thus,
the ion of mass 119 could be assigned as H* - 2CH;OH - 3H.O or
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Figure 9. Comparative solvation of Cl-, BCl, and B,Cl" at two
different water vapor pressures and room temperature

Water pressure not accurately known. At lower water pressures BCIl-
and BCl,~ contain one and three water molecules more than Cl~. This
excess is probably caused by dative bonds as shown in Figure 10

CH;O0H." - CH,0H - 3H,0 or H,O* - 2CH.OH - 2H.O. We have selected
the notation CH,OH,* - CH;0H - 3H,O (or CH;OH.' - mM - wW, for
the general cluster where M and W stand for CH;OH and H-O and m
and w for the number of methanol and water molecules). The proton
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was assigned to the methanol oxygen ion since the proton affinity of
methanol is some 10-20 kcal./mole (13) higher than that of water.

(POIBIE)™ ([ >OEEIT)”
Ol

H W

Figure 10. Electronic dformulas of BCl" - H,0 and
B,Cl" - 3H,0 suggeste by water content of clusters
shown in Figure 9

The clusters obtained with 5% methanol (Figure 11) contain, on the
average, considerably more methanol than water even though the partial
pressure ratio of water to methanol is 19:1. Thus, methanol is the stronger
solvent in the observed clusters—i.e., clusters containing up to six solvent
molecules. We shall be able to understand the meaning of this result
better after a more detailed treatment of the data. It can be shown that
the distribution of water and methanol in the observed clusters follows
quite closely a probability distribution. Calling the probabilities for
inclusion of water and methanol » and p, for a cluster with a total of [
solvent molecules the probability distribution will be given by the bi-
nomial expansion of the term (o + u)'. For example, if a probability
distribution is followed, the cluster containing three solvating molecules
CH;OH,* - mM - wW, where | = m + w = 3, should show the following
relative intensities: CH ;OH ,* -+ 3W : CH;OH," - 2WM : CH3;O0H*
W2M : CH;0H," - 3M = o : 3u®u : 3up? : u¥. We have obtained values
for v and u by fitting bmomlal expansions to the experimentally observed
distribution. The calculated intensities shown in Figure 11 demonstrate
that a relatively good fit of the experimental data can be obtained. In
order to express the preference for inclusion of methanol and water per

/P

unit methanol and water pressure we define y — 7P, % the factor for
(] w

preferential take up of methanol, Py and Py being the partial pressures
of methanol and water present in the ion source. The y’s calculated in
this manner are given in Figure 11. The results at 5% and 20% methanol
show that the y’s for a cluster of a fixed size (i.e., ] = cont.) are approxi-
mately independent of the methanol-water pressure ratio. This inde-
pendence was confirmed in a number of other runs with 2, 4, 5, 8, 20, 50%
methanol at 2 and 5 torr total pressure. The y’s are found to decrease as
[ increases. Thus, methano! is taken up preferentially by a factor of 55,
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21, and 8 for clusters containing three, four, and five solvent molecules.
Figure 12 shows a log y plot vs. the number of solvating molecules. The
plot is almost linear and allows an extrapolation to log y = 0 or y = 1.
This occurs when the cluster contains seven solvating molecules. For
I > 7, y becomes less than unity—i.e., water begins to take precedence.
Figure 13 also shows results obtained with the proton beam mass spec-
trometer. The total pressure in these runs was much lower (0.6 torr),
and the reaction time was much shorter (several microseconds vs. a few
milliseconds in the alpha particle ion source). One might suspect that
under these conditions clustering equilibrium might not be achieved.
However, the results are quite similar to those obtained with the alpha
ion source. This might be taken to mean that clustering equilibrium
establishes rapidly and that the proton beam results approach equilibrium.

In interpreting the present results considerable help can be obtained
from the “electrostatic theory” for metal-ion coordination complexes (2).
This theory, using simple electrostatic concepts, allows one to calculate
the binding energies of metal complexes in the gas phase. The results of
such calculations have been in many cases successful. In general, the
potential energy of a complex ion is built up of four terms. These are
attributed to the attraction between the ion and the permanent and
induced dipole of the ligands, the mutual repulsion of the dipoles, the
energy required to form the induced dipoles and the van der Waals
repulsions between the ligands and the central ion. Comparing the poten-
tial energies of an ion having water or methanol molecules as ligands, it
is found that the first term is the decisive one. It contains the sum of the
permanent dipole and the polarizability. The dipole moments of water
and methanol are 1.85 and 1.69 D while the polarizabilities are 1.48 and
3.23 A3, The potential energy of an ion dipole interaction varies inversely
with the square of the distance while the polarizability interaction de-
pends on the fourth power. Therefore, the methanol molecules, with
their slightly lower dipole but considerably higher polarizability, will be
more strongly solvating than water at close range to the ion. The experi-
mentally observed preference for methanol is thus to be understood as
resulting from the higher methanol polarizability.

It can be shown that the possibility of fitting the observed clusters
with a given I by a probability distribution suggests that for [ < 6 all
solvent molecules belong to an inner solvation shell. Suppose that for I =
5 some of the molecules went into an inner shell (fully occupied) and
the rest into an outer shell. The preference for methanol over water in
the inner shell will be different from that in the outer shell. It might
even be expected that water will be preferentially taken up in the outer
shell. It follows that the water-methanol distribution in a cluster con-
taining inner and outer shell molecules could not be fitted by a single

In Mass Spectrometry in Inorganic Chemistry; Margrave, J.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1968.



Publication Date: June 1, 1968 | doi: 10.1021/ba-1968-0072.ch003

3. KEBARLE Gas Phase 43

Experimentgr Calculated

—_— N N
oo N o
T T )

% of total intensity
=

)
T

o
T

N
T

O

3 012345
1 543210
) v )

3 | =4 I =5

?
1 4
3 0

o w
S
Jl\) N

" <

Figure 11. Mixed water and methanol content in CH,OH,*
mCH,;OH - wH,O clusters. Ion source temperature 50°C.

probability distribution of the type (o 4 p)' but that the inner and outer
shell would have to be fitted separately. Such a case is in fact observed
in the competitive solvation of NH," by H.O and NH; which is discussed
in the next section. Since the water-methanol clusters of [ = 3, 4, 5 can
each be fitted with a probability distribution, we can conclude that these
clusters do not contain molecules which occupy a distinct outer shell—
i.e., that the inner shell contains at least five solvent molecules.
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o Proton beam Mass Spectrometer
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Figure 12. Plot of log y vs. number of solvating molecules

v is factor for preferential take up of methanol over water into ion CH.OH.) -

mCH,OH - wH.O, where m + w = 1. For low 1 methanol is taken up preferentially.

As size of cluster increases preference for methanol decreases. v = 1 at 1 = 7 where
water and methanol are taken up with equal preference

The ability to fit a cluster of constant I with a probability distribu-
tion is, to a certain extent, surprising even if all molecules belong to the
same solvation shell. A probability distribution means, for example, that
in the five cluster the preference for methanol over water is the same
whether all the remaining four ligands are water or methanol or a mixture
of them. Obviously this can not be strictly true. The meaning of the
experimental result must be that the nature of the other occupants is,
in the first approximation, not important.

While y remains approximately constant for a cluster distribution
with I = const., it was observed that y; - cont. decreases from [ = 3 to
I = 5. This can be understood if one assumes that whenever [ is increased
by one unit, the effective radius of the (inner) shell increases. This
causes the polarizability to become less important and leads to a decrease
of the preference for methanol. An increase of the effective radius might
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be expected because of the mutual repulsion attributed to dipole and
van der Waal’s forces between the ligands.

b. CompETITIVE INNER AND OUTER SHELL SoLvaTioN oF NH," BY
WATER AND AMMONIA MoLECULES. The solvation of NH,* by NH; was
described in a previous section. When water vapor was added to am-
monia, new ion peaks could be observed which corresponded to the mixed
clusters NH;nNH3wH,0. Data of three representative runs are shown
in Table II. The first experiment is done at very low ammonia pressure
where the lower solvates (I = 2, 3, 4) are of highest abundance. It can
be seen that these ions contain mainly ammonia molecules even though
the water-to-ammonia pressure ratio is equal to three. It is also evident
that the mixed occupancy follows quite nearly a probability distribution.
Calling the probability for ammonia inclusion « and that for water o,
the calculated probabilities for an [ solvate will be equal to the binomial
expansion terms of (a 4 o)'. Thus, for the I = 2 group the intensities
of the ions should be in the ratios o* : 2a0 : o*. The ratio «/w should be
given by the ion intensity ratios 2152/153, 153/2154 and (152/154)%. Takmg
the values from the table we calculate for o/« the values 10.6, 7, and 8.6.

log. ¥ inner  shell | outer  shell
+2 | |
|
9*9 o) '
+1F |
O »
-1k @ 8
1 \o o)
[ 88—/0/
_2 -

2 3 4 5 o) 7 8
|=number of solvating molecules

Figure 13. Plot of log y for different solvation shells of ion NH *

v is a factor giving the observed probability for preferential take up

of ammonia over water into ion: NH,;* - aNH; - wH.O, where a +

w = 1. Ammonia is taken up with preference into inner shell (1 < 4),
water is taken up with preference into outer shell
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Table II. Mass Spectra of Ammonia-Water Mixtures Showing the
Competitive Solvation of the Ammonium Ion by Ammonia
and Water Molecules

p(NH,) (torr) 0.05° 18 34
p(H,0)/p(NH,) 3 1.5 0.003
Inten-
Ion — Mass Intensity® y° sity - 15° y°  Intensity® y°
NH,* - 2NH, 52 11.1 32
NH,*NH; - H,O 53 21 21
NH‘;‘ * 2H20 54 .15 25
NH,* - 3NH, 69 1040 23
etc. 70 400 19
71 6.3
72 @
NH,* - 4NH, 86 5.1 7 115 15 100
etc. 87 83 12 44 4
88 32 11
89 0.6
90 ¢
NH,* - 4NH; - 103 ¢ é 335 0.027
INH, etc. 104 9 360
105 3.2 ¢
106
107
NH,* - 4NH; - 120 800 0.036
2NH; etc. 121 1300 0.047
122 380

* Contains also 20 torr. xenon to make the signals detectable.

® Arbitrary units.

° Factor of preferential take up of ammonia to water (see text).
¢ Low intensity, not measured accurately.

In order to express the preference for ammonia per unit pressure we
define, in analogy with the treatment of the methanol water clusters, a y
a/ P NH3
o/Pry0
way are given in Table II. As ! increases from 2—4 one observes a decrease
of y from about 25 to 10. This change is similar to that observed in the
water methanol system. In clusters with | = 5, 6, etc. a new phenomenon
is observed not paralleled by the water methanol system. The ammonia
clusters with > 4 can not be fitted with a simple probability distribu-
tion. This is seen clearly from the results at 1.8 and 34 torr of ammonia
(Table IT). At 1.8 torr of ammonia the calculated y for the I — 4 group
is close to that obtained at the low pressure showing an ammonia prefer-
ence y = 15. But the NH," - 5NH; ion of mass 103 is essentially missing.
The first ion of significant intensity is NHy* 4NH3; H,O (mass 104). This

which is given by the equation y = . The y’s calculated in this

In Mass Spectrometry in Inorganic Chemistry; Margrave, J.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1968.



Publication Date: June 1, 1968 | doi: 10.1021/ba-1968-0072.ch003

3. KEBARLE Gas Phase 47

result can be understood if it is assumed that an inner shell of four
molecules has been built up and that water is taken up preferentially in
the outer shell. The preference for water in the outer shell can be mea-
sured from the result at 34 torr. The much higher ammonia-to-water
ratio used in this run leads to a fully ammoniated inner shell so that the
ions of higher mass are caused by water presence in the outer shell only.
The calculated y’s for outer shell occupancy are smaller by a factor of
nearly 1000. The results from a number of runs at different pressures
and water-to-ammonia pressure ratios are summarized in Figure 4, which
gives a plot of log y for different I. The values for I < 4 represent inner
shell y’s. The values for [ > 4 were taken at higher ammonia-to-water
pressure ratios where the inner shell was essentially completely made up
of ammonia. This allowed the calculation of y’s for outer shell solvation.
The drastic change from I — 4 to I — 5 is evident also from these results.
The considerable scatter of the points is believed to be mainly attributed
to the difficulty in measuring accurately the ammonia and water pressures
in the ion source. The preferential take up of ammonia in the inner shell
and of water in the outer shell can be understood on the basis of the
polarizabilities and dipole moments of water and ammonia. Ammonia
has the higher polarizability but lower dipole; therefore, if it can win
over water, it must do so in the inner shell. The result of an inner four
shell is in agreement with the AH, .;,, measurements with pure ammonia
described in the section: “Heats and Entropies of Individual Steps.”
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The Mass Spectrometer as a Radiolytic and
a Catalytic Laboratory

CHARLES E. MELTON

University of Georgia, Athens, Ga., and
Chemistry Division, Oak Ridge National Laboratory, Oak Ridge, Tenn.

A research mass spectrometer has been utilized as a self-
contained chemical laboratory to investigate decomposition
reactions induced by the absorption of ionizing radiation
and by a hot metal surface. The investigation provided
information not only about the final products but also about
the various primary steps and transient species, such as ions
and free radicals, which are produced. In the decomposition
of ammonia, the most important transient species produced
by both modes of excitation were H, NH,, and NH,". By
generalizing from the experimental data, the elementary
steps of the reaction are specified.

Al ideal study of a chemical reaction induced by any mode of excitation
involves a knowledge of (1) the primary products which result from
excitation of the electronic system of the individual reactant molecule,
(2) transient species such as free radicals which are formed during the
course of the reaction, and (3) the reaction of such species in temporal
sequence to give final reaction products. This ideal has never been fully
realized and consequently the elementary steps of most chemical reac-
tions are uncertain. The advent of the high pressure mass spectrometer
(5,9, 23, 43) offered the possibility of attaining an approximation to this
ideal. At first sight there appears to be little connection between a mass
spectrometer and an ideal study of a chemical reaction, but the instru-
ment can be suitably modified to obtain most of the information necessary
to understand a reaction properly. Since the mass spectrometer can be
changed into a combined reaction chamber and analytical tool, transient
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species as well as final products can be identified and quantitatively
measured during the entire course of the reaction.

The mass spectrometer has often been used to study radiolytic (39,
24) and catalytic reactions (1, 19). But, quantitative studies of the entire
reaction were not possible because of inherent limitations on the ion
source. In this paper we show how the ion source can be suitably modi-
fied to study the complete reaction rather than one or two elementary
steps. Ammonia was selected for the investigation. Much work has been
carried out on the ammonia system (4, 7, 13, 15, 16, 18, 22, 33, 35, 36, 38,
41, 42), but the elementary steps of the reaction are still obscure. It is
the purpose of this report to summarize briefly our progress in an ap-
proach to determining the elementary steps of the decomposition of
ammonia by the absorption of ionizing radiation and by a hot Pt surface.

Experimental

Radiolysis. Our high pressure mass spectrometer, which has been
described previously (20), was used for the experiments. The instrument
is a 6-inch radius, 60° sector type of magnetic deflection spectrometer.
The source region and analyzer region are evacuated separately by Hg
diffusion pumps. The ion accelerating voltage is usually maintained at
a potential of 5000 volts.

Ions are detected by a 14-stage electron multiplier coupled to both
a vibrating reed electrometer (Model 31) and a pulse counter. This
arrangement permits a simultaneous measurement of the number of ions
detected and the d.c. current produced by each ion beam. The minimum
detection sensitivity is about one ion per second with a dynamic range
of 10°. Experimental tests indicated that the detection circuitry was
essentially 100% efficient. This conclusion was based on the fact that
the count rate reached a plateau well below the maximum gain of the
multiplier and the normal energy of the ion beam. Data were taken well
above the onset of the plateaus (~ 300 volts per stage and the 8000 e.v.

energy).

A wide-range radiolysis source, shown schematically in Figure 1, was
used for the radiolysis experiments. The source consists of three separate
compartments constructed of stainless steel, each with an independently
controlled electron beam. Ionizing electrons are emitted from the three
external thoria-iridium filaments and are collimated by permanent mag-
nets of about 500 gauss strength. The emission from each filament is
maintained constant automatically and is normally of the order of 100
pamperes, and the collimated electron beams are of the order of 10
pamperes each. Electron energies may be varied from essentially zero to
100 e.v. although energies as high as several hundred e.v. may be used.
The first compartment contains two electrodes for applying an electric
field to the sample during irradiation. The series geometry of the source
used in this study is not necessarily the best geometry. Ions could just
as easily be extracted at right angles to compartments 1 and 2.
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Figure 1. Wide-range radiolysis source for mass spectrometer. Dimensions
are given in mm.

The pressure in each compartment was determined using Ar as a
standard and the relationship
M+
= 1
o= NI (1)
where M, is the number of neutral molecules per c.c., M* is the ion current,
N. is the electron current, o is the ionization cross section for electrons of
a given energy, and [ is the path length of the electrons.
In operation a gas sample was introduced into the source from a
3-liter gas reservoir through a molecular leak. By energizing certain of
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the electron beams (EB), different information about the steps of the
reaction could be obtained as discussed below. To avoid confusing the
results with thermal reactions, the electron filaments to be used were
maintained at a constant high temperature at all times. The EB’s were
obtained by applying an accelerating potential to the filament.

Propucrts, ENerceTics, AND G VALUEs (EB’s, 1 anp 3). To obtain
final products, the threshold energy and G values, EB’s 1 and 3 were
energized. We define “threshold energy” as the minimum energy of the
ionizing medium needed to produce a given neutral product. Irradiation
of the sample at high pressure (~ 1 torr) with EB 1 in compartment
1 produced products which were subsequently ijonized by EB 3 in
compartment 3 for mass identification. The threshold energy was ob-
tained by gradually increasing the energy of EB 1 until the product
appeared as determined by mass analysis using EB 3. Values of G(-NHs)
were obtained from measurements of the percentage decomposition, the
calculated residence time for the gas in the first compartment (35 sec.),
the number of absorbed electrons and the energy of the absorbed elec-
trons. The assumption was made that all secondary and scattered elec-
trons were absorbed in the gas. G values of the products were obtained
from G(-NH3) and a material balance. The percent of each product
formed in chamber 1 was determined in compartment 3 by EB 3 and
normal mass spectrometric procedures. Variation of the pressure in com-
partment 1 over the range from 10 to 1 torr gave the pressure dependence
for each product.

PERCENT OF PropuCT ATTRIBUTED TO IoN-MOLECULE REACTIONS (EB’s,
1 anp 3, ELectropes 1 anp 2). The percent of final neutral products
caused by ion-molecule reactions was determined by using EB’s 1 and 3
and electrodes 1 and 2 in compartment 1. EB 1 is very close (~ 1 mm.)
to electrode 1. Consequently, a small negative potential applied to
electrode 1 with respect to electrode 2 collects all of the positive ions
before they undergo a significant number of ion-molecule reactions. On
the other hand, a positive potential applied to electrode 1 causes the
positive primary ions to drift toward electrode 2 and to undergo ion-
molecule reactions in the gas phase. The difference in the abundance of
a given product—e.g., H,, with electrode 1 positive compared to the
abundance with electrode 1 negative was taken as the amount of that
product produced by positive ion-molecule reactions.

Cross SEcTIONS FOR PriMaRYy Reactions, Ions (EB 3) anp FREE
RapicaLs (EB’s 2 anD 3). The values of the cross sections for the primary
reactions which involve production of positive ions, negative ions and free
radicals by electrons were determined by using EB’s 2 and 3 and Equa-
tion 1. Since counting techniques were used for detection, the number of
positive and negative ions detected was independent of the gain of the
multiplier (assuming, of course, a gain sufficiently high to produce a count
for each ion that strikes the first dynode of the multiplier). From the
transmission efficiency of the source and Equation 1, the cross section
can be determined for positive and negative ions in compartment 3 by
using EB 3 only. To test the accuracy of the method, the cross section
of each positive and negative ion was determined separately, and then
the sum was compared with the total cross section obtained without mass
analysis—i.e., col?ecting all ions on the ion repeller. Cross sections for
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free radicals were determined by using EB’s 2 and 3. The procedure
involved formulating the mathematical relationships which govern the
production of a species such as A* by a sequence of reactions

A+e—>A%+e (a)
A*+e—> A* + 2e (b)

where A is any atom or molecule and A* is an excited molecule or free
radical. According to Equation 1, the amount of A* produced by Reac-
tion a is given by

A® = ¢,AN,] (2)
and that produced by Reaction b is given by
A‘?
A" = o Ve N,/ T (3)

where o, and o; are the cross sections for excitation and ionization, 4 is
the transmission coefficient for A* from compartment 1 and V* is the
average velocity of A*. Combining Equation 2 and 3, one obtains for
the ion current, A*

A*= g ,0;[A]N N ‘_;7; (4)

By substituting reasonable values for the parameters (o, oy = 1076 cm.?;
[A] = 3.5 X 10%; N.N. = 10 electrons/sec.; LI/ = 1; n = 103, V* =
10* cm./sec.) in Equation 4, we find that the intensity of A" produced
by consecutive reactions may be as high as 108 jons/sec. at a pressure of
1072 torr in chamber 2.

The ionization cross section for free radicals o; was usually unknown
and had to be determined indirectly by calculating the cross section for
a similar molecule in accordance with the relationship

o= 0, (E_I) (5)

where o is the cross section for a given value of electron energy, E; I is
the ionization potential of the molecule, and o, is a constant. Further
((igga)ils of operating a dual electron beam ion source are given elsewhere

Seconpary Ions (EB 2) anp Seconpary FRee RapicaLs (EB’s 2 anp
3). The techniques for studying rate constants for positive and negative
ion-molecule reactions at high pressure have been reported by a number
of workers (24, 31, 37, 39) and will not be discussed here. We used the
same technique and EB 2 for such studies. Secondary free radicals were
studied by using EB’s 2 and 3. The technique involved scanning the
mass spectrum in the mass range of interest (1 to 50 in the present study)
first with EB 2 off (filament still hot) and again with a potential on EB 2
sufficient to produce free radicals in the sample. The ion repeller was
maintained at a negative potential with respect to the chamber to collect
any positive ions formed in compartment 2. Any change in the intensity
of a given ion beam or the appearance of a new ion beam was attributed
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to the difference in the potential of EB2, and hence indicated the forma-
tion of a neutral species from the sample which underwent either radical-

molecule or radical-radical reactions.
[—— GAS INLET

W OTIIIIIIIOREEL,

1 PP IIPTTIIIFIIIOL]

ION BEAM

Figure 2. Catalytic reaction chamber for mass spectrometer

ENERGETICS OF PRIMARY ProcEsses. The energetics of primary proc-
esses which include appearance potentials for positive and negative ions
and free radicals were determined by conventional techniques (21, 26).

Catalysis. Catalytic reactions were studied by passing reactant gases
over a Pt catalyst in the ion source as shown in Figure 2. The catalyst
was a spiral of 0.5-mm. Pt wire, 3 X 13 mm. with a surface area of ~ 1
cm.2. An optical pyrometer was used to determine the temperature of the
catalyst. Products evolved from the catalyst and passed directly into the
electron beam where they were ionized and identified by standard meth-
ods of mass analysis. Desorbed free radicals were identified by main-
taining the energy of the ionizing electrons below that necessary for
dissociative ionization of the reactants to give interfering fragment ions.
Final and intermediate products were studied as a function of catalyst
temperature, pressure, and concentration of each reactant. Product ions
from ion-molecule reactions which might confuse the results were mini-
mized by maintaining a 10-e.v. potential, with respect to the exit slit, on
the catalyst, thus decreasing the residence time for ions in the ionization
chamber. Radicals and intermediates which have a lifetime less than
1 usec. were not observed because the transit time from the catalyst to
the electron beam was of the order of 1 usec. To be observed by the
present method, radicals and intermediates must also be stable either to
positive or negative ionization. Furthermore, the resultant ion had to be
stable for the order of 1 usec. (ion transit time from the electron beam to
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the detector). The percent abundance of free radicals was determined
from the geometry of the reactor and the relationships given in Equation 1.

Results

Radiolysis. Propucts. Results from a study of the radiolytic de-
composition products of NH; (H,, N,, and N:H,), are summarized in
Table I. The percent of each product was determined by the normal
analytical procedures of mass spectrometry. A photograph of actual
scans for each of the products is shown in Figure 3. “Potential On” indi-
cates a potential of 100 volts applied to EB 1, Figure 1, and a potential
of —30 volts (field negative) applied to electrode 1. “Field Positive”
indicates a potential of 415 volts applied to electrode 1.

Table I. Products Formed by the Irradiation of Ammonia,
100 e.v. Electrons and 1.0 Torr Pressure

Mode of Formation %

Percent Ion-Molecule*® Other
Product Abundance Reactions Reactions G
H, 74.9 54 46 8.8
N, 24.9 63 39 2.9
N,H, 0.2 20 80 .03
NH, — — — —6.1

* The amount of each product formed by ion-molecule reactions was determined at
0.1 torr pressure.

H, w N2 NyH,
>
31: w w
uJa > >
—O O J o
wa - = P-4 = 3
<< wy — o
> ,/ e —O E wo <
[ > wa 2 wa -
- g { :‘_J z
wn - o E
P o a 2
'LLJ a + 80
= / /

—-— TIME

Figure 3. Effect of electric field on the production of H,, Ny, and N H, from
the radiolysis of NH at 0.1 torr pressure
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Table II. Summary of G Values for the Decomposition of NHj in
the Gas Phase Obtained by Various Workers
Product G Value This Study
TBP*® H? Se S¢
H, 6.2 10 6.3 8.8
N, 2 2.1 2.9
N,H, 0.03
—NH, 4.1 (4-6) 6.1
*Ref. 41.
® Ref. 15.
° Ref. 34.
* Ref. 33.

INTENSITY, arbitrary

X ‘)hx_x_x_x’ X
X I l |

2 4 6 8 10
ENERGY, ev

Figure 4. Threshold energy and yield curves (abundance of products
as a function of the energy of the ionizing radiation) for the products
produced by the radiolysis of NH,
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Table III. Primary Products Produced in the First Stage of the

Positive Ions Neutral
Cross
Relative Section Relative
Ion Abundance Percent o X 1018 Species  Abundance
H* 2.96 0.77 0.026 ‘H 100
H,* 2.96 0.76 0.026 -H, 18
N* 3.02 0.91 0.03 ‘N 1
NH* 9.07 2.67 0.09 -NH 3
NH,* 82.17 24.19 0.8 -NH, 19
NH;* 100 29.44 1.0
Total 58.8 2.0

To facilitate comparison of the G-values obtained in this study with
other work, results from four other recent studies (15, 33, 34, 41) are
tabulated in Table II. As can be seen, there are no serious disagreements
between the various studies, and this agreement might appear surprising
since all of the initial excitation in this study was produced by 100 e.v.
electrons, whereas that in other studies was produced by high energy

radiation (in the k.e.v. to m.e.v. range). However, it is well known that
secondary electrons in the 100 e.v. energy range account for most of the
chemical change in all radiolysis experiments. Thus, the agreement is
really not surprising,

The threshold energy and yield curve for each product is shown in
Figure 4. Note that the threshold energy of all of the products corre-
sponds approximately to the appearance potential for H™ and NHy"
(~ 4 e.v.) and NH;* from NH; (10.5 e.v.). It appears that these ions
and associated radicals lead to the final products.

PriMaRY ReacTions. It is well known that the primary reactions of
ionizing radiation with gaseous molecules lead to negative ions, positive
ions, excited species, free radicals, and other neutral products. It is
apparent that the species and yield will depend on the components of
the total collision cross section ¢ which include the summation of all the
excitation cross sections, o., as well as the elastic cross sections

.,=Z .,ei+j:f o(e) de (6)
i

where o is the cross section for excitation of the ith state of the molecule,
and oe de is the cross section for an ionization reaction in which the
energy of the ejected electron is between ¢ and ¢ + de. Table III gives
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Irradiation of NH; (100 e.v. Electrons and 2 X 10”7 Torr Pressure)

Species Negative Ion
Cross Cross
Section Relative Section
Percent o X 10%¢ Ion Abundance Percent o X 1076
28.98 1 H- 100 0.39 0.013
5.21 0.2
0.33 0.01
0.72 0.03 NH- 0.13 0.001 0.0002
5.54 0.2 NH," 3.71 0.01 0.0006
40.8 141 0.4 0.014

experimental values for the individual and total cross section. The mea-
surements which were made can be summarized as follows:

(a) Individual and total cross section for the production of a
specific ion (positive or negative) o

01=j;€ o(e) de

from NH; by 100 e.v. ionizing electrons.

(b) Individual and total cross sections for the production of a
specific free radical or neutral molecule ¢4 from NH; by
100 e.v. ionizing electrons, see Figure 5.

The results from a study of primary reactions shown in Table III
show that about 60% of the primary reactions lead to positive and nega-
tive ions and 40% to free radicals. These are almost the same as the
percentages of reaction products attributed to ions and free radicals as
shown by Table I and give a ratio of ionization to dissociation of about
1.5. This is about the same ratio as that for ionization o; to excitation (o.)
for H (oe/0. — 1.2) by 100 e.v. electrons calculated using the Born-Bethe
approximation (30).

Appearance potentials for the ions from the neutral species are shown
in Table IV. Some of the values can be in error because the state of
excitation of the neutral species is unknown. Results are in satisfactory
agreement with those reported by other workers (2, 11, 12, 17, 27, 32).

Ion MoLecuLE ReacTions. A great deal of work has been done on
the positive ion-molecule reactions (6, 8, 14, 40) in NH;, and it might be
thought that there is little need to re-examine the system. In fact, how-
ever, the agreement between various workers is only fair, which is scarcely
surprising in view of the complexity of such reactions. Furthermore,
negative ion-molecule reactions have not been studied even qualitatively.
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Figure 5. Typical results for the produc-
tion of H and NH, radicals from NH; by
ionizing radiation

Consequently, we have studied carefully the positive ion-molecule reac-
tions in NH;3 and have examined qualitatively the negative ion-molecule
reactions. Results are shown in Table V for positive ions. None of the
previous measurements extended up to the pressure region of 1 torr which
we used in this study. Derwish et al. (6), however, have covered the
pressure range up to 0.1 torr. The present results are in reasonable agree-
ment with their measurements except for the reaction

H, + NH, > NH,* + H (C)

which was observed in the present study but was not reported by them.
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However, these workers were unable to account for all of the NH," prod-
uct observed, and it is likely that Reaction C was at least partially re-
sponsible for their excess NH," ions which account for 83% of the total
ion current at 1 torr. The percentage is even higher (97% ) when one
includes NH;* and NH,* which ultimately produce NH,*. Hence, it is
reasonable to assume provisionally that about 99% of the products result-
ing from ion-molecule reactions are formed from reactions which produce
NH,* and the associated neutrals NH, and H.

Table IV. Appearance Potentials for Intermediate Neutral Species
Produced in the Radiolytic Decomposition of NHj

Relative
Species Abundance This Study Previous Theoretical®
H 100 13.8
N 1 14.6
NH 9 12.8 13.1°
14.0°
NH, 13 11.7 11.4¢ 105
12.0°
NH, — 102 10.5° (10.2)*
NH, 0.1 59
N,H, 13 9.9 9.9¢ 10.1
N,H, 1 76 7.9¢ 78
N,H, —_ 8.8 9.0' (8.8)

:ga%cuégted by our energy calibrated molecular orbital method. Ref. 27.
ef. 32.

° Ref. 12.

4 Ref. 11.

°Ref. 2.

" Ref. 17.

¢ Parentheses indicate calibration points.

Discussion. The final products—N,, Hz, and N.H—produced by the
radiolysis of ammonia can be explained on the basis of three reactive
species, namely, NH,", NH,, and H as shown in Table VI. The results
from Table III show that 97% of all those primary reactions which pro-
duce free radicals yield either NH; or H. Furthermore, 9% of all ion-
molecule reactions listed in Table V yield either NH, or H as a neutral
product. Clearly, these are the principal free radicals to be considered
in any reaction mechanism, The results in Table III indicate that NH,’
is the principal ion present at high pressure > 0.1 torr (99% of all ions
when NH,' and NHj*, which react to produce NH,, are included) and
therefore must account for the chemical change produced by ion-molecule
réactions.

The evidence for mechanisms involving free radical reactions and
ion-molecule reactions tabulated in the last column of Table VI is ob-
tained from the threshold energy, the abundance of each species, and the
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Positive
M./e. Ion
1 H
2 H,
14 N
15 NH
16 NH,
17 NH;,
18 NH,
29 N,H
30 N,H,
31 N,H,
32 2H,
33 2H;
Reaction
Product
H,
N,
N,H,

MASS SPECTROMERTY IN INORGANIC CHEMISTRY

Table V. Ion Molecule Reactions Observed in the

Percent
Abundance

Percent
Abundance

74.9

0.2

Probable Reaction

NH3+e_)H*+NH2+2e
NH3+e’_)H2*+NH+2e
NH, +e— N* + H, + H + %
NH, + ¢ > NH' + H, + 2
NH3+e_)NH2++H+2e
NH; + e = NH3* + 2¢

NH,* + NH; — NH," + NH,
NH," + NH, — NH,* + NH,
H,* + NH, — NH, + H

N’ + NH, = N,H' + H,
NH* + NH,; = N,H," + H,
NH,* + NH; = N,Hz* + H,
NH," + NH, = N,H,* + H
NH;* + NH; = N,H;* + H

Table VI. Summary of

Percent from
Positive Ion
Molecule Reactions

54

63

20

identity of the other transient species. For example, the resonance cap-
ture type shape of the yield curve for Hy, N», and NoH,, Figure 4, strongly
suggests that the onset at about 3—4 e.v. is attributed to negative ion

formation.

The present results at low pressure show that about 55% of the
products are produced by ion-molecule reactions. Toi, Peterson, and
Burton (41) suggested, from high pressure work on NHj, that 57% to
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Radiolysis of Ammonia at 1.0 Torr Pressure

Rate Constant X 10° Cross Section
Molecules/cc., sec. o X 10 cm.2
1.9 63
1.5 51
1.1 34
0.06 1.8
0.003 0.9
0.00 0.3
0.0005 0.1
0.001 0.3

Major Conclusions

G Threshold
Value Energy

8.8 3.6
4.2

10.2

2.9 3.6
4.2

10.2

0.03 3.6
4.2

Proposed Mechanism

NH3+e'_)NH2-+H (1)

—NH, + H- (1a)

—NH,+H+e (1c)
H + NH, = NH, + H, (2)
NH, + NH, = N,H,* (3)
N,H,* = N;H, + H, (4)
N,H, > N, + H, (5)
NH; + e = NH," + 2 e (6)
NH;* + NH; = NH,* + NH, (7)
NH,' + e = NH, + H, (8)

Continue via (3-5)
Same as (1-5)

Same as (6, 7)
Same as (1-3)
N,H,* + NH; —> N,H, + NH; (9)
NH;" + NH; — N,Hg~ (10)
N,Hs > N,H, + H, + e (11)

76% of the products may be caused by processes involving ions. Taka-
hashi (38) also concluded from rf. discharge studies that ions are
important in the decomposition of NH;. Thus, the present results are in
excellent agreement with the results of these investigators who used
entirely different techniques. A summary of the types of radiolysis results
which can be obtained by mass spectrometry is given in Table VIL
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Table VII. Information Obtained from Radiolysis Experiments

=

Cross sections for the production of free radicals, ions and excited mole-
cules by elementary reactions.

Yield of reactive intermediates (free radicals, ions, etc.).

Appearance potentials for ions, free radicals and excited molecules.

Positive and negative ion-molecule reactions.

Radical-radical, radical-molecule, and excited molecule-molecule reactions.

G values (molecules formed or decomposed per 100 e.v. of energy ab-
sorbed).

Abundance of products (intermediates and final).

Amount each product produced by ion-molecule reactions.

Threshold energy for the appearance of each product.

Pressure dependence for each product.

COPA SUhk Wk

[

Catalysis. NEUuTRAL TransienT Species, The free radicals H and
NH, were the most abundant neutral transient species although N and
NH were also observed at low pressure. Results are given in Table VIII.
It is interesting to note that H and NH,, which are most abundant in
this study, were also most abundant in the radiolytic study. These results
suggest that the elementary steps are the same for both decomposition
reactions.

Table VIII. Concentration of Neutral Species Observed in the
Decomposition of NH; at 0.1 Torr Over Pt and 1000°C.

Species Concentration (%)

H 0.0021
N 0.0001
NH 0.0003
NH, 0.0024
NH, 0.0002
N, 249

H, 74.9

Gas-Puase Ions. The existence of charged species in the gas phase
during the decomposition reaction is shown by the striking results of
Figure 6. In this experiment the temperature of the catalyst was suddenly
changed from room temperature to 1000°C.. while monitoring the NH,"
ion beam with no ionizing electron beam present. The NH," intensity
increases and decreases abruptly, from about 10* ions/sec. to less than
1 ion/sec., corresponding to abrupt changes in the catalyst temperature.
In previous work (29), it was shown that NH," is probably formed by a
surface reaction between NH; and H or H; molecules.

A study of the NH,;" and H- ion beams showed the behavior to be
similar to that for NH4*. No other positive or negative ions were observed
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in the gas phase with the catalyst hot and the electron beam turned off.
The observation of NH,” and H~ was not unexpected because the corre-
sponding free radicals were observed. The abundance of the negative
ions can be estimated from the well-known Saha-Langmuir equations

N* (1—1'1) , ¢>_I
Vf’(l—n)i“"( kT ) ®
N (1-1) e (EA - ¢)

N, T (T r)w P (RT) @

The symbols are defined as:

N*/Ng; N°/N, ratio of the charged to the neutral compo-
nent leaving the surface

ryr, reflection coefficients of the surface for the
ion and the neutral

o;and o, statistical weighting factors for the ion and
the neutral

I ionization potential

EA electron affinity
¢ electron work function of the metal
T absolute temperature

k Boltzmann’s constant

Although these equations are derived from first principles (28), they
should be used with caution because of the effect of different adsorbed
materials on the work function, ¢. Furthermore, the reflection for coeffi-
cients for different components for a given surface are usually unknown.

When a NH3-D, system was used, the species NH,* and NH;D*
were observed. The formation of an NH3;D* species in an NHz—D system
is consistent with the observations of Kemball (16) for the ammonia-
deuterium exchange reaction on platinum. His results showed that the
initial exchange product is always NH,D and that NHD, and NDj are
formed by subsequent independent reactions. If the intermediate in this
exchange reaction were indeed the NH3D species, the initial product
would always be NH,D because the intermediate on dissociation would
give either NH,D + H or NH; + D.

The absolute rate of ammonia decomposition was found in the pres-
ent work to be proportional to the partial pressure of ammonia in the
pressure range at and below 10 mm. It was also found to be slowed
down by adding hydrogen. The decomposition was approximately in-
versely proportional to the partial pressure of added hydrogen. Fogel
et al. (10) have studied the decomposition of NH; by bombarding a Pt
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Figure 6. Production of NH,* ions by the
decomposition of ammonia over Pt

catalyst with argon ions to displace species from the surface. The authors
conclude that the decomposition of ammonia occurs primarily by the
reaction

NH, — NH + H,

Certainly the present measurements do not point to such a mechanism.
The relative yields of H, NH,, NH, and N radicals in the present work
would suggest instead the presence of more NH, groups than NH groups
on the surface. However, until one has values for the relative energies
of activation for the desorption of H, N, NH, and NH, radicals, one
cannot conclude from the observed emissions the relative surface concen-
trations of these groups. The present experiments seem, however, to
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afford definite evidence of the presence of H, N, NH, and NH,, and pre-
sumably NH; or NH," ions on the surface of the platinum during the
catalytic decomposition of ammonia in the temperature range 500° to
1000°C. A summary of the types of information which can be obtained
from catalysis studies is given in Table IX.

Table IX. Information Obtained from Catalytic Experiments

Identity and abundance of final reaction products.

Kinetics for the reaction.

Activation energy for the reaction.

Identity and abundance of reactive species desorbing from the catalyst such
as ions and free radicals.

Information about elementary steps of the reaction mechanism.

G ot

Conclusions

This mass spectrometric study of the decomposition of ammonia has
been principally concerned with the elementary steps which lead to the
final products. These steps were postulated on the basis of the identity
and behavior of the transient species observed. Several qualitative con-
clusions about the two modes of decomposition have emerged even though
a direct comparison of the absolute abundance of the transient species
formed by each mode may be unreliable.

Table X. Elementary Steps in the Decomposition of Ammonia*

Catalysis Radiolysis
NH; — SNH2 + ;—I NH; — NH,* + H*
NH, + ?H2 - SN2H4 NH, + NH, = N,H,*
IS\I2H4 —N,+2H, N,H, = N, + H,
g—l + NH; — §H4 X*+ NH; = NH/*
SNH4 - SNH2 + H, NH,*— NH, + H,

« 9 .

*S represents a surface, “a” indicates the state, positive, negative, neutral, or ex-
cited, and X indicates a reactive species.

The transient species formed by both modes of decomposition were
essentially the same. For example, the free radicals H, NH, NH,, and
NH, were observed in about equal relative concentrations (see Tables
III, VI, and VIII). Even the ions, which might be expected to be com-
gletely different, in effect were the same. The ion NH,* was observed

esorbing from the catalyst whereas this ion was formed by ion-molecule
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reactions in the radiolytic decomposition so that the net result was that
NH,* was the most abundant ion in each reaction at high pressure.
These experimental results lead us to postulate that the elementary

steps in the decomposition of ammonia by catalysis may be about the
same as those for decomposition by ionizing radiation. However, it
should be emphasized that the mode of generation of the primary prod-
ucts (NH,, H, etc.) is completely different and we do not want to imply
a similarity in this respect. They are given in Table X.

In this brief discussion, I have tried to show by a specific example
how the mass spectrometer can be used as a unique self-contained re-
search laboratory to obtain information necessary for the interpretation
of a chemical reaction.
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Direct Mass Spectrometric Sampling of
High Pressure Systems

THOMAS A. MILNE and FRANK T. GREENE

Midwest Research Institute, Kansas City, Mo.

The extension of direct mass spectrometric sampling to
inorganic systems at higher pressures offers advantages in
the type of species and reactions that can be studied. One
method involves an initial expansion as a free jet, which is
subsequently collimated into a molecular beam. Knowledge
of such free-jet expansions is sufficient to predict the princi-
pal phenomena, including mass separation and homogeneous
nucleation. A three-stage, differentially pumped sampling
system has been applied to the sampling of flames, to the
observation of clusters in argon, and to the study of the
behavior of Hg and CsCl in Ar and N, carrier gases. A
preliminary consideration of the kinetics of growth of the
species Ar, indicates that collisions between molecules at
low thermal energies and densities are important.

Mass spectrometry has proved to be an extremely versatile detector
in the study of inorganic gaseous systems, as the papers in this
symposium indicate. Most of the systems studied by direct line-of-sight
sampling of reactive species, however, have been at relatively low pres-
sures. There are several reasons for wishing to extend direct mass spec-
trometric sampling to systems at higher pressure. Brewer (5) has pointed
out that the complexity of the vapor in equilibrium with a condensed
phase frequently increases with increasing temperature and hence in-
creasing pressure. Thus, one may find, and be able to study, many new
species at higher pressures. An example is furnished by the class of
weakly bound van der Waals® dimers which exist in all gases, with the
possible exception of He. Furthermore, both homogeneous and hetero-
geneous equilibria often must be driven by a high partial pressure of
reacting gas to obtain appreciable concentrations of a particular species.
The case of steam over NaCl(c) giving a postulated NaCl - 7H,O gaseous
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molecule (7) is an example. Another process of some interest is that of
homogeneous nucleation of both low and high temperature species, which
is observable in its earliest molecular stages in the expansion into a
vacuum that occurs in direct high pressure sampling. Finally, many
practical chemical processes occur in high pressure environments. As an
example, it is currently a matter of some concern whether the species
which have been shown to be important in the low pressure oxidation of
metals, the low pressure decomposition and combustion of solid pro-
pellants, and the low pressure equilibria of light metal compounds, are
still the important species at the higher pressures and temperatures
involved in practical combustion systems.

In the following sections we discuss molecular beam formation from
a high pressure gas. High pressure here refers to any sampling condition
in which the mean free path of the gas, A, is substantially smaller than
the sampling orifice diameter, d—i.e., the Knudsen number, K, = A/d,
is much less than 1. Only the sampling of neutral gases will be considered.
Some of the phenomena discussed have a bearing on the direct sampling
of ions, but the special problems of ion extraction will not be discussed.

Beam Formation Process

Free-Jets. In converting a high pressure gas into a molecular beam
which can be introduced into the ion source of a mass spectrometer, the
crucial changes in composition or state occur during the initial continuum
expansion which occurs downstream (and slightly upstream) of the
sampling orifice. If the pressure downstream from the orifice is kept
quite low, typically 10 or 107 of the pressure of the gas being sampled,
one obtains a free-jet expansion. Free-jets are receiving much study
currently because of their pertinence to the Kantrowitz-Grey (14) type
of supersonic beams for producing high energy, high intensity molecular
fluxes and because they can provide a supersonic flow field of known
properties for various aerodynamic tests. The problem of high pressure
sampling, of course, provides a third motivation for understanding free-
jets. The details of free-jet structure and properties are given in many
recent papers, particularly those in the proceedings of the Rarefied Gas
Dynamics Symposia (6). In addition, several recent review articles are
pertinent (2, 3, 8, 15). Only those aspects of immediate concern to direct
sampling will be discussed here.

As a basis for understanding the sampling process, it is reasonable
to approximate the center-line flow of gas from a knife-edged orifice as
consisting of a continuum adiabatic isentropic expansion up to a transi-
tion point at which it abruptly enters an essentially collisionless region.
Clearly, this is not accurate since the actual transition is gradual, yet the
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simple model has proved useful in correlating free-jet data. Direct experi-
mental data for small orifices and monatomic gases give the Mach number
of the gas as a result of the continuum expansion and can be fit to an
effective terminal Mach number at which collisions essentially cease (1,
25). Over the continuum portion of the expansion, Ashkenas and Sher-
man (6) give the calculated Mach number as a function of distance
downstream as:

s ()G A o

where 1y is the ratio of specific heats, d is the orifice diameter, and x is the
distance downstream from the orifice. A and x, have the following values
for different y’s:

Y A xo/d
5/3 3.26 0.075
7/5 3.65 0.40
9/7 3.96 0.85

At large distances M = A(x/d)¥?

o/po =( 14750 M) = (Z—;‘I)WIA‘”*'l(x/d)-?

which for y = 5/3 reduces to:

0.16
p/po = e (2)

where p, is the source density and p is the density at a distance x from
the orifice of diameter d. (Note that the expansion is scaled in orifice
diameters.) Standard expressions for isentropic expansion in flowing
systems relate the Mach number or density to the local pressure, tempera-
ture, and velocity. It is interesting that the flow is sourcelike and differs
relatively little in the rate of density decrease from the rate given by the
Knudsen effusion expression (28) were this relationship to apply over
the same source conditions.

0.0625
(p/po) Knuasen = —(x—/—t—i)_z . (3)

Prediction of the theoretical beam intensity at a large distance from the
orifice, with intervening slits, requires consideration of the terminal
Mach number and the geometry of the second slit. With a sufficiently
large second slit, or skimmer, Anderson and Fenn (4) have argued that
Ashkenas and Sherman’s source-flow expression (Equation 2) can be
applied at any distance, even into the essentially collisionless regime.
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Thus, an upper limit to attainable beam intensities is provided if depar-
tures from ideality and scattering are negligible. Anderson, Andres, and
Fenn (3) give an expression for intensity in the case of a very small
skimmer and a terminal Mach number, My. Likewise, Anderson and
Fenn (4) give an expression for large skimmers. The most definitive
discussion of beam intensities appears to be that of Hagena and Morton
(23). Experimental beam intensities obtained in our system will be
compared with those calculated from Equation 2 in the next section.

For monatomic gases, the expansion is relatively simple; only transla-
tional degrees of freedom exist, and notwithstanding such refinements as
consideration of nonisentropic flow and anisotropic and non-Maxwellian
velocity distributions (13), the simple picture above should give a useful
description of the history of the sampled gas. It is assumed, of course,
that no homogeneous nucleation is occurring during expansion (dis-
cussed later). With polyatomic gases one must consider the relaxation
of the various internal degrees of freedom during the expansion. Direct
experimental data on the translational (1, 25) and rotational states (I8,
24) during expansion have been obtained by velocity distribution mea-
surements and by optical spectroscopy. The vibrational behavior has been
inferred from the apparent y which describes the measured free-jet prop-
erties. As a first approximation one can predict complete translational
relaxation to the terminal Mach number condition (a matter of defini-
tion). Rotational relaxation will be considerable, but final rotational
temperatures are substantially higher than translational temperatures.
Vibrational relaxation will usually be minimal. For excited electronic
states, radiative processes will probably dominate over collisional de-
excitation. When collisions have essentially stopped, the state of the
molecules will remain frozen with the possible exception of unimolecular
reactions such as those postulated by Robbins and Leckenby (16), in
which weakly bound polyatomic clusters essentially rotate themselves
apart in the absence of collisions.

The actual course of the free-jet expansion is shown in Figure 1 for
three gases, Ar, N, and CH,, initially at 1 atm. and 300°K. The curves
labeled “free-jet” show the pressure-temperature conditions of isentropic
expansion. The terminal Mach number for argon can be predicted from
Anderson and Fenn’s criterion (4).

-0,4
Mo = 1.17 (31’—) (4)

The three nearly straight lines show the equilibrium vapor pressure of the
condensed phases of the three gases. The significance of these curves will
become apparent in the discussion of nucleation. Doubling of the orifice
size, for a given pressure, would have two effects. First, the terminal
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Mach number would increase according to Expression 4. Second, the time
required to reach a given T-P point on the curves, corresponding to a
given Mach number, would double. Times of the order of microseconds
are involved over the ranges shown in the figure with orifice sizes of a
few mils.

It should be emphasized again that all the above discussion assumes
an ideal expansion and the absence of shock effects, either in the free-jet
or as a result of the presence of the skimmer in the flow field of the orifice.

The validity of these assumptions in our sampler is discussed elsewhere
(9, 10).
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Figure 1. A comparison of calculated free-jet expansion history with
saturated vapor pressures for Ar, N,, and CH, initially at 1 atm. and
300°K.
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Sampling Effects Accompanying Free-Jet Expansion. There are a
number of important consequences of direct free-jet sampling. First, in
sampling mixtures of gases, a well developed continuum expansion will
result in a nearly unchanged composition of gas at the transition region
(26) with all molecules moving along the beam axis with essentially the
same velocity. The molecules of different molecular weight will have
differing random thermal velocities, however, and as a well collimated
molecular beam is formed, the lighter molecules will spread more rapidly
than the heavier. The consequence, as first pointed out by Stern, Water-
man, and Sinclair (27) and verified by Green, Brewer, and Milne (10)
is that the molecular beam reaching the mass-spectrometer ion source
will be depleted in lighter molecules in proportion to the first power of
their molecular weight. That the different molecules will have essentially
the same mean axial velocity has been verified for mixtures of gases by
a chopped beam, time-of-flight method (12). For example, in a He-Ar
mixture sampled at 1 atmosphere through a 0.002 inch diameter orifice,
the Ar and He velocities differed by only a few percent.

One interesting consequence of the above velocity phenomenon,
which has been pointed out by Anderson, Andres, and Fenn (2), has
significance in terms of beam-surface reaction studies. For a 10%
argon-90% He mixture, the final beam composition will be about 50%
argon. More important, time-of-flight data show that the argon has a
most probable velocity equivalent to an effusive beam with a temperature
2300°K., even though the source temperature is 300°K. A large number
of mixtures have been directly studied by Abuaf et al. (1) illustrating
this feature.

A second effect which occurs in high pressure sampling is really just
an example of a failure to preserve the concentrations of species originally
present. As Figure 1 shows, even gases which were originally highly
unsaturated may become enormously supersaturated in the free-jet and
homogeneous nucleation will result (11, 21). In the case of sampling of
gases which are initially saturated with respect to a condensed phase of
some component, this phenomenon will be exaggerated. Such condensa-
tion is a nuisance in sampling and must be suspected in any high pressure
study. One way to detect this effect will be mentioned later. Of more
importance, however, is the fact that the free-jet presents such a time-
temperature-collision history that rapid condensation processes can be
studied in their early, molecular stages.

A final point about direct mass spectrometric observations of species
from a free-jet is that the internal energy states of the molecule will not
be precisely known. Consequently, when dealing with molecules from
high temperature sources, the failure of the vibrational degrees of freedom
to relax may give rise to fragmentation patterns typical of highly excited
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molecules. Such effects have apparently been observed in the sampling
of flames (20). A related problem is that with the general ability to
sample reactive species, calibrations for mass spectrometer sensitivity
will often not be available and one must resort to estimates of cross
sectigns and fragmentation behavior (21).

* MASS
== SPECTROMETER

VALVE AND
+” MECHANICAL
SHUTTER
| __—MOTOR & CHOPPER
/

~~——SKIMMER

| INCH PUMP  }

2 INCH PUMP
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Figure 2. Schematic of a three-stage, high pressure,
molecular beam sampling system using a Bendix time-of-
flight mass spectrometer as a detector

Apparatus and Performance

The sampling apparatus that we have developed for high pressure
studies of inorganic systems is shown in Figure 2. This system has been
improved from that described in our earlier work (10), but uses the
same complement of pumps. The orifice-to-electron beam distance has
been reduced from 16 to 8 inches, and improved pumping in each stage
has resulted in less beam scattering. Typical operating conditions are
listed in Table I. This system is not unlike other high pressure beam and
sampling systems although of modest pumping capacity. Figure 2 shows
a motor-driven chopper in stage two, which has proved to be an essential
%)art of our system. The advantages, problems, and results of using modu-
ated beams for both noise and background-ion discrimination, as well as
time-of-flight velocity determinations, have been discussed (12). A
graphic indication of one of these advantages is given in Table II. Here
the ratio of a noncondensible species, Ar, to a very unstable species, Ara,
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is tabulated as a function of chopping frequency. It is seen that even
with a well-collimated molecular beam entering the Bendix Model 12
ionization source, data taken with a manual shutter would be in error by
a factor of about two and that chopping frequencies of at least 15 c.p.s.
are needed to discriminate adequately against beam gases scattered in
the ion source. Another advantage of modulation is that high frequency
time-of-flight measurements (12) can be used to determine the most
probable velocities of the beam components. Valuable information can
be deduced about the extent of the free-jet expansion in the case of high
pressure beam formation and about the molecular weight of neutral
precursors of observed ions in Knudsen effusion studies.

Table I. Typical Operating Conditions of Molecular
Beam Sampling System

Distance from  Typical

Exit Slit Ion Source Scattering
Pressure, Dimensions, Electron Beam, Loss,
torr in, in. %
Source 760 0.002 diam. 8 —
Stage One 1X 103 0.020 diam. 7-3/4 25
Stage Two 3 X 105 0.10 X 0.024 6-1/2 15
Stage Three 8 X 106 0.50 X 0.030 2-1/8 10
Ion Source of <1 X 1076 0 —
Bendix
Model 12

Table II. The Dependence of the Observed Ratio
Ary/Ar on Chopping Frequency

Frequency (H,) 80*/36*

0 1.45

2 2.42

8 2.54

15 2.64

50 2.64

100 2.60

160 2.62

Our system has been calibrated to obtain absolute beam fluxes at
the ion source by comparing the intensity of Ar’, from argon effusing
through a system with known geometry under Knudsen conditions, with
the intensity observed for a supersonic beam. In this way beam fluxes
8 inches away from the source orifice of about 5 X 105 molecules/sq. cm.
sec. have been demonstrated for a 0.002 inch diameter orifice and 1 atm.
argon. The intensity predicted from Equation 2 is 1.3 X 10 mole-
cules/sq. cm. sec. When scattering corrections of about 60% are applied
to the experimental value, the system approaches to within a factor of
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two the theoretically predicted maximum intensity. Dynamic ranges of
study of 107 have been obtained in the absence of background 1peaks. In
our practical studies we are limited by fluctuations of the signal from the
background hydrocarbons rather than electronic noise.

There is no obvious upper limit to the pressure which can be sampled
provided the choice of orifice sizes, distances, and pumping speed allows
good free-jet expansion without excessive scattering. We have formed
beams from 7 atm. of argon, while Leckenby et a% (17) have formed
beams from gases at pressures as high as 40 atm. One could conceivably
sample fluid systems above the critical conditions. The most probable
limitation to the characterization of the actual molecular species present
in the fluid will be ambiguities brought on by nucleation phenomena.

The ability of a free-jet expansion to quench chemical reactions with
positive activation energies should be nearly optimal owing to the ex-
tremely rapid cooling rates. Likewise, reactions such as that of conden-
sation, which have a negative temperature coefficient, should be quenched
with maximum efficiency since, for a given orifice size, the free-jet expan-
sion results in the minimum number of collisions during the transition to
molecular flow.

Application to Inorganic Systems

There are many applications of high pressure sampling which will
occur to inorganic chemists. We describe here only those areas which
are currently being pursued in our laboratory.

Flames. Our work with the direct sampling of flames is representative
of a class of sampling studies in which the sampling orifice is not in
thermal equilibrium with the gaseous system being studied. We began
our high pressure sampling work with the goal of studying the thermo-
dynamics of gaseous metal-containing species at extremely high tempera-
tures and high partial pressures of O» and H»O. Such conditions are
readily attainable in the burnt gas region of flames. In addition, the
ability to follow directly free-radical and other species through the reac-
tion zone was of interest in terms of the kinetic study of flame reactions.

The equilibrium 1-atm. flame work has been presented in some
detail previously (20, 22). The present status of this work can be sum-
marized as follows. It appears that 1-atm. flames as hot as 4000°K. can
be probed and that free-radical and other noncondensible species can be
quantitatively sampled. However, we have been unable to sample highly
condensible species with relatively cold sampling orifices. Isothermal
furnace studies mentioned below indicate that aecrodynamic effects caused
by the cold orifice and oxide build-up, and not the inherent homogeneous
nucleation or other equilibrium shifts involved in free-jet expansion, are
responsible for this limitation.

A promising area for further flame work is indicated in our study of
species profiles in reaction zones by means of the direct sampling of
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low pressure flames. The low pressure serves mainly to spread out the
reaction zone to allow adequate sampling resolution. Very slow burning
flames could be studied at one atmosphere. In an apparatus described
elsewhere (19), we have obtained a number of profiles through a 1/20th
atmosphere, lean CH,—~O, flame with CH3Br added. Typical results are
shown in Figures 3 and 4. Absolute intensities should not be compared
between species, as sensitivity corrections have not been made. The
significance of these data lies in the general agreement between the
Figure 3 results and previously published quartz microprobe studies (29)
for the stable species, combined with our ability as shown in Figure 4 to
follow the concentrations of HBr and Br. These latter species have not
previously been studied successfully by indirect sampling techniques.
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Figure 3. Stable species profiles obtained by direct molecular sampling of a
1/20th-atm., lean, CH,-O, flame. Flame composition: 89.6% O,, 104% CH,

Isothermal Transpiration Cells. High pressures of gas have been
equilibrated with the condensed phases of many materials, in the con-
ventional transpiration experiment, to permit the study often of quite
minor vapor species. Because the identification of such species is indirect,
and serious complications arise if several gaseous species are present, it
would be most desirable to sample the effluent directly with a mass
spectrometer. We are doing this by placing a resistance heated Ni
transpiration cell in stage one, just below the skimmer, as shown in
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Figure 2. Our present cell which uses orifice diameters of 0.0005 to 0.004
inch will handle gas pressures up to 5 atm. Gas flows are determined by
the orifice size, for a given pressure, so several orifice sizes may have to
be used to establish that equilibrium exists.

With this system we are currently studying the equilibrium Li(g) +
1/2H, — LiH(g), with the intention of going on to other systems such
as Al 4+ H, where higher hydrides may be present and high pressures
may be more advantageous in detecting species of interest. The study of
such high pressure equilibria will always involve the danger of free-jet
nucleation, and appropriate tests, such as the one discussed in the next
section, must be carried out.
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Figure 4. ProZzles of bromine species in a 1/20th-atm., lean, CH -O, flame
containing about 1% CH,Br. Flame composition: 89.6% O,, 10.4% CH,

Nucleation and the Thermodynamics of Weakly Bound Clusters.
Whenever a continuum expansion is involved in the sampling process,
the danger of supersaturating a species exists and nucleation may occur.
Such nucleation will be very sensitive to initial temperature, pressure,
and to sampling orifice size. The behavior of argon has been studied in
some detail (21). Apart from the complications which nucleation poses
for sampling, the mass spectrometric study of free-jet composition pro-
vides a unique approach to elucidating the earliest stages of homogeneous
nucleation. In fact, the first step in such condensation, the three-body
recombination to form a dimer species, can be followed. Studies of this
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type are not limited to gases such as argon, and we are now examining
higher temperature species as well.

One of the approaches to the interpretation of the Ar, concentrations
observed in sampling pure argon is shown in Figure 5, where the observed
Ar," intensities (attributed solely to simple ionization of Ar,) are plotted
against orifice size at fixed pressure. Note the rather high extrapolated
concentration at zero orifice diameter, which we interpret as the equi-
librium concentration of Ar, in the static gas (21). The exponential
growth with orifice size is governed by nucleation kinetics during the
increasing time and decreasing temperatures involved in expansion from
larger orifices. This dependence of observed species on orifice size prom-
ises to be an indispensable technique in detecting the presence of nuclea-
tion effects in sampling.
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Figure 5. Ar,* intensities observed after
expansion of argon from 5 atm. and 300°K.
through several size orifices

We are not yet prepared to discuss the kinetic significance of the
exponential rise of Ar, concentration with orifice size, but it is of interest
to consider the nature of the collisional-temperature history of the gas
during the free-jet expansion. Table III shows the effect of orifice size
on the terminal Mach number, terminal temperature, and number of
ternary collisions, as calculated from a simple kinetic model by using
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temperature-dependent collision cross sections and assuming Anderson
and Fenn’s criterion of freezing for all our experimental conditions. The
fourth column lists the total number of ternary collisions per molecule
from Mach 0.50 to the terminal Mach number. The last column lists the
observed mole fractions of Ar, in excess of the zero orifice diameter
extrapolated values. Without discussing the assumptions made, it is clear
that we are dealing with collisions between molecules of very low relative
energy. For example, observe that the number of collisions more than
doubles in going from a 0.002 to 0.004 inch diameter orifice. In this
model, the increase beyond a factor of two is caused by the extension of
the continuum part of the expansion by the larger orifice, as reflected in
the larger terminal Mach number and lower temperature. The experi-
mental Ar, mole fractions also more than double from the 0.002 to 0.004
inch case. It seems reasonable, then, to relate this excess dimer to the
collisions which occur at very low temperatures. The collisional behavior
in this region is not understood at present. Although interpretations may
be complicated by such phenomena as long-lived orbiting pairs and lack
of information about the transition region, it seems well worth
investigating.

Table III. Calculated Ideal Free-Jet Nucleation History for
Argon Initially at 300°K. and 5 Atmospheres

Orifice Total Observed Excess
Diameter, Terminal Terminal Ternary Mole Fraction

mils Mach No. Temp. Collisions of Ar,

05 18.4 2.6 71.70 0.0009

1 24.2 15 143.58 0.0027

2 31.9 0.88 287.56 0.0075

3 37.6 0.64 431.46 0.0157

4 42.2 0.51 575.48 0.0310

The above type of correlation represents only one of the ways free-jet
nucleation data may be treated. Dilution experiments, comparison of
expansions starting with different temperatures and pressures but ending
with the same terminal Mach number, and other variations of the initial
and final states will help illuminate the important process of homogeneous
nucleation over various temperature ranges. It also seems possible to
extend the study to higher clusters.

The nucleation behavior of several higher-temperature systems has
been examined thus far. Ar and N, have been passed over H,O, CH;OH,
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Li, Hg, and CsCl at pressures up to 2 atm. In these studies the species
Ar,, Ar - Hg and Hg, have been observed in one atmosphere of argon
over Hg at 500°K. These data represent contributions from both equi-
librium species and those formed during expansion. A careful measure-
ment of the orifice size dependence of concentrations should allow both
a determination of the free energy of the dimers and an indication of
their kinetics of formation. In the case of Ar over CsCl, both the monomer
and the dimer of the salt were detected in the ratio expected from
Knudsen work. In N, the dimer was reduced by a factor of about four;
this unexpected behavior is receiving further study. It should be possible
to obtain directly the free energies of a number of mixed dimers of the
type Ar - Cs, Cs - Hg, etc. Many clusters were observed in the H.O and
CH;OH systems. The case of polyatomic molecules may be more compli-
cated because of the possible metastability of the dimers (16). For ex-
ample, we see several orders of magnitude less dimer in N, O, and NO
than one would at first expect (12). Nevertheless, direct mass spectro-
metric verification of such postulated species as the HF hexamer and the
methanol tetramer may be feasible. Finally, direct second law heat deter-
minations of weakly bound dimers also appear practicable.

Summary

Direct mass spectrometric sampling of high-pressure systems is pos-
sible in many cases, with a tolerable minimum of composition disturbance.
The study of flames and heterogeneous reaction systems has shown prom-
ise. Also a large class of equilibrium reactions can be elucidated further
by combining the transpiration experiment with direct mass spectrometric
sampling. The study of gases and gas mixtures will give thermodynamic
information about van der Waals, charge-transfer, and hydrogen-bonded
species. Finally, nucleation, which is one of the inherent problems in
high pressure sampling, can be turned to advantage by allowing a detailed
study of the condensation process on the molecular scale.
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Shock Tube Study of a D,—~Ne Mixture
From 900°-2300°K.

I. D. GAY? and R. D. KERN*
Gibbs Chemical Laboratory, Harvard University, Cambridge, Mass.

A theoretical prediction of the fragmentation of deuterium
by electron impact as a function of temperature is formu-
lated. This prediction was studied experimentally by cou-
pling a shock tube to a time-of-flight mass spectrometer.
The mass peak heights attributed to D*, D,*, and D;* were
measured over the temperature range 900-2300°K. The
data were represented by a plot of log D*/D," vs. 1/T and
were analyzed by considering that the D* peak was com-
posed of a D* contribution from the fragmentation by elec-
tron impact of D, molecules which had a Boltzmann distri-
bution of vibrational energy and a D* contribution from
pressure dependent reactions occurring in the ion source.
It is shown that the latter contribution is dominant.

n view of recent interest in the role of vibrationally excited species in

high temperature gas reactions (I, 6), it would be desirable to have

a means of monitoring vibrational excitation during such reactions. Since

a flexible apparatus for high temperature kinetic studies is the shock tube

coupled to a time-of-flight mass spectrometer (5), an attempt has been

made to determine whether vibrational excitation can be observed with
this apparatus.

It is well known that the mass spectrometric ion fragmentation pat-
tern of molecules varies with temperature, and at least part of this varia-
ion is attributable to vibrational excitation. In the simple case of H, and
its isotopes, the fragmentation pattern has been successfully predicted by
assuming the ionization process (for electron energies less than 30 volts)
to be a simple Franck-Condon transition from the ground state of H, to

! Present address: Simon Fraser University, Burnaby, British Columbia, Canada.
2 Present address: Louisiana State University in New Orleans, New Orelans, La.
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the ground state of H.* (12). These calculations have been improved by
Cashion (2) who has also calculated the fragmentation pattern expected
from the hydrogen isotopes in vibrational states other than v = 0. There
exists a theoretical prediction of the variance of H*/H.," as a function of
temperature which may be tested experimentally.

We chose to do the experiments using D, rather than H, since the
observation of masses 2 and 4 was easier than masses 1 and 2. While the
calculated fragmentation ratio is small (6.96 X 107 at 300°K. and 1.29
X 1072 at 2400°K.), it increases by a factor of 1.77 over the temperature
range 1000° to 2400°K., and it was thought that this change would be
detectable. There is no interest in working below 1000°K. since the
population of vibrational levels greater than v = 0 is too small to cause
a significant change in fragmentation ratio. It is desirable to work below
2400°K. in order to prevent any contribution from the thermal decompo-
sition of D, and subsequent ionization of D atoms. Possible effects of
vibrational relaxation of D. will be discussed.

Theory

One of the early predictions of the Franck-Condon principle was
that the ratio of H'/H,* should be greater than D*/D," when the atomic
ions arise exclusively from dissociation of the 25" state of H,". This pre-
diction has been confirmed experimentally, and the theoretical magnitude
of the ratios has been calculated and compared favorably with experi-
ment (2, 14). At room temperature, the fraction of H* is calculated from
the equation

fe = [’ Fy2(r)y o dr (1)

where r, = finite internuclear distance at which dissociation of Hy*
into H* and H occurs

y(r) = radial wave function for H, multiplied by r

t — transition probability operator which is linearly related to
the excess energy of the ionizing electrons (12).

To calculate the amount of H* produced from higher vibrational levels,
we use the equation

vmax
fur =Y fows [ Ey() o i (2)
i1=o0 °
where i — vibrational quantum number
fo _i — Boltzmann population of the i" level at temperature T.
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Figure 1. (a)—Theoretical D*/D,* ratio without excess energy
correction. (b)—Curve a correcteé for 30 e.v. ionizing energy.
(¢)—Curve b displaced in order to pass through room tempera-
ture experimental ratios. A—Experimental ratios obtained under
shock conditions using a 4-mil diameter nozzle. O—Same as A
except use 3)‘ a 6-mil diameter nozzle. (d),(e)—Curve c dis-
placed in order to pass through the zero thermal effect points of
the 4- and 6-mil data, respectively

The fraction of H,* is obtained by subtracting the right hand side of
Equation 2 from unity. The ratio of H* to H»" is then formed, and it is
a function of temperature only, providing the electron energy is held
constant. The D*/D,* ratio is calculated in exactly the same way using
the appropriate wave function and molecular parameters.

Equation 2 was evaluated (2) using the eigenfunctions obtained by
numerical solution of the radial wave equation using the accurate adia-
batic hydrogen potential of Kolos and Wolnowiecz (9). The assumptions
involved in this calculation are that Franck-Condon type transitions take
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place from D,(!3,") to D,*(%3,"), that D* arises only from those D.
molecules whose internuclear distance is less than 7., and that dissociation
from higher electronic states of D,* is negligible when the ionizing elec-
tron energy does not exceed 30 e. v. The results of the calculation for
various temperatures are shown by curves a and b of Figure 1. Curve a
was calculated from Equation 2 without the transition probability
operator f. Curve b shows the effect of including # for 30 e. v. electrons.

Calculations of the D*/D.* ratio were made also as a function of the
energy of the ionizing electrons. The results of these calculations show
that an electron energy spread of 2 e. v. affects the ratio by only 1.5%.

Experimental

Experiments were done on a 10% mixture of D, in Ne. Both gases
were obtained from the Mathieson Co., the neon being research grade
and the deuterium C.P, grade.

MASS SPECTROMETER
TRIGGER SPEC}’)RUM

SHOCK TUBE
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GAUGE AMPLIFIER

DELAY

—
RAMP MONOSTABLE] L
GENERATOR MULTI |
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L O
O
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Figure 2. Data collection system

The experiments were performed with the improved apparatus
described by Gay et al. (6). A modification of the data recording method
was necessary because of the small size of the D' peak. The data were
recorded on two pairs of oscilloscopes, each pair having a gain ratio of
10 or 20. The scopes of each pair were connected in parallel, the D*
peak being measured on the higher gain member of each pair, and the
D.* peak on the lower gain scopes. Seven spectra were recorded on each
pair of scopes, at intervals of 30 psec., thus covering a test time of about
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420 usec. The data recording system is shown diagrammatically in
Figure 2. Spectra from the first two scopes are presented in Figure 3;
the presence of D;* in an amount about equal to D* was somewhat sur-
priséng. The peak at mass 3 is the HD impurity present in the deuterium
used.

Figure 3. Mass spectra recorded in a typical experiment from
two oscilloscopes triggered in parallel. Spectra in a are recorded
with 10 times the gain of those in b

Initially, two sets of experiments were performed. One set utilized
a 6-mil diameter hole in the nozzle, a +1.5 volt bias on a grid 1 mm.
from the nozzle, and +7.5 volt bias on the ion-accelerating grid. The
second set of experiments used a 4-mil diameter nozzle, the aforemen-
tioned grids at ground potential, and an additional grid biased at —700
volts which was placed between the ion-accelerating grid and the drift
tube entrance grid. Molybdenum was installed as the grid material for
the second set, resulting in increased sensitivity and decreased statistical
fluctuations.

The shocked gas flowed through a divergent nozzle into the ioniza-
tion region, a distance of some 3 mm. with a transit time on the order of
3 usec. An ionizing electron energy of 30 volts was used.

The peak heights of D*, D.", and D;* were measured from the Pola-
roid pictures. The D.' peak was reasonably constant during an experi-
ment, while the D* and D;* peaks were subject to considerable statistical
fluctuation. Average values of the D*/D," and D;’/D.’ ratios were
measured as a function of temperature, which was determined from
measurements of the incident shock velocity. The experimental D*/D.’
ratios are plotted in Figure 1. The reflected shock zone temperature and
pressure range covered was 65 torr and 900°K. to 300 torr and 2330°K.
Under such conditions the dissociation of D, was negligible, and the vibra-
tional relaxation time of D. in Ne, estimated from literature values (8, 10),
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was greater than the transit time through the nozzle at the higher tem-
peratures, and less than the observation time at temperatures above
1200°K. The predicted change in the D*/D.’ ratio from Equation 2 from
room temperature to 1200°K. is small enough (0.0007) to be within
experimental error.

The D*/D," ratio was measured using the Bendix analog output at
room temperature at a total reservoir pressure of 5 torr and an ionizing
energy of 30 e. v. Optimization of the collimating and compensating
magnets produced an experimental peak height ratio of 0.0045, compared
with the calculated ratio of 0.0060. This discrepancy is not serious since
the same instrumental factor applies to all experiments. Hence, curve ¢
is merely curve b shifted to pass through the room temperature points.
The D*/D.," ratios predicted by Equation 2 should fall on curve c.

The first series of shock experiments at a series of temperatures were
performed by filling the shock tube to a constant initial pressure of 5
torr. The D*/D,* ratios so obtained are plotted in Figure 1 (represented
by open circles).

It is clear that the experimental ratios are much higher than the
theoretical ratios. The most likely explanation seems to be that D* arises
from some other source than fragmentation of D,, for example, ion-
molecule reactions. This conjecture is supported by the appearance of
m/e — 6 in the mass spectra which is clearly D,* formed by the well-
known reaction:

D,*+ D, —>D;g* + D (3)

Further support was obtained by measuring the D*/D,* ratio as a func-
tion of reservoir pressure at room temperature. At a pressure of 50 torr
the ratio almost doubled, compared with the ratio at 5 torr. It was obvi-
ous that the D*/D." ratio consisted of two components—one depending
on temperature as predicted by Equation 2 and the second depending
on the ion source gas density.

The possibility of a pressure-dependent source of D* was further
tested by replacing the original 6-mil diameter nozzle with a 4-mil
diameter nozzle. This reduced the amount of gas entering the mass
spectrometer by approximately a factor of 2 and produced another series
of D*/D,* ratios which are also shown in Figure 1 (denoted by triangles).
It is clear that there is indeed a pressure-dependent contribution to the
D* peak height.

The following procedure was adopted to assess the contribution to
D* from sources other than Equation 2. Several measurements of D*/D,’
ratio were made near 900°K., and the constant part of the theoretical
curve ¢ (300°-900°K.) was raised to pass through these points, thus
establishing a zero point for the thermal effect. The predicted high
temperature curves d and e were then constructed by adding the increase
in D*/D,* from Equation 2 to the zero points.

In addition to giving too high a D* signal, the unknown pressure
dependent reactions can also explain the unexpectedly large increase of
the D* signal with temperature. This is attributed to the fact that when
a shock tube is operated with constant initial pressure, the reflected shock
density increases sharply with temperature. Hence, an increase of ion
source pressure with temperature occurred in the above experiments,
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leading to an increase in the amount of D* produced by the pressure
dependent reaction.

Since it is not practical with this apparatus to decrease the nozzle
opening below 4 mils, we decided to do a set of experiments at different
temperatures but at constant ion source pressure. Unfortunately, this is
not an easy requirement since it is not possible to measure the ion source
pressure on the time scale of a shock experiment, and it is not clear
what relationship exists between shock tube pressure and ion source
pressure.
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Figure 4. Plot of Ds*/D,* vs. p(T;/T )2

Fortunately, the presence of D;* in the mass spectrum gives an indi-
cation of the pressure in the ion source. Since Dj* is only a few per cent
of Dy, it is clear from Reaction 3 that the D;*/D," ratio will vary linearly
with ion source gas density. This ratio was therefore plotted against
various shock wave parameters in search of a linear relationship. The
best linearity was found in a plot of Ds"/D,* vs. p5s(T5/T1)* where p;
and T are the density and temperature of the reflected shock zone and
T, is room temperature. This plot is shown in Figure 4. The scatter in
this plot arises from the fact that D;" is a rather small peak, and therefore
subject to statistical fluctuation. Nevertheless, a line may be drawn
through the data and the origin with a slope of 90 liters/mole. Taking
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the residence time in the ion source as 200 nanoseconds and a rate con-
stant for Reaction 3 of 86.8 X 10 liter/mole/sec. (15), leads to an ion
source density of 0.05% of the shock tube density. This percentage is in
reasonable agreement with the results of Diesen (4), who arrived at this
figure from a consideration of the gas flow into a mass spectrometer dur-
ing a shock experiment. The residence time estimate is based on the
length of the ionizing pulse and the rise time of the ion-accelerating pulse
(250 and 100 nanoseconds, respectively).

A test of the suitability of the expression p;(T5/T1)* to represent
the pressure-dependent processes was made in the following way. The
10% D,90% Ne mixture was shocked at various temperatures with
initial pressures adjusted so that ps(Ts/T:)% was constant, and the
D*/D," ratio was measured. An ionizing energy of 22.5 e. v. was used,
which made the Ne* peak only 1.5 times the height of the D," peak. The
4-mil diameter nozzle was used. The results of these experiments are
shown in Figure 5 along with the D*/D." ratios that were obtained when
the initial shock tube pressure was held constant. The theoretical line
is curve d of Figure 1 which has been adjusted to the zero point for
thermal effects by an experimental point obtained at 900°K. If one
assumes that the pressure-dependent contribution to D* is now reasonably
constant, the agreement of the experimental points with the predicted
thermal effect of Equation 2 is good.

Several experiments were performed with a mixture of 5% N, and
1% Ar in Ne at an initial pressure of 5 torr in the temperature range
1500°-3100°K., using an ionizing energy of 30 e. v. A calculation of
N*/N,* was made using a Morse potential for N,. A value of r. was
obtained by requiring the ratio to be 0.067 at room temperature (13).
This is an unsatisfactory method of calculation since there are at least
five potential curves of N,* which can give N* with differing values of r.
and which are presumably populated to different extents by the ionization
of N; (7). Nevertheless, using this value of r., the increase of N*/N,"
with temperature was calculated. At temperatures above 2100°K., the
experimental points agree with this crude calculation within 10%. Below
2500°K., the N*/N,* ratio grows with time, which we interpret as being
caused by the fairly slow vibrational relaxation of N, at these tempera-
tures (10). This effect makes accurate ratio measurements uncertain in
the N, system and results in considerable scatter below 2100°K.

Discussion

When the effect of pressure-dependent ion source reactions is held
constant, it is demonstrated that our D*/D."* ratios reproduce the calcu-
lated values rather well within inevitable fluctuations associated with
small concentrations. Kiefer and Lutz’s data (8) shows that vibrational
relaxation in the shock tube should be complete under our conditions
at temperatures above 1200°K. Since little population of higher vibra-
tional levels would be expected below this temperature, our results are
not seriously affected. Although the translational temperature of the gas
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decreases sharply on leaving the shock tube (4), the concurrent expan-
sion of the gas lowers the collisional frequency, and there is negligible
vibrational relaxation in the 2-3 usec. transit time between the shock
tube and electron beam. We therefore conclude that our D*/D," ratios
under constant ion source pressure conditions are in fact a measure of the
vibrational state of D, in the shock tube.

T T T T T T T T
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Figure 5. Plot of D*/D,* vs. T;. Solid curve—theoretical ratios at 22.5

e.v. ionizing energy. X—Experimental ratios obtained with constant ion

source gas density, 22.5 e.v. A—Experimental ratios obtained with con-
stant initial shock tube pressure of 10 torr, 30 e.v.

Although the thermally induced change in the D*/D," ratio is small,
it is clear from the results of Cashion (2) that any substantial population
of a specific vibrational level other than v — 0 would have a strong effect
on the ratio. The shock tube-mass spectrometer method seems quite
capable of detecting abnormal vibrational energy distributions in the
products of chemical reaction providing the source of D* ions from
sources other than electron impact fragmentation of D,* can be eliminated
or held constant.

In Mass Spectrometry in Inorganic Chemistry; Margrave, J.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1968.



Publication Date: June 1, 1968 | doi: 10.1021/ba-1968-0072.ch006

92 MASS SPECTROMETRY IN INORGANIC CHEMISTRY

The origin of the pressure-dependent D* signal observed in these
experiments is not certain. It could arise from the dissociative charge
transfer reaction

Ne* + D, = Ne + D* + D (4)

which although exothermic by 3.3 e.v., has a cross section which is too
low (11) to explain our results. Another source of D" is the collision

induced dissociation of D.,* (3). A proper assignment of the sources of
D* from non-thermal origins is beyond the accuracy of the data for
experiments performed at constant initial shock tube pressures. In any
case since D* is always a small fraction of D,’, our method of treating
the data will be correct as long as the pressure-dependent D" arises from
a collision between D, or D,* and one other species in the ion source.
It is difficult to conceive of the D* arising in any other way.

It is interesting to note that the peak shape of mass 2 shows some
defocussing under shock conditions, as can be seen in Figure 3. This
effect is attributable to greater than thermal kinetic energy possessed by
the D* ions. This kinetic energy is derived from two sources: those D"
molecules whose internuclear distance is less than r, dissociate into D*
and D which have kinetic energy, and D* produced from exothermic
pressure-dependent reactions.
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Mass Spectrometric Study of Intermediates in
the Photochemical Oxidation of Diborane

RICHARD F. PORTER and F. A. GRIMM

Cornell University, Ithaca, N. Y.

A mass spectrometric technique has been used to study the
photolysis of low pressure mixtures of diborane-oxygen.
Total sample pressures varied between 5 and 44 mm. Hg
with B,H;/O, ratio between 5/1 and 1/5. The reaction is
characterized by two distinct processes—either (a) an explo-
sive reaction leading to gaseous H,B;0, (boroxine) or (b) a
slower initial reaction leading to H,B,Os(g). Reaction b
accelerates rapidly with irradiation time. Analysis of rate
data for the disappearance of O, suggests that a chain mech-
anism is involved. Continued irradiation of H,B,0; in the
presence of B;H; and absence of O, results in the formation
of HsBsOs(g) and disappearance of H,B;0,. A plausible
mechanism for the formation of H,B;O, is discussed.

Diborane-oxygen reactions have been the subject of numerous investi-
gations. The explosive reaction, which can be initiated thermally,
has been studied in some detail. In a recent series of articles (10), early
work on this system is reviewed and mechanisms for the explosive oxida-
tion are considered. A pre-explosive reaction has been observed by
Goldstein, et al. (5). An alternative approach, as described in this paper,
is to study the B.H—O. reaction pliotochemically. In these experiments
a photochemical technique is used to study low pressure BoHg—O, mix-
tures under conditions that do not normally lead to explosions at room
temperature. A mass spectrometer was used to analyze gases issuing
from a pinhole in a wall of the reaction vessel. This technique has been
used before on flow systems to detect free radicals (2, 3, 9). In 1961,
Goldfinger et al. (4) presented a paper on the adaptation of a mass
spectrometer to study high pressure static systems. In this paper we
discuss the use of a mass spectrometer to obtain information on the
photochemical reaction of B.H¢—O2 mixtures in a static system.
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Apparatus and Experimental

The experiments were conducted in a specially designed cell fitted
with a quartz immersion well (Figure 1). Joined to the cell was a piece of
borosilicate tubing terminating in a pinhole. The pinhole was made by the
technique of Lossing and Tickner (9) using a Tesla coil discharge. The
size of the pinhole was adjusted until enough gas issued from the hole
to give good sensitivity on the mass spectrometer. The pressure in the
mass spectrometer never exceeded 1 X 107 torr even when the pressure
in the reaction vessel was atmospheric. Pinholes prepared in this way
were found to be small enough so that the pressure drop during the
course of the raction was less than 2%. The mass spectrometer used was
a 107, 60°, direction-focusing instrument. The medium pressure mercury
lamp and the quartz immersion well were capable of transmitting the
complete spectrum from the 1849-A. line to the infrared. Diborane
absorbs in the wavelength region below about 2200 A. (1, 8) and can
also be photosensitized by mercury (6).

Vacuum Stopcock

—s Yo Vacuum

—— Quartz Immersion
Well

| = Line
! |
! I
To Mass l | }
Spectrometer .4 | |
[ A\
Glass Disk | |
with "pinhole"” : :
|
L)
! |
)

-
/
[}
\

N

Figure 1. Reaction cell

The reaction cell was maintained at approximately room temperature
by flowing pre-cooled N around the lamp and maintaining a vacuum of
less than 1 X 10 torr between the double walls of the immersion well.
A piece of aluminum foil was placed around the lamp to prevent light
from reaching the reaction cell until the lamp had stabilized. The experi-
ment was initiated when the foil was removed. Experiments were per-
formed by adding first O, and then B.H; to the reaction cell giving a
mixture of known composition. Since B;H¢—O. mixtures are extremely
unstable, and high pressure mixtures are known to explode, caution must
be exercised in preparing and working with these gas mixtures.

The diborane was prepared by the method of Jeffers (7). Reagent
grade oxygen was used without further purification,
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Figure 2. Plot of ion intensity for Oy(m /e = 32) and first derivative vs. time.
Initial B, and O, equal 11.3 and 9.Imm., respectively

Results

The course of the reaction was followed by continuously monitoring
the ion intensity for one of the species as the mixture was irradiated. For
0. and B;H; ion intensities were observed for mass peaks 32 and 26,
respectively. Shown in Figure 2 is a typical plot of ion intensity for O.
with time along with a plot of the first derivative. Figure 3 illustrates
the appearance and disappearance of H,B,O; and the delayed appear-
ance of HgB;O;3. By obtaining the ion intensities for O, and B.Hs at the
beginning and end of the reaction, it was possible to calculate the sto-
ichiometry (Table I) from a calibration curve of ion intensity vs. pressure.
It is important to note that a calibration curve is necessary if one is to
relate ion intensity to pressure. Goldfinger et al. (4) found that in their
apparatus ion intensity vs. pressure for argon showed a break in the plot
at about 40 mm. pressure in the reaction cell. The plot was linear to
40 mm. and then changed slope and was linear to 400 mm. In our case
all pressures for a single species were below 40 mm. and we obtained a
linear plot with no discontinuities. It was noted that the sensitivity of the
instrument to B,H; depended on the ratio of B.Hs/O. in the reaction
cell. It was found that for a given pressure of B,H, the ion intensity of
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the m/e = 26 peak decreased upon addition of O.. The H,B;0;-O,
system showed a more pronounced effect in the opposite direction which
made it difficult to obtain an accurate value for the amount of H,B,Oj3
produced. This effect was not observed for B.Hg—H. mixtures; the ion
intensity of the m/e = 26 peak did not change upon adding H, to a

50
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> o, 28203
% 30 c! o
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Figure 3. Plot of ion intensity for H,B,O4(m/e = 71) vs. irradiation

time for a mixture of O, and B,H of 12.8 and 10.8mm. pressure respec-

tively, and ion intensity for H,B,04(m /e = 83) vs. irradiation time for a
mixture of O, and ByH; of 13.3 and 10.0mm. pressure, respectively

Table I. Experimental Determination of the Number of Molecules
of O, Reacting per Molecule of B,H; in Nonexplosive Reaction

Molecules O, Reacting

Initial O, (mm.) Initial "B,H; (mm.) per molecule B,H
12.8 11.0 2.60
12.8 11.0 2.54¢
11.9 9.3 2.04°¢
11.3 9.1 2.18¢

8.2 16.2 2.45
16.1 7.9 2.51¢
2.8 2.5 2.60

5.7 51 2.96°
11.3 10.3 2.51°
22.7 20.3 2.13¢
12.7 9.3 2.86°
54 5.0 2.84°
5.7 6.9 2.30
5.5 6.5 2.30°
7.3 58 2.10°
Av. 246

“ Indicates cell had initial coating of B2Oj.
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given pressure of B,H;. The presence of a small quantity of O, in the
mass spectrometer from the inlet leak may affect the sensitivity of the
electron multiplier and/or the emission characteristics of the ionization
filament.

In experiments using unscrambled 1%0,—180, in place of ordinary O,
it was possible to observe the formation of water, (H»'*O at m/e — 20
which avoids the usually high background of the m/e = 18 peak),
during the reaction and to obtain isotopic distributions in the products.
This distribution for H,B»O; is illustrated in Figure 4.

Discussion

Two types of chemical behavior are observed when low pressure
B>H—O. mixtures are photolyzed with short wavelength radiation from
a medium pressure mercury lamp. These processes are either (a) an
explosive reaction producing H3B3O;, B:Os, or an unidentified boron
hydride (solid) and H,, or (b) a slower initial reaction, producing
H.B,0;, H., H,O, and B.O; followed by the conversion of H.B,O; to
H3B;30s.

Only Reaction b has been studied in any detail, and we will confine
our discussion to this phase of the study. The stoichiometry indicated
that approximately 2.5 molecules of O, are consumed per molecule of
B,H¢ (Table I). The rate of disappearance of O. and appearance of
H,B,0O; are accelerated with irradiation times, and in some cases an
explosion is initiated. The intermediate peroxide, H,B,Os, obtained when
B.H¢—(1*0,—%*0, ) mixtures are irradiated, contain oxygen atoms in a non-
statistical distribution. This indicated that molecular O, is introduced
into the molecule without rupture of the O—O bond. The following
mechanism is consistent with our observations.

B,H; + hy = B,H; + H (1)
or
Hg + hy — Hg*
Hg* + B,H, — B,H; + H + Hg
+M
B,H; + 0, — B,H,0 + OH (2)
OH + B,H; — B,H; + H,0 (3)
+M
B,H,0 + 0, — H,B,0, + 2H (4)
2H — H, (5)
hy

Net Eq.: B,H, + 20, — H,B,0, + H,0 + H..
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Figure 4. Comparison of calculated 1¢O0-120 isotopic distribu-
tion in H,B,0, with experimental results

0.459
A. Calculated from 160-120 ratio = 547

B. Calculated from initial composition of 160,:160180:180,
= 0.424:0.0696:0.506

C. Calculated from the final composition of 160,:160180:180;
= 0.333:0.272.395 determined at the time the distribu-
tion in H.B.O, was obtained. Note: This ratio is different
fro;;t B since isotopic exchange of O. occurs photochem-
ically

D. Ion intensity at m/e = 78 was corrected for background
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The inconsistency of the observed stoichiometry with the expected value
by this mechanism is attributed to further oxidation of the products.

The third body (M) in Equations 2 and 4 would likely be the surface
since we know that the rate of reaction depends upon the condition of the
surface. We cannot neglect the possibility that some radicals in Equation
1 may be produced by mercury photosensitization (6) since mercury
manometers were used to measure pressure. In several experiments in
which oil manometers were used, the rate of reaction appeared to be
slower. It is possible to suggest radicals other than B.H; for propagating
the chain, but B.H; is a likely product for the primary photochemical
step (6, 8).

The mass spectrometric technique as used in this study of the
photochemical oxidation of B.H, provided new information on forming
intermediates in the chemical reaction. Unfortunately, the technique was
not capable of establishing the nature of short lived intermediates which
react in a few collisions (i.e., B,H,O as proposed above). The technique
did offer advantages over conventional spectroscopic methods which
could not be used for observing certain species.
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Mass Spectrometric Study of the
Noble Metal Oxides

Ruthenium-Oxygen System

J. H. NORMAN, H. G. STALEY, and W. E. BELL

Gulf General Atomic Inc., John Jay Hopkins Laboratory for Pure and Applied
Science, San Diego, Calif.

Mass spectrometric Knudsen cell methods have been used
to measure heats of formation of the species RuO;(g),
RuO,(g), and RuO(g) as —17 kcal./mole at 1250°K., 28.4
kcal./mole at 1900°K., and 85 kcal./mole at 1950°K., re-
spectively. Entropies of formation of these species have
been determined to be —20.8, —1.5, and 11.8 e.u., respec-
tively, in the temperature ranges studied. The species
RuO,(g) was also observed. Noble metal gaseous oxide
heats of formation as measured in transpiration and Knudsen
cell studies are found to be in good agreement while some
discrepancies in the associated entropies have been noted.
A compilation of M—O bond energies for the gaseous noble
metal oxides is presented.

tudies (3, 29, 31, 33) of the ruthenium-oxygen system in the tempera-
ture range 1100° to 1800°K. and at oxygen pressures around 1 atm.
have shown RuO, to be the important condensed phase and RuO; and
RuO; to be important vapor species. Data on the lower gaseous oxides,
RuO, and RuO, have not been available.

In the present study, the ruthenium-oxygen system has been investi-
gated by mass spectrometric Knudsen cell methods to determine the
important vapor species and associated thermodynamics at oxygen pres-
sures around 10 atm. between 1150° and 2050°K.

Thermodynamic values obtained from this study have been com-
pared with values from transpiration studies. In addition, a review of
gaseous noble metal oxide thermodynamics as measured using mass
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spectrometric Knudsen cell techniques is presented. Where possible
these thermodynamics are also compared with results obtained using
transpiration studies.

Experimental Procedures

A Consolidated Electrodynamics Corp. Model 21-703 (12-inch ra-
dius, 60° sector) mass spectrometer modified for Knudsen cell experi-
ments was employed for this work. Two different cells were used in the
study. At temperatures below 1500°K., a quartz Knudsen cell having a
0.7-mm.-diameter orifice was used. The cell, fitted at the top with a
quartz oxygen-feed tube, was held in a close-fitting molybdenum cup
and was covered with three layers of tantalum. Above 1500°K., an
alumina cell of similar dimensions was used. It was similar in geometry
except that the orifice was 1.4-mm. diameter and the cell was fed with
oxygen through an alumina tube inserted through the base of the cell.
This cell also was mounted inside a molybdenum cell.

The assemblies were heated by electron bombardment using tungsten
filaments mounted near the side of the cell and above the cell as in the
authors’ other studies (122)‘ Oxygen flowed into the cell through a vis-
cous-flow inlet from a large reservoir. Oxygen pressure in the cell was
determined by the pressure in the reservoir and the cell orifice size.
Temperatures below 1500°K. were measured by two Pt/Pt-10% Rh
thermocouples attached to the inside of the molybdenum cell, one near
the top and the other near the bottom. Temperatures above 1500°K.
were measured by making optical pyrometer sightings of the alumina cell
through small holes in the outer molybdenum cell near the top and bottom
of the alumina cell. Temperatures were equalized by adjusting the poten-
tial applied across the top-mounted tungsten filaments. In both cases
the cells were charged with Johnson Matthey (99.995% purity) ruthe-
nium metal.

Results and Discussion

Mass peaks attributable to effusate from the Knudsen cells were
found to correspond to O*, Ru*, O.", RuO*, RuO.’, RuO;*, and RuO,’, ac-
cording to masses and isotopic ratios. No other Ru-containing ions were
observed. Appearance potentials measured for the ruthenium-containing
ions were 7.7, 8.7, 10.6, 11.2, and 12.8 e.v. for, respectively, Ru’, RuO’,
RuO.’, RuOy*, and RuO,*. Near voltage ion appearance thresholds the
above-listed peaks were believed to be parent ion peaks. Oxygen pres-
sure sensitivities presented below generally indicate this to be the case.
Breaks in the appearance potential curves for Ru* and RuO* from RuO.
were measured to occur at 13.0 and 12.8 e.v., respectively.

In an experiment using the quartz cell at 1240°K., the O. pressure
was varied. Figure 1, a plot of the resulting log Iyt (and Inwo,+ and
Ixuot) 0s. log Io,+ data, shows a 3/2 slope within the uncertainty of the
data. This suggests that the RuO;" ion (at m/e 152) is formed from
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Figure 1. Metal oxide ion intensity
dependence on O,* ion intensity

RuO;(g) since the metal is the solid state present under the experimental
conditions (3). That is, the important vaporization reaction is

Ru(s) + 3/2 O, = RuO;(g). (1)

At 1190°K., the Ipuo,+ vs. Io,+ isotherm, also illustrated in Figure 1, shows
a slope close to 0.5. This indicates that RuO,(s) was the condensed phase
in the O, pressure range used and that the important vaporization reac-
tion is

RuO,(s) + 1/2 O, = RuO;(g). (2)

The vapor pressure of RuO, over RuO,(s) at 1140° and 10 atm.
O, as determined by Bell and Tagami (3) should be around 107 atm.
The RuO,* ion was observed in this work but was not intense enough to
permit study of its thermal behavior.
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Figure 2. Dependence of RuOjs* intensity functions on temperature

Logarithmic plots of the ion currents of RuO;* times T% and times
T as a function of reciprocal temperature are shown in Figure 2. In
the experiments from which these data were obtained, the intensity of
the O,* formed from the Knudsen cell effusate was set at a constant high
level. Under these conditions, because of the IT proportionality to pres-
sure, the quantities Ip,0,+T* and Iruo,tT*, respectively, are proportional
to the equilibrium constants for Reactions 1 and 2. From slopes of lines
drawn through the two sets of data in Figure 2, we calculate AH1250 =
54 kcal./mole for Reaction 2 and AH 950 = —17 kcal./mole for Reaction
1. These values are in good agreement with AH ;250 values of 4-54.7 and
—13.9 keal./mole calculated for the respective reactions from data re-
ported by Schifer, Schneidereit, and Gerhardt (31), and AH 50 values
of +51.6 and —17.0 kcal./mole calculated for the respective reactions
from data reported by Bell and Tagami (3).

Using the alumina cell, the RuO;(g) species can be suppressed by
going to higher temperatures, but more important, the pressures of the
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lower oxides can be increased. At higher temperatures and a nominal
electron energy of 20 e.v., the intensity of the RuO," signal from the
Knudsen cell effusate was found to depend directly on the square of that
portion of the atomic O" signal attributable to Knudsen cell effusate.
This suggests that RuO," is a parent ion and can be used in describing
the vaporization of RuO,(g) in studying the reaction

Ru(s) + O, = RuO,(g). (3)

At a nominal electron energy of 10 e.v., the RuO" signal intensity was
found to be proportional to the intensity of the shutterable O*; therefore,
RuO" is a parent ion at this electron energy. At 20 e.v., the RuO" and the
Ru* were found to have the same O, dependence as the RuO,* (at m/e
136), suggesting RuO* (at m/e 120) and Ru* (at m/e 102) were frag-
ments of RuO,(g). The vaporization reaction for RuO(g) is

Ru(s) + 1/2 0, = RuO(g). (4)

At 10 e.v., the Ru* peak is found to be independent of the O* signal and
thus represents the direct vaporization of ruthenium metal,

Ru(s) = Ru(g). (5)

Observations of the variation in intensities of the RuO," at 20 e.v. and the
RuO* and Ru* at 10 e.v. with O* intensity are illustrated in Figure 3.

+
s
= Ruo*
O Ru?t
~ o—0—=
o) o
i X10 i
Io+

Figure 3. Maetal ion intensity dependence on O* ion
intensity at 2045°K.
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Figure 4. Dependence of ruthenium species ion intensity function
on temperature

If the intensities of the Ru*, RuO*, and RuO," ions are studied as a
function of temperature at appropriate electron energies and at a high,
constant flux of oxygen through the cell (Po, >> Po), the heats of
vaporization of the parent species of these ions may be determined from
the slopes of ion intensity functions vs. reciprocal temperature. Examples
of these determinations are presented in Figure 4. Four such determina-
tions were made for each of these species, resulting in values of 28.4 +1.0,
85 =5, and 152 +3 kcal./mole for Reactions 3, 4, and 5, respectively,
in the temperature ranges 1740°-2040°K., 1870°-2020°K., and 1900°-
2050°K.

To estimate the partial pressures of the gaseous species RuO, RuO.,
RuO;, RuO,, O, and O, present in these systems, a pressure of Ru(g)
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was obtained from the studies of Panish and Reif (26) and of Carrera,
Walker and Plante (6) (the Paule and Margrave (27) values differed
slightly) and used as a standard in the method described by Inghram
and Drowart (13). In this method, total ionization cross sections accord-
ing to Otvos and Stevenson (24) were employed along with multiplier
gains inversely proportional to the square root of the molecular weight
and the appearance potentials reported in this study and by Kiser (16).
Using these data, entropy values for Reactions 1, 3, and 4 were calcu-
lated to be —20.8, —1.5, and 11.8 e.u., respectively, in the temperature
ranges studied. The heat of vaporization of RuO4(g) ( —45.4 kcal./mole)
from the studies of Bell and Tagami (3) leads to an entropy of the
vaporization reaction,

Ru(s) + 2 0, = RuO,(g), (6)

of —33.6 e.u. from the experimental RuO," intensity measured at m/e
166 and a corresponding O." ion intensity.

Review of Noble Metal Oxide Vaporization Data

Oxide transpiration studies have been made by Alcock and Hooper
(2) (AH), for the metals Pt, Pd, Rh, Ir, and Rh. Other noble metal oxide
transpiration studies include a Ru study by Bell and Tagami (3) (BT);
a Ru study by Schifer, Tebben, and Gerhardt (33) (STG); Ir studies by
Schifer and Heitland (30) (SH), Kuriakose and Margrave (17) (KM),
and Cordfunke and Meyer (8) (CM); and a Pt study by Schéfer and
Tebben (32) (ST). Grimley, Burns, and Inghram (10) (GBI) have in-
vestigated the gas phase OsO; — OsO3 + 1/2 O, equilibrium in a Knud-
sen cell mass spectrometrically, and Norman, Staley, and Bell (20, 21, 22,
23) have studied the oxides of Ru, Ir, Rh, Pt, and Pd using mass spec-
trometric Knudsen cell techniques. Schifer, Tebben, and Gerhardt (33)
and Nikolskii and Ryabov (19) have presented reviews of some of this
information. The heats of formation from these studies are given in
Table I, where the compilation of Coughlin (9) (C) was used to de-
scribe the heat of formation of OsO,(g). In Table I all of the heats have
been extrapolated to 1500°K. by employing, in the absence of structural
information on the oxides, Hy—H,, data from the JANAF tables (14) for
the appropriate gaseous tungsten oxide except for tetroxides, where
Kelley’s (15) OsO, heat capacity formula was extrapolated to 1500°K.
The error made by using the heat capacities of these gaseous compounds
to describe the same MO, (g) species for other metals at the moderate
temperatures involved should be rather small, except where the question
of linearity of the MO.(g) molecules is involved—a 1 cal./deg.-mole
variance. Appropriate data for the condensed metals and oxygen were
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taken from the JANAF tables (14), Stull and Sinke (35), and Hultgren,
et al. (12). The RuO, data of Alcock and Hooper (2) were corrected
to take into account that RuO, was the condensed phase present under
their conditions. Also, RhO., was taken as the gaseous rhodium oxide
present in their studies. The data of Kuriakose and Margrave (17) were
taken to apply to the reaction Ir(s) 4+ 3/2 O, — IrO;(g).

Table I. Heats of Formation of the Gaseous Noble Metal Oxides
at 1500°K. (kcal./mole)

Element Reference® MO(g) MOy(g)® MOy(g) MO,(g)
Os GBI Present —11.8 =1
C -81.5
NR (46) (—25)
B (39 £+ 20)
Ru NSB 86.7£5 29.7 £ 1 —17.0 £ 2
AH —-16.5
STG —-13.5 —42.8
BT —167*2 -—454*3
NR (40) —431%2
B (47 = 15)
Ir NSB Present 49.7 £ 1.0 62 1.5
AH 4.8
CM 4.2
SH 4.0
KM 71*19
B (48 £ 15)
Rh NSB 91 =5 42.0 = 2.0
AH 456 = 0.6
B (27 = 20)
Pt NSB 1023 £ 5 378 £2.3
AH 394 £ 0.3
ST 39.9
B (43 = 8)
Pd NSB 80.0 = 1.0
B (41 £ 25)

* Authors’ initials indicate pertinent works.
* Values in parentheses are estimated.

The agreement of the experimental values reported in Table I is in-
deed gratifying. It would seem to give credence to all of the data re-
ported. The agreement between the mass spectrometric and the tran-
spiration results strongly suggests that the same species are being
examined in the two different methods, and other evidence substantiates

In Mass Spectrometry in Inorganic Chemistry; Margrave, J.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1968.



Publication Date: June 1, 1968 | doi: 10.1021/ba-1968-0072.ch008

8. NORMAN ET AL. Noble Metal Oxides 109

this. That is, the mass spectrometric studies have not revealed polymers
but indicate the presence of the monomer species assumed in the tran-
spiration studies. While the oxygen pressures used in these two types of
studies are quite different, this has little to do with the Py 0,/Pyo, ratios
—i.e., if Py o, were important in the transpiration studies, this species
probably would have been detected mass spectrometrically. It appears,
then, that all these studies, with the possible exception of the Ir studies
of Kuriakose and Margrave (17), indicate only the presence of mono-
meric vapor species of the noble metal oxides.

One might question whether transpiration studies are appropriate
for systems as complex as these. Note, however, that the possible pres-
ence of several species in the transpiration studies does not seem to have
adversely affected the results. For instance, Bell and Tagami obtained
thermodynamic information on both RuO; and RuO, by interpreting
ruthenium transport to be caused by both species.

Brewer (5) (B) has estimated the dissociation energies for the di-
oxides at 0°K. In Table I, his values have been converted into heats of
formation at 1500°K. for comparison with the experimental values, where
available. While there are discrepancies up to 20 kcal./mole, Brewer’s
estimates are within his stated uncertainties.

The heat of formation data given in Table I can be converted into
bond energy information. Table II presents the heats of formation of the
gaseous oxides per oxygen atom at 1500°K. from gaseous metal and
atomic oxygen. For self-consistency, the Knudsen cell values are used
where available. Data used in constructing this table include the heat of
dissociation of oxygen molecules at 1500°K. as presented in the JANAF
tables (14) and heats of vaporization of the noble metals at 1500°K. as
given by Stull and Sinke (35), Hultgren, et al. (12), and/or recent ex-
perimental determinations (6, 22, 25, 26, 27). These selected heats of
vaporization are also included in Table II.

One noteworthy observation concerning the bond energies presented
in Table II is that they exhibit a degree of agreement with an additivity
rule. The system with the most extensive pertinent data would be the
ruthenium oxides. In this case, 127 kcal. are associated with the bonding
of the first gram atom of oxygen, while only 89 kcal. are associated with
the fourth—0.7 of the value for the first gram atom. While this does not
indicate complete agreement with the additivity rule, this decrease from
1 to 0.7 of the first bond energy across the whole series seems a rather
small change and indicates near applicability of the rule. Observed
deviations for Os, Ru, and Ir are in the order of decreasing bond strength
with additional bonds, while Rh and Pt seem to exhibit a reverse trend
by accepting a second gram atom of oxygen somewhat more energetically
than the first.
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Table II. Heats of Formation per Oxygen Atom of the Noble Metal
Gaseous Oxides at 1500°K. from Atomic Oxygen
and M(g) (—kcal./mole)

Element Reference M(g) MO MO,/2 MOg;/3 MO, /4

Os  (6,26) 185 145 (GBI)  127(C)
Ru  This study 152 127 122 117 110

Ir (25, 27) 156 114 111

Rh (12, 35) 131 101 105

Pt (12, 35) 134 92 109

Pd  (22) 89 70

Nikolskii and Ryabov (19) question the Grimley, Burns, and Inghram
(10) value used by Schifer, Tebben, and Gerhardt (33) in their review to
calculate —66.2 kcal./mole for AH a5 of OsO3(g). This value is related
to the degree of departure from additivity of Os—O bonds. Indeed, the
GBI 18-kcal./mole difference in oxygen average bond energies for the
two higher oxides of osmium presented in Table II is large, but it is diffi-
cult to show that it is too large, and it seems unnecessarily preclusive
to argue this question from condensed state thermodynamics. It seems
best to accept this apparently excellent description of the OsO;—O,—
0s0, equilibrium by reporting the GBI heat of formation of OsO4(g)
minus that of OsO;(g). Nikolskii and Ryabov (19) have also predicted
AH°® g5 for OsO, and RuQ,. There is no experimental information con-
cerning OsO,, and their OsO, estimate certainly is subject to the same
difficulties as is their OsO; estimate. Their RuO, estimate, converted to
1500°C., would be 9 kcal./mole higher than the experimental value.

The noble metals are presented in Tables I and II essentially in the
order of the stability of their oxides and their heats of vaporization. The
relation of these properties and their position in the periodic table is
evident.

Although the noble metal oxide experimental heats of formation
from the mass spectrometric and transpiration techniques are in good
agreement, where they can be cross-checked, the vapor pressures deter-
mined using the two methods differ considerably. To demonstrate this
problem, all of the comparable cases are presented in Table III. While
several of the values used cannot be considered well established, two
cases, IrO; and PtO,, stand out as reasonable tests. Three transpiration
studies, when extrapolated, give 1.7 (=£0.2) X 107 atm. as the IrO3 vapor
pressure at 2033°K. and 1 atm. O, pressure in the presence of the metal.
The corresponding value from the mass spectrometric method is 3.5 X
104, a factor of five lower. In the platinum oxide transpiration studies
cited, the extrapolated vapor pressure of PtO,(g) in 1 atm. oxygen over
the metal at 2018°K. was determined to be 1.0 (=0.1) X 10 atm. The
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mass spectrometric study leads to a value of 8.5 X 107 atm., a factor of
11 smaller. The RuOj; case is not quite as clear. The two transpiration
results at 1779°K., and 1 atm. O, over the metal give 4.8 (=3) X 1072
compared with 4.1 X 103 obtained mass spectrometrically in this case,
a factor of four to 20 lower. In the single comparison of RhO, pressures,
the mass spectrometric value is considerably lower than in the other
cases. In the PdO case, no real comparison can be made except to say
that Alcock and Hooper (2) believe, based on their transpiration studies,
that PdO pressures should be higher than were measured spectrometri-
cally by Norman, Staley, and Bell (22). The one remaining comparison
also is not well established since, in the case of RuO4(g), no mass spectro-
metric heats were obtained and the transpiration results were based on
a minor species determination. In this single case, however, the mass
spectrometric pressures were higher than the transpiration pressures.

Table ITII. Noble Metal Oxide Comparative Vapor Pressures (atm.)

Gaseous Mass Spec. (NSB) Transpiration Transpiration
Species  T(°K.) Pyo,/Po, " Pyo,/Po,”" Mass Spec.

RuO, 1729 (2% 102) max 3.5 X 10 (STG)  (0.5-0.05)
1.1 X 10 (BT)

RuO, 1729 41X 103 6.9 X 102 (STG) 20-5
2.7 X 102 (BT)
IO, 2033 3.5 x 10 1.6 X 10°3 (AH) 5

1.6 X 10" (SH)
1.9 X 108 (CM)

RhO, 2000 3 X 107 1.4 X 10 (AH) 50

PtO, 2018 8.5 X 10°® 8.9 X 105 (AH) 13-10
1.1 X 10 (ST)

PdO 1900 1.0 X 106 (4 X 10°5) (AH) (40)

“ Poy = atm.

These results, then, suggest that generally an underestimation of
metal oxide pressures is made in the mass spectrometric studies or an
overestimation is made in the transpiration studies. It is difficult to be-
lieve that in the transpiration method mass transport was grossly over-
estimated or diffusional effects were not properly accounted for. For
reasons mentioned previously, it is also difficult to believe that polymers
cause the differences in the two methods, although under unusual cir-
cumstances M,0. could be considered to be MO, in the transpiration
study, giving excessively high MO, pressures. It seems much more likely
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that the crux of this problem is in converting mass spectrometric ion in-
tensities to cell species pressures. Indeed, questions concerning the va-
lidity of employing the cross sections of Otvos and Stevenson (24) and
the additivity of these quantities have been brought up (7, 18, 28). Staf-
ford (34) has proposed using cross sections derived from Gryzinski’s (11)
calculational scheme. In several studies (1, 4, 36) attempts were made
to avoid the use of calculated cross sections.

Some problems are associated with pressure estimation used in the
mass spectrometric method. Mass spectrometric ion intensities are con-
verted to pressures or equilibrium constants by employing ratios of in-
tensities. One either considers a dimensionless pressure ratio as an equi-
librium constant or establishes the pressure of a species of interest by
comparison with an available pressure standard. For the noble metal
MO, gaseous species, it was indeed reasonable to use the K, —
Pyo,/Po, = Klyo,/ 10, relationship. In other cases, one can utilize dimen-
sionless reactions such as M(s) + 2 O, = MO; + O where, in a sense,
the 1/2 O, = O equilibrium is employed to calibrate the system. Often
the noble metal pressure may be used as a calibrating agent, or some
additive to the system, such as silver, may be used in the calibration.
While these procedures appear sound and beyond question, they do not
circumvent the necessity of estimating relative cross sections and detector
sensitivities.

One is often confronted with the problem of the experimentally
indeterminate question of how efficiently ions of a particular type can be
made from specific neutral species. The method described by Inghram
and Drowart (13) for estimating ratios of total ionization efficiencies
accepts Otvos and Stevenson’s (24) total ionization cross sections and
additivity of these cross sections. The method also accepts a linear rela-
tionship between cross section and ionizing energy of the exciting elec-
trons above a threshold value to provide these ratios of total ionizing
efficiencies. Specific criticisms of the universality of this formula may
be directed at:

1. The total atomic cross section values themselves.
2. Additivity of these values to get molecular cross sections.

3. The simplicity of the assumed approach toward the maximum
cross sectional values as a function of electron energy.

4. The application of these values to cases where undetected frag-
mentation may be significant.

Questions of division of transferred energy into excitation and ioniza-
tion, electronic structure of atoms and molecules, and other basic prop-
erties are involved. For instance, Stafford’s (34) proposed cross sections
differ in many cases from normalized Otvos and Stevenson values by a
factor of two or three. His values show deviation from experimentally
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determined cross sections, although not as often as do the normalized
Otvos and Stevenson values.

Let us consider the situation for the noble metal oxide measurements.
Ionization cross sections for oxygen molecules as employed in these
studies seem to -agree with experimental values—i.e., the ratio of O, to M
cross sections at the voltages employed is in line with experimental cross
section ratios of O, and Hg at the employed voltages. If Hg cross section
agreement can be taken as indicating noble metal agreement, then the
pressure discrepancy problem seems to be concerned with the ionization
cross section of MO,, compared with M and/or undetected fragmentation
of MO,.. One or both might well be the root of the pressure discrepancies
presented here.

It appears that although Stafford’s (34) approach could help the
cross section problem somewhat, considerable doubt will remain even
after such an analysis of cross sections of noble metal oxides. Theoreti-
cally, the fragmentation problem should not be severe since one should
recognize fragments and account for their presence. However, in the real
case, the possibility of transmission problems of ions born with high
kinetic energy (not considered in this study) and the inability to recog-
nize fragment peaks buried under large system peaks cause considerable
uncertainty regarding the degree of fragmentation. Added to this uncer-
tainty, multiplier sensitivities are generally estimated. Accordingly, then,
it seems that mass spectrometric pressures using estimated values should
be treated with some caution.

The purpose of this portion of the paper is not to imply that mass
spectrometric Knudsen cell studies provide inadequate thermodynamics,
but to point out that some caution should be employed when using mass
spectrometrically determined equilibrium constants based on estimated
cross sections, etc. The authors are convinced that, in general, measure-
ments of this type provide and will continue to provide the best available
experimental high temperature gaseous system thermodynamics. The
authors are also convinced, because of the uncertainties associated with
the equilibrium constant “estimation,” that good mass spectrometrically
determined second law heats have considerable merit when compared
with third law heats for complex systems as reported here.
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Calculation of Electron Impact Ionization
Cross Sections

FRED E. STAFFORD

Department of Chemistry and the Materials Research Center,
Northwestern University, Evanston, Il1.

The Gryzinski theory for electron impact ionization cross
sections for atoms is examined with regard to the shape of
the total ionization efficiency curve, the relative importance
of the contribution to the total cross section of inner electron
shells, and agreement with experimental data. The theory
agrees well with the available data. The reasons for the
systematic differences of the predictions of this theory from
those of Otvos and Stevenson are analyzed. Calculations
are made for some diatomic molecules. The ratio of the cal-
culated molecular cross section to the sum of the atomic
cross sections varies from 0.8 to 1.3. The reasons for this
variation are examined.

In this paper the reaction
e +M=M"+ 2 (1)

will be considered. M may be an atom, or it may be a molecule, in which
case the problem of fragmentive ionization will have to be considered;
e” represents an electron with kinetic energy greater than the ionization
potential of M. The rate of this reaction is given by

I(M*) =i(e’)n(M)Ilo(E) (2)

where I and i are the respective currents, n(M) is the number density of
M in the volume of length [ traversed by the electron beam; o is a constant
characteristic of M, the energy E of the impacting electrons, and the
particular process being considered—i.e., ionization to a particular state
or total ionization. The quantity ¢ has the units of area and is called a
cross section.
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Reaction 1 is of interest in studies of stellar atmospheres, the solar
corona, radiation damage, plasmas and nuclear fusion, and in mass spec-
trometry. The special interest of this paper is the study of high tempera-
ture systems where the partial pressure P of species M is given by

where T is the absolute temperature of the crucible or reactor, S is a
constant of the mass spectrometer which is assumed constant with change
of mass, and y is the relative gain of a secondary electron multiplier, if
used.

Many species of interest have been observed only by optical and/or
mass spectrometry; it is not possible to obtain an independent measure
of their cross sections. Estimates of the cross section, or of relative cross
sections therefore form an important part of the calculation of thermo-
dynamic properties using the absolute entropy (Third Law) method.

In certain cases, it may be possible to compare Second and Third
Law results to obtain cross sections. In addition, particularly where the
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Advances in Chemistry; American Chemical Society: Washington, DC, 1968.



Publication Date: June 1, 1968 | doi: 10.1021/ba-1968-0072.ch009

9. STAFFORD Ionization Cross Sections 117

r T T T T T T T T T
u ]
| 1C h
3_ -
- o -
— o =
5 LO o O { .
o
o
b 1 t A o - A E 4
'E °© To ® QLOA 0’3
C o ]
k1 1 1 1 1 1 1 1 1 1 1 1 1
He Ne Ar 30 Kr 40 50 Xe 75 Hg
77— Gry/Exp

Journal of Chemical Physics

Figure 1. a. Logarithm [(Otvos-Stevenson cross section)/(experimental cross

section for single ionization X 3)] vs. atomic number Z.; b. Logarithm [(OS

cross section)/classical cross section Table 1)1 vs. Z.; and c. Logarithm
[(classical cross section)/(experimental cross section)] vs. Z.

Uncertainties in the measured cross sections are not indicated on the figure, but often
are large; see especially Kieffer and Dunn (14)

ratio of intensities varies greatly with temperature, it is possible to com-
bine mass spectrometric measurements with mass flow measurements (I,
2,3,4,6,7,8, 20, 24) to deduce relative cross sections. These measure-
ments have proved valuable, but often are limited in that they involve
taking small differences between large, uncertain quantities.

The work of Otvos and Stevenson (22) has proved useful in pro-
viding cross sections for atoms. These authors suggest also that molecular
cross sections be taken equal to the cross sections of the constituent
atoms (additivity rule). As our sophistication in mass spectrometry has
grown, and as we demand more accurate answers of the technique, the
Otvos-Stevenson calculations have been subjected to increasingly more
careful experimental verification as is critically reviewed elsewhere (14,
27). Deviations from experiment have been found. The results are shown
in Figure 1A (27), where the logarithm of OS to experimental cross
section (60 e. v.) is plotted for the atoms as a function of atomic number,
Z. For the most reliable data available—hydrogen, the rare gases, the
alkali metals, and the alkaline earth atoms—there is a significant scatter.
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Of some interest is the point for Sn (Z = 50), for which the calculated
cross section is small. The same is true when the calculated cross section
for Ge (Z — 32) is compared with more recent results. In both of these
cases an assumed secondary electron multiplier gain has been used; this
may be a significant source of error.

Recently, a theory developed by Gryzinski (10) on classical prin-
ciples has been used to give detailed predictions of cross sections as a
function of impacting electron energy. A summary of the literature as
well as new calculations for many of the atoms are given in the preceding
paper of this series (27). The theory states that the cross section o; for
ionization of an electron from the jth shell is given by

o;=6.56 X 107 (N;/U?) g(X) sq. cm. (3)

where N; is the number of electrons in the shell, U; is the binding energy
of the shell in e. v., often taken to be the ionization potential, X is the
energy E of the impacting electron divided by Uj, and g(X) gives the
dependence of cross section on E. The theory states that the shapes of
the ionization efficiency curves for all shells are identical when plotted
as a function of X; maxima of the curves are at E ~ 3.7 U,.

The implication of this theory for the mass spectrometrist is great.
Cross sections can be predicted if the ionization potential as well as the
inner shell electron energies are known. The shape of the ionization
efficiency curve can be predicted and variations of cross section with
electron energy taken into account.

This paper reviews the application of Equation 3 to atoms, including
a comparison of the results from it to those of Otvos and Stevenson. We
then make calculations for molecules in order to examine the additivity
rule.

Results for Atoms

Of some interest is the agreement between the magnitude (in abso-
lute units) and the shape of ionization efficiency curves. For the heavier
alkali metals, the experimental ionization efficiency curve shows two
maxima in the region 20—100 e. v., as seen for potassium in Figure 2 (18).
The lower three dashed lines show the contributions to the cross section
calculated for the 4s', 3p®, and 3s* shells. The energy used for each shell
is shown in parentheses. The cross sections at the maxima of these three
curves are in the ratio indicated by Equation 3. For impacting electrons
with energies of ~300 e. v. or more, the calculations indicate that the
cross section from the 3p® shell exceeds that from the valence electron.
The cross section for single ionization at high electron energies, therefore,
should not follow the Bethe equation.
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Figure 2. Electron impact cross section for single ioniza-

tion of potassium as a function of impacting electron en-

ergy. The experimental data of Brink, McFarland, and

Kinney, as well as the calculated contribution from each
of the electronic shells, are shown. (See Ref. 18)

119

The sum of the partial cross sections is shown by the solid line.
While not in perfect agreement, it does give the double maximum ob-
served experimentally. (Note also that the exact shape of the experi-
mental curve is difficult to determine.) Similar results are obtained for
the formation of the other alkali metals ions (18) and for doubly charged
cesium ion (19), for example. This is the first time that such detailed
agreement with experimental cross sections has been obtained. In addi-
tion, when contributions from shells with U; greater than the ionization
potential are considered, Equation 3 replicates the old rule of thumb
that the maximum of an ionization efficiency curve lies at 3 to 6 times the

onset energy.
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A comparison of theory with experiment for all the elements where
data are available is given in Figure 1C. The agreement is generally
good, except for oxygen (not shown), nitrogen, and neon, where the
calculated values are roughly a factor of two high. Gryzinski believes
that this may be attributed to an error in the electronic energies of the
atoms (11). For Ge and Sn, the calculated values again seem to be
quite low. On the whole, the agreement with experiment is significantly
better than previously available.

Some of the details of the calculations are given in Table I. For the
“easy cases,” in general those at the extreme left or right of the Periodic
Table, the bulk of the contribution to the total cross section at 60 e. v.

Table I. Calculation of Cross Sections for 60 e.v. Electrons
by Equation 3

Z Shell  Ujle.v.)* a(A?) o
Easy Cases
1 H 1s? 13.6 0.76 0.76
3 Li 2s1 54 3.3
1s2 55.0 — 3.3
4 Be 252 9.3 2.9 2.9
8 (0] 2p, 13.6 3.0
252 32.0 0.2 3.2
9 F 25 174 2.3
252 40.0 0.1 2.4
54 Xe 5pb 12.1 5.6
5s2 25.0 0.3 5.9
Hard Cases
29 Cu 451 7.7 2.0
3d1 11.0 11.0 13.0
alternate (3d10 10.0 12.6 14.6)
50 Sn 5s2 7.3 4.3
5p? 8.0 3.6

440 100r 20°  12.6 or 3.4
Total, 20.50r 11.3?

“ From Moore (19) and Slater (24).

comes from the outermost shell, for which the experimentally known
ionization potential (21) is used for U;. The transition metal atoms are
“hard cases.” Ignoring that the implicit assumption of ‘Russell-Saunders
(L-S) coupling may not be valid for the heavier atoms, it is seen that
the major contribution to the cross section comes from inner shell elec-
trons. For these, the binding energies (26) are only crudely known and
lead to significant uncertainty in the calculated cross sections, as shown.
These attempts to apply the present theory clearly indicate a need for
further knowledge about atomic structure and levels.
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Comparison with the OS Calculations

The OS correlation has been discussed previously (9) under the
assumptions that the Born approximation and the Bethe equation are
valid—i.e., that the impacting electrons have high energy. Under these
conditions, the oscillator strength (f-value) “sum rules” that apply to
photon-induced transitions hold also for electron impact. This led to the
conclusion that much of the total cross section for the alkali metals was
caused by inner shell ionization. As discussed above for potassium, the
Gryzinski theory gives a much more reasonable picture, including that,
at higher electron energies, the inner shell cross section does start to
exceed that for the valence electron.

Figure 1B shows the logarithm of the ratio of the OS to the present
cross sections as a function of atomic number. Discontinuities and/or
changes in slope occur, for the most part when subshells or shells are
filled. Two explanations may be offered for these observations. First,
OS assume that, for ionization from the jth shell, o; is proportional to the
average square radius <r;?> which is in turn proportional to the dia-
magnetic susceptibility. The formula they use is

<rE> o M (Z — 3)2-{1 + 3/2[1 _ w]} (4)

n*2

where n* is the effective quantum number, (Z — s) the effective nuclear
charge, and [ the orbital angular momentum quantum number. The first
two of these quantities are taken from a paper by Slater (25) who esti-
mates them on the basis of certain approximate wave functions. On the
basis of these wave functions, Slater deduced that

<r2> o n*2(n* + 1) (n* + 1)(Z — 5)>. (5)

The advantage of Equation 4 is that it gives a break when the s subshells
are filled. Equation 5 does not do this. Table II shows that use of
Equation 5 with the Slater values for n* and (Z — s) leads to incorrect
diamagnetic susceptibilities. The good agreement for the cross sections
of the rare gases shown in Figure 1A is attributed to the use of Equation 4
and not a correlation with the diamagnetic susceptibility nor the Slater
values for S<r2>.

It is interesting to examine the functional relation between the OS
and the present calculations. The present calculations assume that o; for
a single electron is roughly proportional to U*. In turn, Slater (25) gives
that U2~ = n** (Z — s)*. Substituting into Equation 4 and ignoring
the term in the brackets gives

o(05) _ (z - o).

oj
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In addition, the present calculations use empirical values for U;. It is
likely that use of these corresponds in a purely theoretical calculation to
much more sophisticated wave functions than those given by Slater’s
rules.

Table II. Diamagnetic Susceptibilities, (S<r?>)

Slater® Observed oS
(Equation 5) (15) (Equation 4)
He 2.1 1.9 (21)*
Ne 7.1 6.6 54
Ar 23.0 18.0 36.0
Kr —_ 29.0 76.0

* From J. C. Slater (25).
®*The OS (22) values for Z<r;2> were normalized to give 2.1 for He.

Calculations for Molecules

Otvos and Stevenson have suggested that molecular ionization cross
sections are equal to the sum of the atomic cross sections. This is called
the Additivity Rule, and most workers have used it for lack of something
better. The experimental data now becoming available (3, 4, 6,7, 8, 14),
sometimes for rather diverse electron energies, indicate discrepancies
from this rule.

The term N; in the numerator of Equation 3 suggests that there
should be an additivity. The U;? indicates that there will be deviations
from the additivity rule because of the shifts in binding energy resulting
from the formation of the chemical bond. Table III shows the details of
calculations for some simple diatomics, for which the atomic energy
levels and cross sections have been given in Table I. Table IV sum-
marizes the results and gives the ratio of the molecular cross section to
the sum of those for the atoms. A number of different cases are treated,
including those where the last electrons added in a molecular orbital
picture go into bonding, or into antibonding orbitals, an isoelectronic
series going from homonuclear C. to the highly ionic LiF, and formation
of free radicals from elements with relatively high ionization potentials.

For the hydrogen molecule, the answer is clear cut, and in excellent
agreement with experiment. The ionization potential increases, and the
molecular cross section is smaller than the sum of those for the atoms.
For C., while the molecular ionization potential is higher than that of
the atom, the binding energy (24) of the next lower shell apparently is
significantly lowered, and the ratio is predicted to be unity.

An interesting case is LiF, where apparently the transfer of electron
density from the Li to the F increases the shielding of the p electrons,
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¢ From Kieffer and Dunn (14).

STAFFORD
Table III.
n Species
2 H,
8 G,
8 BeO
8 LiF
9 BeF
10 N,
11 NO
12 O,

Ionization Cross Sections

Calculation of Molecular Cross Sections for

Shell

LTHHE L HHLE L HLHLELLE S

o
LhLL xbh

2 X o2

60 e.v. Electrons

12.1
15.8
17.8
32.0

oj
Az

1.53
3.24
1.14
0.08
1.16
2.06
0.74
0.26
1.46
2.48
1.00
0.55
1.86
2.26
0.88
0.36

o Total
Az

1.18

5.5

7.0

42

5.5

5.4

123

* The molecular energy levels were taken from or estimated from results given by
Robins (24). (See Refs. 12, 13, 23, 37).

Table IV.

N, 1
NO 11
0, 12

o(XY) A2
calc.
1.2
55
4.6
6.9
7.0

4.2°
5.5
5.4

® ¢ for N and O atoms also high by ~80%.
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expt.”

1.1

2.4

2.8
2.5

Total Ionization Cross Sections, 60 e.v.

o(XY) /[o(X) + o(Y)]

cale.

0.8
1.0
0.9
1.2
1.3
0.9
1.0
0.8

expt.
0.75

0.9
0.9
0.7
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lowers the binding energy of the F 2p® electrons and consequently in-
creases the calculated cross section. Alternately, the cross section for a
highly ionic molecule may be regarded as a weighted average of the cross
sections for M, M*, X, and X~. This molecule illustrates also some of the
other problems involved with molecular cross sections. Experimentally
(3), the fragment ions are more abundant than the parent, and seem to
be formed with kinetic energy so that their intensities are difficult to
measure accurately.

For N.,, NO, and O, the calculated ratios are in substantial agree-
ment with experiment, particularly since there may be a large error in
the measured cross sections for the atoms. For all three molecules, it is
significant that the largest single contribution to the cross section comes
from an inner shell—for which energies are not easily determined.

The range of calculated ratios is 0.8 to 1.3, or about +30%. This
increase in information over the simple additivity rule was made possible
by a great deal of information about the electronic energy levels.

Absolute cross sections are known (14) for N2, NO, and O, as shown
in Table IV. In all three cases, the calculated cross sections are about
80% higher than the experimental. No explanation for this is apparent;
it may be significant that the calculated atomic cross sections for nitrogen
and oxygen as well as neon also are higher than the experimental.

Conclusion

The present calculations for the atoms permit calculation of the
contribution from each electronic shell as well as the variation of cross
section with electron energy. They are substantially better than those
previously available, although significant deviations from experiment seem
to exist for oxygen, nitrogen, neon, and possibly germanium. This im-
provement, as well as the systematic, and often large, differences from
the Otvos and Stevenson results are attributed to a difference in the
form of the basic equation used and the use of empirical binding energies
rather than the equivalent of approximate wave functions.

For molecules, the deviations from the additivity rule seem to be
adequately predicted. The largest deviation so far predicted is 30%.
For this presumable increase in accuracy of the cross section, a large
increase in information for the calculations is needed.

Comment

There exists controversy over the Gryzinski theory and doubt about
its validity. The following comment by a reviewer of this paper, indicates
some of the criticism of the theory:
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The “Gryzinski theory” (really a slightly, and I might add incor-
rectly, modified classical theory due to J. J. Thompson) is fundamentally
an incorrect theory. It does not give the correct high energy behavior or
low energy behavior or position of the peak cross section for ionization.
This being the case one cannot a priori expect the results using this
theory to be more accurate than any other non quantum approximation
(or guess?). The fact that in some cases this type of calculation gives
apparently better results than other estimates for ionization cross sections
is certainly fortuitous and one cannot conclude that this method will then
give better results in cases where the cross section is unknown.

Recently, an important set of revised OS calculations has appeared
(17) as have experimental cross sections for certain key atoms. The new
calculations and the Gryzinski calculations are in agreement except as
regards contributions to o from the 2p and the various d and f shells. A

detailed discussion and comparison with experiment are given by Lin
and Stafford (16).
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Apparatus for various aspects of digital data acquisition
and handling are reviewed and reported. These include
systems for rapid data throughput, as in high resolution
mass spectrometry of gas chromatograph effluents, as well
as for systems with less stringent requirements. Data han-
dling, reduction time, and errors are greatly reduced; run-
ning time is shortened, and/or the quality of the results is
increased in terms of their precision, detail, rapid availa-
bility, and variety of possibly informative presentations.

The capacity of a mass spectrometer to produce information is far
greater than that of an individual to receive or reduce it. The need
for more detailed and precise results demands that this capacity be used.
The capacity for rapid data output must be used when sample size and
corrosiveness limit the duration of the experiment. Rapid reduction of
data is particularly important in inorganic work where long sample
preparation and experimental procedures are involved—the results must
be available during the run in order that unforeseen problems be identi-
fied and resolved before the experiment is terminated.

For these reasons automated data handling techniques, including
direct digital acquisition, computer treatment of data, and on-line com-
puter control of the mass spectrometer are especially attractive. Since
Fortran procedures for computation are established and readily acces-
sible, the limiting step is often the acquisition of information directly in
computer compatible form. This will be the subject of the present paper.

Techniques

The techniques can be divided into two categories—those for rapid
accumulation of large volumes of information, as in high resolution
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(m/Am ~10* —10°) analyses, especially of chromatograph effluents, and
those for low flow rates of information.

High Data Volume Techniques. Rapid data accumulation and han-
dling techniques are receiving considerable attention from the various
mass spectrometer manufacturers, especially for high resolution organic
applications. For the spectrometer, spectra with resolution of m/Am
~10* show that the output of the secondary electron multiplier can be
recorded rapidly in analog form directly on magnetic tape (13). The
scan rates are fast enough to be usable for gas chromatograph efluent
analysis. Equipment must be available for subsequent conversion of the
analog tape to computer language.

[ TO X AXIS OF ®

X-Y RECORDER,
COMPUTER, etc..
2
RANGE
| 135y T R 3
T R! R?
R R
ZERO SLIDEWIRE/
¢ SHAFT

Figure 1. Retransmitting slidewire circuit used to encode shaft
positions. Breaking connection 1-2 and connecting 1-3 may give
a more convenient zeroing arrangement

The mass spectrograph offers the possibility of integrating all of the
ion intensities simultaneously on the plate and of translating the plate par-
allel to the slit to obtain a time-resolved mass spectrum. The data han-
dling problem becomes one of calibrating and rapidly digitizing the vast
amount of information (about 10° readings of optical density per spectrum
produced by the microdensitometer used to read the plates), locating the
peaks, identifying overlapped (blended ) peaks, and computing the masses
to one part in about 10°. Substantial progress has been reported in auto-
mating microdensitometers, in writing computer programs, and in devis-
ing particularly informative ways to present the information (1, 2, 3, 5, 7,
8, 11, 13, 16, 18, 20). The substantial capital investment involved limits
the availability of such facilities.

Lower Volume Techniques. In many other experiments, the available
ion intensities are so small that measurements must be made over longer
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periods of time to obtain usable signal-to-noise ratio. While fast for
human acquisition and treatment, this information flow still may be
handled easily by apparatus that is becoming readily available to every
laboratory.

Shaft Encoding: Ionization Efficiency Curves. Various applications
require encoding of a shaft position. While digital shaft encoders are
available, they are usually prohibitive in price. A simple solution which
need not sacrifice accuracy is to use a retransmitting slide wire and the
circuit shown in Figure 1.

This apparatus will generate an analog signal proportional to the
position of any control shaft. Such a circuit has been used in our labora-
tory for the past two years to record ionization efficiency curves. The
range and zero controls were selected to permit any 10-volt segment of
ionizing electron energy to give full scale deflection on the X-axis of a
10 millivolt X-Y recorder. The time constant of the entire circuit, com-
prising the electron voltage regulator, detector, and recorder was large
enough that a small timing motor (A. W. Haydon Co., Waterbury, Conn.,
1/6 or 1/30 r.p.m.) was used to generate a reproducible sweep. With
moderately intense ion currents, appearance potentials could be repro-
duced to 0.04 e. v. For a weak ion current of about 40 ions per second
full scale, a recording is shown in Figure 2. It was produced in about
20 minutes of easy work compared with a hard hour for manual processing.

A buffer memory, a time averaging computer (that of Northern
Scientific Corp., Madison, Wisc., is particularly suitable because of facile
memory addressing), or a small control computer might be substituted
for the X-Y recorder. Such units can provide in-place time averaging
as well as input for a large, central computer. An on-line computer for
automated determination of appearance potentials also is reported (12).

Direct Recording of Low Resolution Spectra. Apparatus is available
commercially from Non Linear Systems (Del Mar, Calif.) (19).
During a low resolution scan, both the varying ion-accelerating voltage
and the ion intensity are digitized and recorded. The mass spectrum is
calculated by computer. Mass accuracy of better than 1/4 a.m.u. at
m/e 250 is reported (10). For magnetic scanning instruments, both
Nuclide Corp. (State College, Pa.) and Varian Associates (Palo Alto,
Calif.) have announced new, high accuracy gaussmeters. Of additional
interest is using two Hall effect probes in series such that a signal pro-
portional to the magnetic field squared, and linear with mass is produced.

Averaging and Digitization of Ion Currents. In many aspects of the
mass spectrometry of high temperature systems or of reactive intermedi-
ates, the ion intensities are such that the current at each peak must be
averaged over a period of time during which the spectrometer settings
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must remain constant. An integrating digital voltmeter (DVM) (Vidar
Corp., Mountainview, Calif., Model 500) could not be used to measure
the electrometer output directly because the integration period of 20
msec. is too short for the small ion currents available. Consequently the
system of Figure 3 was built. The integrator circuit is shown in Figure 4;
using the high quality operational amplifier makes it easy to construct.

12—

intensity

@
i

Per cent of 70 ev
»
T

0 du"l .Aﬂw
[ I I ! ]
10 11? 12 13 14
Nominal electron energy, ev.

Courtesy S. M. Schildcrout

Figure 2. Automatically recorded ionization efficiency
curve for the metastable process Ni(CO),* — NiCO* +
CO: ion intensity vs. ionizing electron energy in e.v.
Scan rate, 1/3 volt per minute; maximum ion intensity
shown corresponds to about 40 ions per second. The
graininess of the low resistance retransmitting slide wire
needed to match the recorder available causes the curve
to look as if it is composed of a series of vertical lines
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The precision timer is a preset counter set to count the 60-herz line
frequency for 1/4, 1/2, 1, or 2 minutes.

Several advantages accrue from this apparatus. The uniformity of
recording the intensities and of time averaging are significantly improved
over averaging by eye. Data reduction is less tedious, and the time
required is reduced by about 25%.

Multiplier 2 Pen
Electrometer -
Grid Recorder
‘ -> Electrometer

Integrator |————<——--| Integrator l—<— Timer
| 1

Digital

Voltmeter

Figure 3. Direct digital data output system. The timer is a preset counter
that activates the relays shown in Figure 4. Line frequency is counted

Manual transcription of the data, with its consequent delays and
errors, was eliminated by encoding the various spectrometer controls,
automatically scanning the various data stations, and writing the infor-
mation with a 12-line parallel entry tape perforator. The mechanics of
the Computing Center now make it desirable to use one of the incre-
mental magnetic recorders that are becoming available at low cost.

The system comprises the following:

(1) Digital encoding of such identification material as mass or date.

(2) Digital encoding of such instrument settings as input resistor,
electrometer ranges, and emission current as well as time.

(3) Analog-to-digital conversion of thermocouple readings, elec-
trometer output, shaft encoder output.

(4) Scanning and “writing” the preceding sources of information
with the desired amout of operator intervention.

The identification material is entered directly onto the tape by means
of a selector switch and 12 banks of four-pole wafer switches providing
binary coded decimal (BCD) output. Instrument settings also are en-
coded simply by coupling the appropriate control shafts to four-pole
wafer switches that produce signals corresponding to 0 through 9 in BCD
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output. Analog-to-digital conversion in all cases is accomplished with
the DVM.

The heart of the system is the scanner which presents each of the
analog signals to the DVM in unvarying sequence. A possible system
involving a commercial scanner, and an IBM (Poughkeepsie, N. Y.)
card punch is described elsewhere (4). The present unit was built to
have facile entry of special control information (Error, End of Data
Subset, etc.) and a series of interlocks to minimize operator error. The
operation of this unit is shown in Table I. The scanner is activated by
Control a. This causes a special punch on the tape which the computer
is programmed to interpret as “start new subset of data.” Three such
punches are coded to mean “start new page or new set of data,” and five
such punches mean “end of run.” Pressing this button also readies the
scanner to start Cycle 1.

The first step of the cycle is to read “preset” information set manually
on the 12 wafer switches. Such information includes the ion mass, elec-
tron energy, etc. A selector switch on the perforator chooses between
the “preset” or the “external” information and is interlocked so that step
IA can be performed only if it is in the correct position. Similarly, IB
and IC are interlocked with the “external” position.

In the “external” position, three channels accept output from a digital
clock; four more channels accept information from the encoders for the
secondary electron multiplier output resistance, multiplier electrometer
range setting, “grid” (unmultiplied ion current) electrometer range set-
ting, and ionizing electron emission regulator setting. An eighth channel
accepts the digital voltmeter (DVM) range, and four more accept the
DVM reading itself. The DVM polarity signal is not used.

In position IB, the DVM reads either a thermocouple attached to a
Knudsen cell, an automatic optical pyrometer output if available, or a
shaft encoder (Figure 1) attached to the slide wire of a manual optical
pyrometer.

The scanner is advanced to position IC. The operator then measures
the ion current using the integrators. If visual observation of the strip
chart recording indicates that the measurement is satisfactory, Control ¢
(perform Cycle II) is activated and the two integrator outputs recorded.
This cycle may be repeated as many times as desired.

Should an error be made, Control d causes a punch which is pro-
grammed to make the computer disregard the preceding two frames of
information corresponding to the preceding steps II.1 and II.2.

When the appropriate number of readings has been taken, Control a
is pushed one, three, or five times, and the scanner is set to accept infor-
mation for the next mass peak, the next set of peaks, or to end the run
respectively.
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Figure 4. Integrator circuit simply constructed using a high qual-
ity operational amplifier. This circuit affords more precision than
the pen recorder. The operational amplifier is a Philbrick Re-
searches, Inc. (Dedham, Mass.), Model SP-2A; a Keithley Instru-
ments, Inc. (Cleveland, Ohio), Model 300 also seems suitable

Table I. Operation of the Scanner’ for Direct Tape Output

Cycle I
A. Record “preset” information (interlocked”).
B. Read with DVM and record “thermocouple” station.
C. Activate Cycle II.

Cycle 11
1. (a) Read with DVM and (b) print integrator 1 output.
2. (a) Read with DVM and (b) print integrator 2 output.
3. Hold.

Controls
a. GotoCycleI, A.
b. Advance in Cycle 1.
c. Perform Cycle II.
d. Error.

“The scanner comprises two counting rings—Silicon Controlled Rectifiers. Cycle I
can be initiated only if the perforator interlock is activated, and if Control a is pushed.
It advances one step at a time. Cycle II has five steps and once activated is advanced
through all steps back to “Hold” by an R-C timing network. Additional steps might
be added to permit “shutter position,” electron energy, gaussmeter reading, etc. to be
recorded. Clare Corp. HGSM-1016, bistable, single pole mercury relays are used for
switching.

® See text.

¢ Circuits may be obtained from “Motorola Semiconductor Circuits Manual,” Motorola,
Inc., Phoenix, Arizona, 1964.
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Each of the time steps II.1 and I1.2 are repeated, the five channels
of information representing the encoder positions and the DVM range
are recorded. The computer is programmed to scan these and print out
a special signal if any one should change within a particular subset of
data. This has proved useful in spotting operator or recorder errors.

As a result of this system, almost all manual treatment is eliminated
and the CDC 3400 computer reduces in one minute of running time data
that previously required 100 man hours simply to obtain a table of ion
intensities. These intensities are provided in tabular form and on punched
cards, and must be compared with the original strip chart recording
because of various instrumental and operator errors. (Such comparson
is relatively fast but need not be done immediately if rough results are
needed during a run.) The cards are corrected and reprocessed to make
any necessary calculations and to present the results in a variety of
potentially informative ways.

Apart from the obvious time saving and the more thorough data
treatment, there are other benefits. Operator fatigue is diminished, prob-
ably because of the rhythm imposed by the apparatus. There is a
tendency to take more data. Most important, the results are available
soon enough to be used for planning the remainder of the run and thus
permit the worker to take a more efficient role in designing his experiment.

On-line Computer Control. The various steps as well as the decisions
described above under Computer Compatible Output can and have (7,
8) been performed by a small, on-line control computer. Such an instru-
ment would completely replace both the scanner and data-writer in the
system described above, as well as any time averaging computer. New
units with increasing memory capacity and decreasing cost are continually
becoming available; their cost may be lower than that of the scanner/time
averaging systems. In addition, they can provide buffer memory for a
central, shared-time computer and can continually monitor pressure,
inlet temperature, etc., for possibly abnormal conditions. Convenient
programming permits any of a wide variety of sequences to be designed
and interchanged as necessary. Fortran packages are available on many
units.

In a system operating for isotopic analyses, only moderate resolution
and a relatively narrow mass range are required (7, 8). A gauss meter
is used to obtain a mass indication, and the computer is programmed to
identify and record only the top of the peak. Electrometer ranges are
computer controlled by means of relays. The computer also decides when
enough scans over the spectrum have been made to obtain preselected
reproducibility limits. The new high accuracy gauss meters mentioned
previously may improve performance where wider mass ranges and/or
accuracy are desired.
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Programs and interfaces developed (6) to enable a small PDP com-
puter (Digital Equipment Corp., Maynard, Mass.) to control a four-circle
x-ray diffractometer should be readily adaptable to the mass spectrometer.
The programs developed include those for preliminary scans to find sig-
nificant intensities in a new system, and a routine to maximize intensity
on the detector. Such a maximization routine is essential in cases, as
implied elsewhere (17) for a simple inorganic system, where the gauss
meter does not give a sufficiently accurate indication of mass.

A system for on-line computer controlled and processed determina-
tion of appearance potentials by the retarding potential difference (RPD)
method has been reported (12). Data reduction using a shared time
computer also is reported (9).

Conclusion

Various systems with differing capabilities have been described.
Using one or several of these has greatly improved the quality of infor-
mation available from the mass spectrometer. Precision is increased by
increased systematicity and by reducing human error. Precision is in-
creased also by in-place time averaging. A large volume of significant
information in various potentially informative forms is made available
rapidly, and it becomes possible to more effectively study gas chromato-
graph effluent, and corrosive, unstable, or otherwise transitory systems.
Results become available while the experiment is in progress, permitting
the unexpected to be identified rapidly, and pertinent modifications of the
experiment to be made.
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Mass Spectrometric Studies of
Unstable Species

FRED E. STAFFORD, GEORGE A. PRESSLEY, ]R.,
and ANTHONY B. BAYLIS

Department of Chemistry and the Materials Research Center,
Northwestern University, Evanston, IIL

Several aspects of the application of mass spectrometry to
the study of unstable inorganic species, including boron
hydrides and nickel tetracarbonyl, are presented: (1) molecu-
lar beam mass spectrometry: important effects of pyrolysis
in the conventional ion source, which acts as a flow reactor,
are shown for B,H,,, B,H;CO, and H;BNH;. (2) The de-
tection and characterization of otherwise elusive reactive
intermediates, including BH;, B,Hs, and H,BNH,. (3)
Measurement of the partial pressures of some of these inter-
mediates and other species under equilibrium conditions at
high temperatures: stepwise bond dissociation energies are
indicated for BH ,; when graphite and hydrogen are heated
under flow conditions at ~2000°C., moderately high mo-
lecular weight ions are observed and implications raised for
the genesis of life related molecules.

The problem of using the mass spectrometer to identify and charac-
terize labile molecules and/or reactive intermediates can be broken
into three parts. First is obtaining the mass spectra of those labile species
that can be prepared and “stored in a bottle.” The problem is that some
of these species such as BH;CO, B,HsCO, B4H;,, and Ni(CO),, decom-
pose at measurable rates near or at room temperature and would there-
fore be expected to decompose in either the inlet system (8) or in the
ion source which is heated by the electron emitting filament. Decomposi-
tion in the source is insidious; the analytical chemists recognized the
problem early and carefully thermostatted the ion sources of the mass
spectrometer, often at 250°C. This means that the source can act as a
reproducible flow reactor. Thus, it may be difficult to identify the result-
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ing steady state mixture of subject molecule, reactive intermediates, and
pyrolysis products (27, 34). This may cause a particularly severe
problem in obtaining the mass spectra of isotopically labelled materials
—scrambling could occur without there necessarily being any decompo-
sition. In any case, it should be of vital concern to those who make
theoretical calculations of mass spectra.

Once the mass spectra of the “stable” molecules are firmly estab-
lished, a second phase is to identify the reactive intermediates responsible
for the polymerization or degradation of a given starting molecule. Such
direct identification is valuable for systems where the kinetic data are
intractably complex, as for the boron hydrides or for nickel carbonyl.

Finally, it is possible that some of these reactive intermediates may
be “high temperature molecules.” Although unstable with respect to
decomposition at ordinary temperatures, they may exist in measurable
concentrations at elevated temperatures. In this case, equilibrium con-
stants and thermodynamic properties may be determined—e.g., for BH; in
equilibrium with boron and hydrogen at 2000°K. Such thermodynamic
data can then be used to verify a proposed reaction mechanism. In this
paper, all three aspects are discussed.

Experimental

Inlet System. The essential parts of the flow reactor and ion source
apparatus assembly are shown in Figure 1 (Nuclide Associates, State Col-
lege, Pa. Model 12-60-HT8). This is a modification of the arrangement
of Chupka and Inghram (4, 7, 18). A reactant material is distilled from
a low temperature container into the tube T in the bottom. It then flows
through the reactor A, which contains a series of baffles, and then effuses
out of the orifice into a high vacuum region. A septum divides this
reactor compartment from the separately pumped ion source chamber,
where the neutral species are ionized by an electron beam at the center
of the plate marked JI. The slit just below JI is narrow. It and the
movable beam-defining slit D define a line that molecules must travel to
be ionized. Thus, by scanning the slit D from right to left, one obtains
a shutter profile (18) which permits determination of whether the ions
originated from residual background, neutrals coming from the radiation
screens C, the wall of the reactor, or the reactor interior. The slit in the
ionization chamber, J1, is large enough to permit the molecular beam to
escape without any collisions with the chamber walls. It is believed that
the molecular beam mass spectrum corresponds to one with “zero ion
source contact.”

We discuss below how this arrangement helps us to distinguish be-
tween—e.g. BH; ions formed by fragmentive ionization of diborane,
B.Hs, or from the neutral reactive intermediate BHs.

In its present state of evolution, this apparatus is similar to that used
by Eltenton (9, 10) and Lossing (24). One significant difference is that
here the reactor is far from the electron beam. Intensity has been delib-
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] —
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Figure 1. Flow reactor and ion source assembly

(A) Flow reactor, (B) Tungsten heating filament, (C) Radiation shields,
(D) Movable beam defining slit (“shutter”), (F) Deflector for charged
species in the molecular beam, (J1) Ionization chamber, (H) Ion beam
defining slit, (T) Inlet tube, (TC) Thermocouples, and (M) Micrometer

erately sacrificed for differential pumping, the movable beam-defining
slit, and the resulting shutter profiles.

Foner and Hudson (15, 16), Fite and Brackmann (14), Milne and
Green (28), and Fehlner and Callen (11) have a similar arrangement
except that a chopper, perhaps without the differential pumping, is used
in place of movable slit D. A phase-sensitive detector is then used, and
the tedious manual operation of D is eliminated.

The Mass Analyzer. This is of moderately high resolution. It cer-
tainly is not true that work at low masses requires only low resolution.
Figure 2 shows how the boron hydride peaks at mass 12 [**C, 1'BH, and
YBH,] are uniquely identified by their mass defects. This is especially
useful in searching for tri- and tetraborane pyrolysis products. Mass
aesolu}t)ilon of a factor of 3 to 6 higher than that shown here would be

esirable.
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Figure 2. Resolution of the triplets at mass peaks 14, 13, and 12 showing how

boron and /or carbon hydrides can be unambiguously identified and measured.

The highest intensity at mass 12 corresponds to about 30 ions per second, and
the scan time for the triplet is about 3 minutes

Automatic Data Reduction. In a typical run on *BH;, (3) it was
necessary to monitor 27 ion peaks between masses 10 and 50. Seven
species are postulated that would have parent peaks in this region. In
addition, polymerization product peaks were observed at every mass
between 50 and 110, and could be attributed to any of eight additional
neutrals. Thus, a total of 87 mass peaks, attributable to 15 possible neu-
trals, had to be studied.

In general, a 40-consecutive hour run required an additional 120
hours (not consecutive!) for reading the charts and reducing the data.

To eliminate some of this massive repetitive labor, automatic data
treatment devices have been developed and are discussed elsewhere (25).
In addition to reducing the human labor, this apparatus has in fact im-
proved the extent and precision of the data and the range of the appa-
ratus, making feasible experiments that would otherwise not be possible.
In addition, results are available to the workers during the run so that
they may be used for planning the next step. Perhaps the most important
advantage is that our students experience first hand that unless absolutely
necessary, no human being should do repetitive labor that could be done
equally well, or in this case, much better by machine.

Results

Molecular Beam Mass Spectra of Labile Materials. In the experi-
mental arrangement shown in Figure 1, the slit by which the molecular
beam leaves the ionization chamber JI is larger than the collimating slit
just below it. Consequently, the molecular beam is believed to pass
through the ionization chamber with no wall contacts or scattering.

In Mass Spectrometry in Inorganic Chemistry; Margrave, J.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1968.



Publication Date: June 1, 1968 | doi: 10.1021/ba-1968-0072.ch011

11. STAFFORD ET AL. Unstable Species 141

Operating the slit D permits measurement of the ion intensities associated
with the molecular beam species. A molecular beam mass spectrum so
obtained should correspond to “zero ion source contact.”

Workers, using source geometries different from the present one,
have chopped the molecular beam at various frequencies. Observation
of the chopped ion current led to the conclusion that it may arise from
ions attributed to both straight-through and scattered components of
the molecular beam. We believe that the contribution of the latter does
not affect the results in the present case.

10B,HgCO MASS SPECTRA

Conventional

l|” | IL

Zero source contact

'l “«-—Parent
I | llllnll o 1 N
50 60 70

Top. courtesy G. L. Brennan and R. Schaeffer

Figure 3. (Top) Mass spectrum of tetraborane carbonyl, B,H,CO, taken with

a conventional analytical mass spectrometer. Small contributions of pentaborane

ions are substracted out. (Bottom) Mass spectrum taken with the molecular

beam spectrometer (17). It is believed that the difference is caused by com-

plete pyrolysis in the conventional2s5pecérometer ion source, which is about
0°C.

B.H:CO. A striking example of the value of this technique is shown
in Figure 3. The upper mass spectrum is that of tetraborane carbonyl,
B4HsCO, taken with a conventional analytical mass spectrometer (cour-
tesy of G. L. Brennan and Riley Schaeffer). The lower spectrum is of the
same compound taken with zero ion source contact [by R. E. Hollins
etal. (17)]. The latter shows intense parent and parent-minus-H, peaks.
Of some interest is that m/e 63, 1"B;H;CO", is relatively large; it is the
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analog of the proposed species BsH;. The former does not show these
peaks. All evidence indicates that the former is caused by a mixture of
pentaboranes (subtracted out in the figure), tetraborane -10, and the

By

lon Intensity

20 30 40 50
Journal of the American Chemical Society

Figure 4. Conventional mass spectrum compared to molec-

ular beam mass spectrum of tetraborane-10. The dijjzrence

is attributed to pyrolysis to z)rm B,H, and probably diborane
and other species in the conventional ion source (29)

- - — - Conventional mass spectrum
Molecular beam mass spectrum
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intermediate to be discussed below, tetraborane-8. This carbonyl, which
is known to pyrolyze at 0°C., has been completely decomposed during
the short contact with the ion source.

B,H,,. Figure 4 shows a comparison of the molecular beam mass
spectrum of tetraborane-10 with that taken with a conventional analytical
mass spectrometer. When Arlan D. Norman prepared this sample, he
found that his conventional mass spectra always showed pentaborane
peaks. Other mass spectra in the literature (2) show also hexaboranes.
The molecular beam mass spectrum shows none, indicating pyrolysis in
the conventional source.

The remaining discrepancies might be attributed to temperature-
induced changes in mass spectra—i.e., as the temperature is raised, higher
vibrational levels are populated. Because of the role of the Franck-
Condon principle in the primary ionization process, this could lead to the
observed change in the fragmentation pattern. A rather exhaustive study
(discussed below) shows that the conventional mass spectrum arises
from a mixture of tetraborane-10, the intermediate tetraborane-8, prob-
ably diborane, and possibly other species.

From these results it is clear that any theoretical calculation of the
mass spectrum of tetraborane-10, or of similarly labile molecules must
be compared with the molecular beam mass spectra.

IsororicaLLy LaseLep ByH;,. A particularly important case of a
labile compound is an isotopically labeled molecule, particularly with H
or D labels. The label atoms could be scrambled without any indication
of decomposition. A molecular beam mass spectrometric investigation of
such labeled tetraboranes has been reported recently (29) and has given
results significantly different from those previously in the literature. The
apex (2, 4) boron atoms are lost in a preferred manner, but not deuterium
in a bridge position.

BH3;CO. The mass spectrum of borane carbonyl (taken by S. M.
Schildcrout) is shown in Figure 5 and compared with the conventional
mass spectrum (6). The fragmentation pattern of this molecule is simi-
lar to that of the tetraborane carbonyl in that there is a relatively intense
parent peak and a still larger parent-minus-two peak. The elimination
of ions from B.H; neutral in the molecular beam spectrum allowed us
to identify various BH,C* fragment peaks. These peaks are so small that
they are not seen in the figure.

B.Hg. Of other species studied, the molecular beam mass spectrum
of diborane is essentially the same as that measured with the conventional
mass spectrometer (1).

N1(CO),. The mass spectrum of nickel carbonyl, Ni(CO),, has
been of some interest recently (35, 36). For this compound, Schildcrout
et al. (32) have shown that the conventional spectrometer does not
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give detectable amounts of intermediates such as the tricarbonyl. In
some respects, this is a surprise because the literature (32) postulates
such an intermediate in the gas-phase pyrolysis and other reactions. It
does confirm the validity of the previous studies (35, 36) in which the
positive and negative ion mass spectra were measured and compared
with theoretical calculations. The present results (32) give the first
rearrangement ions, C—O scissions, and metastable transitions reported
for this molecule.

H3BNH;. The vapors above ammonia borane solid have been studied
and the molecule H;BNH; identified as the principle vaporization prod-
uct (22). Study of the hemideutero compound H;BND; shows that in
electron impact fragmentation a B—H bond is broken in preference to
a N—D bond.

Because of a solid-state decomposition, the vapor contains also other
decomposition products. Its low vapor pressure and instability would
make ammonia borane extremely difficult to study by conventional mass
spectrometric techniques.

Conventional: Inlet, 300; Source 270°

parent " BH300

0.1 to 0.4%

l H traces l
- — N /_"_ﬁ
| O 1 l ! ‘ 1 i l
! ! | ' ' MCA #38
10
Zero source contact = parent BH300

il
10 20 30 40

Courtesy S. M. Schildcrout

Figure 5. (Bottom) Molecular beam mass spectrum of borane carbonyl, BH,CO

(Top) Conventional spectrum (8) shows diborane and does not permit measurement
of the BH.C* peaks

Studies of Reactive Intermediates. Boron Hyprmes. The boron
hydrides have been of interest for some years because of their high
specific heats of combustion and because of their “electron deficient”
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structures involving bridge hydrogen bonds and the great variety and
diversity of the molecules formed. Chemical, and particularly kinetic,
studies (I, 23, 33) have been greatly complicated by the reactivity of
the boron hydrides and by the complex, quasi-equilibrium mixture of
products.

Borang, BH;. Although many workers have sought borane, it has
largely eluded detection. The first reported identifications came approxi-
mately simultaneously by Fehlner and Koski, who identified it in the
pyrolysis of diborane (12, 13) and of borane carbonyl, BH;CO (12, 13),
and by our own group (4). We have obtained a complete mass spectrum,
free of possible BH., for this molecule. We have only sparsely investigated
the pyrolysis of BH;CO, and this has led to polymerization. Studies
using shorter flow times and lower reactor pressures are under way.

The pyrolysis of B.H, has been studied (4) using a variation of more
than 10? in flow time and 10% in diborane pressures. One group of results
is shown in Figure 6 where the ratios of mass peaks 13 (1*BHj") and 12
(**BH.") to mass peak 25 (1°B,H;") are plotted as a function of tempera-
ture. The monomer ion intensities increase in both absolute and relative
ion intensity.

Some of the deformation frequencies of B.H; are such that one might
argue that these modes are becoming excited and causing a change in
fragmentation pattern. The data in Figure 7 indicate that this is not the
case. Here the percentage shutter effect, that is, the amount of molecules
caused by molecular beam species compared with the amount existing
as a stable background, is plotted for the diborane and the monoborane
ion peaks. At the temperature where the monoborane/diborane ion peak
ratios start to increase, there is also an increase in the monoborane ion
shutter effects. The shutterable fraction of B.H;' ion remains constant.
This is a good indication that at the higher temperatures these ions have
different neutral progenitors. Furthermore, the neutral progenitor of the
monoborane ions must be much more reactive since it is more rapidly
pumped. It may still be that the progenitor of the BHj ions is in fact an
excited diborane molecule, B,Hq®*. The mass spectrum of BH; obtained
from BH;CO, for example, is therefore highly desirable for comparison
with the one given below.

The mass spectrum of monoborane obtained (4) in this fashion from
B.H, is BH;* (31% ), BH," (100% ), BH* (16% ), and B* (8% ). It is
similar to those of the boron trihalides (21, 30) as well as to those of
certain aluminum (31) and scandium (26) trihalides.

This technique of discerning reactive species should continue to
prove valuable. Alternately, Klemperer, Buchler, and co-workers (5)
have used a strong inhomogeneous electric field alternately to select
those molecules with (e.g. LiOH) and without (e.g. (LiOH). a dipole
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moment. This probably would not have worked in the present case,
because of the low ion intensity attributed to BH; and its probable Dy,

symmetry.

1(BH3™) o
I (BoHg™*)
5 I -
a
1(BHo™)
|(82H5+)
3 —

_ A
1 |

J

) | | |
500 T oK 1000

Figure 6. Formation of BH,: Ratio of mass peak intensities
1("*BH,*)/1(**B,H;*) and 1("°BH ;*)/("°BsH ;")

In the study of the pyrolysis of diborane (4), equations were devel-
oped for deducing the rate constant for pyrolysis under low pressure
conditions—i.e., those conditions where material leaves the reactor by
molecular flow, and where, in addition, the mean free path is sufficiently
large that the composition throughout the reactor is constant. It was
shown also that anomalous effects seem to occur if the conductance of
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the exit orifice is comparable with the conductance of the body of the
reactor.

TETRABORANE-8. B,Hj poses more complicated problems. It could
be formed by dehydrogenation of tetraborane-10.

B,H,, = B,H, + H,

Even if this reaction were shown to occur, another reaction also has been
postulated.
BH,, = B3H; + BH;

Thus, if B4Hg were formed from tetraborane-10, the formation of the
neutral triborane and monoborane species could not necessarily be pre-
cluded; with the low ion intensities available it would be difficult to
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Figure 7. Formation of BH, (continued): Percent shutter effect
vs. reactor temperature showing that the monoborane ions have a
different, more reactive neutral progenitor than mass 25(B,H;")
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make sufficiently accurate determinations of these appearance potentials.
Accordingly, alternate routes to the tetraborane-8 intermediate would be
desirable. These include

B,H,CO — B,H, + CO
and

B5H11 e B+Hx + BHs

A
5" +
ByHg*/ ByaMg,
> ] Y
1
@ 8.8 ev
c :
e 1| B4Hg* /B4l
e |
— — H /
Ve
0 + + + + —t
Electron Energy (Volts)
B 3
75% decomp.
}
>
>
2
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«
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[+ ]
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1 4 + ‘ + +
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Figure 8. Formation of B,Hg from B H,,: B, H" ion cur-

rent at low ionizing electron energy vs. reactor temperature.

This increase in ion current with temperature, parallel in-

creases in percent shutter effect, and other data indicate the
formation of B,H, neutral

Figure 8 shows some of the results for the pyrolysis of tetraborane-
10 (3). In this case, there was enough ion intensity so that the change in
intensity of the parent for the reactive intermediate could be followed at
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low ionizing electron energy. These results, indicating the presence of
the tetraborane-8 reactive intermediate, are corroborated by observation
of the ratios of other ion peaks, and by the percentage shutter effect.

It is this body of evidence that indicates that the difference between
the zero source contact and the conventional mass spectrum, shown in
Figure 4, is in fact caused by the tetraborane-8.

In addition, the difficulties in studying these species are well illus-
trated by the observation that even at these low pressures with the reactor
at 200°C. every mass peak from 55 to 110 showed the presence of boron
hydride pyrolysis products. The most intense of these was only 2% of
the B,H;" ion intensity, so it is not likely that they made an appreciable
contribution to the B4Hg mass spectrum observed.
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Figure 9. Formation of B,H, from B ,H,CO: Ion current at mass ,peak 48
(squares) and percentage shutter effect écircles), both as a function of reactor
temperature (17)

In subsequent work, Hollins et al. (17) have followed the pyrolysis
of tetraborane carbonyl. Although this compound is extremely unstable
and explosive, the tetraborane-8 intermediate could be clearly identified
(Figure 9) by the change in mass spectra, and by the shutter effects.
Appearance potentials were measured.
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A similar study of pentaborane-11 has not yet been reported. It will
be interesting to see the results.

NickeL TerracarBonYL. Ni(CO)s has been reported to form a
tricarbonyl during its gas-phase pyrolysis and has been the subject of
recent lively interest (32, 35, 36). Schildcrout et al. (32) have studied
the pyrolysis of this molecule extensively but have not been able to find
any evidence for intermediate formation in agreement with the recent
work of Kangas et al. (20).

AMMonia Borane. Hz;BNH; yields BNH, as well as diborane and
ammonia when vaporized. Pyrolysis of H;BND; shows that the structure
of the product is most likely H,BND,.

High Temperature Studies. Some of the problems in the pyrolysis
mechanism of the boron hydrides could be solved if BH, or BHz could
be studied in equilibrium with hydrogen and boron. Thermodynamic
predictions indicate that one or both of these should be present in ob-
servable quantities under mass spectrometric conditions at about 2000°C.
For this study the previously determined mass spectrum of borane-3
should be particularly valuable.

The available data (19) can be combined to give the bond dissocia-
tion energy D(BH—H) for BH., in kcal./mole:

BH; — BH, + H D(BH,—H) = 72
BH,—>BH + H (D(BH—H) =114)
BH B + H D(BH) = 179
BH; > B + 3H 3D(B—H) =265

It is quite likely that at least two of the three bond dissociation energies
must be in error. The middle one seems to be much too large.

S. J. Steck has undertaken equilibrium studies of the boron hydrogen
system at about 2000°C. Her preliminary results corroborate these specu-
lations in that BH; is readily observed but not BH,. For the conditions
used, the bond dissociation energies quoted above lead to the prediction
that BH, should be ~10* more abundant, in striking disagreement with
the observations.

MoberaTELY HiGH MoLECULAR WEIGHT AND LiFE RELATED CARBON
Species. When hydrogen is allowed to flow through a graphite reactor
heated to about 2000°C., Steck observes ions of the type C,H, containing
up to seven or more carbon atoms. The mass spectra indicate that the
neutral progenitors probably are noncyclic; low appearance potentials in
some cases indicate the presence of free radicals.

This result is exciting because it affects calculations of the amount
of material present in stellar sources and because it suggests a mechanism
for the formation of organic substances leading to the origin of life. The
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possibility also is suggested that if nitrogen were added to the reaction
mixture, nitriles and eventually amines could be formed.

Conclusion

Our various activities in applying mass spectrometry to inorganic
chemistry have been summarized in this report. First, and perhaps most
unique, is the measurement of molecular beam mass spectra of such labile
molecules as tertaborane-10, tetraborane carbonyl, ammonia borane, and
nickel carbonyl. In this work, the effects of interfering mass spectra from
pyrolysis on the ion source are eliminated. Such effects have been shown
to be significant in interpreting certain mass spectra (29). The reactive
intermediates BH; and B,Hs have been clearly identified and to some
extent characterized. Some data have been obtained also for the stepwise
bond dissociation energies of gaseous BH;. Higher molecular weight
hydrocarbon ions have been identified coming from species in the vapor
above graphite and hydrogen.
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Mass Spectrometry of Inorganic Halides

ROBERT W. KISER," JOHN G. DILLARD* and DONALD L. DUGGER*

Kansas State University, Manhattan, Kan.

A mass spectrometric study has been made of TiCl,, NbCl;,
TaCl;, ZnCl,, ZnBr,, HgCl,, HgBr,, Hgl,, PCl,, PBr;, POCL;,
and PSF;. Heats of formation for the various ions in the
mass spectra are calculated from the appearance potentials
measured. Clastograms and metastable transition studies
have aided in the assignments of the fragmentation path-
ways. Ion-pair processes were found to be unimportant in
the formation of positive ions from all compounds studied
except thiophosphoryl fluoride. Ionization of the metal-
containing molecules involves the removal of the electron
from a molecular orbital to which the halogen atom orbitals
contribute significantly.

The study of gaseous inorganic ions using mass spectrometric analysis
dates back to the classic studies conducted by Thomson (203) and
Aston (2). Thomson was the first to recognize the applicability of the
mass spectrometer as a powerful analytical tool and was successful in
identifying inorganic species formed by decomposition in electrical dis-
charges. Aston’s pioneering work concerned the determinations of the
relative abundances of naturally-occurring isotopes of the chemical ele-
ments (2). Interest in the study of electron impact processes and the
formation of gaseous ions was stimulated by Dempster’s (23) design and
construction of a mass spectrometer equipped with an ion source capable
of forming ions with nearly the same energy and using a magnetic field
to carry out the mass analysis of the ions.

During the ensuing development of mass spectrometry, the investiga-
tion of inorganic compounds assumed a secondary importance to the
design and improvement of analytical methods for organic materials,
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particularly those of primary interest to the petroleum industry. This
decreased emphasis on inorganic studies also was probably caused in part
by a lack of more sophisticated supplementary equipment needed for
studying the generally less volatile inorganic materials.

Within the last two decades, mass spectrometric studies of the nature
of the vaporized species and the ionization and dissociative ionization
processes for these gaseous inorganic substances have received renewed
attention. This has been primarily caused by the advances in high tem-
perature mass spectrometry and the significance such studies have had
for inorganic chemistry. Too, the renaissance of inorganic chemistry that
has occurred in the past decade or so, owing to increased utilization of
physical methods and theoretical approaches, has occasioned the inor-
ganic chemist to rediscover the utility of mass spectrometry as a means
of attacking his varied problems. Although, as is noted below, many of
the relatively “simple” inorganic species have been subjected to mass
spectrometric study, there is no reason that the more “complex” molecules
should not be scrutinized to yield valuable information that is either
difficult or impossible to obtain by other methods.

In subsequent paragraphs we present a brief review of the variety
of studies of inorganic halides in which mass spectrometry has played a
significant role, particularly with respect to mass spectral identification
and energetics. Neither isotopic abundances nor isotopic separations are
included. Because of the importance of photoionization studies, first done
by Terenin and Popov (199, 200, 201) to the energetic data, references

- to such work have also been included. The ordering of this treatment

follows the periodic arrangement. The remainder of this paper is con-
cerned with current studies of related halogen-containing systems that
have been conducted in our laboratory.

Group IA. Numerous investigators have examined all of the fluorides
and/or chlorides of this family save francium (6, 134, 135, 137, 183).
Studies have also been reported of individual alkali metal halides; these
are: lithium (9, 44, 72, 153, 154, 156 ), sodium (72, 77, 154), and potassium
(72,77). A large number of investigations of hydrogen halides have been
reported (4, 5, 17, 19, 25, 42, 44, 46, 51, 57, 64, 73, 76, 80, 83, 97, 99, 115,
116, 117, 143, 144, 145, 147, 148, 149, 158, 159, 160, 161, 162, 165, 166,
204, 211, 212, 213, 214).

Group IIA. Aside from the examinations that the alkaline earth
fluorides have received (8, 11, 15, 35, 36, 54, 66, 67, 68, 216), only the
magnesium halides have been studied mass spectrometrically (8).

Group IIIB and Transitional Metals. Apparently yttrium chloride is
the sole member of Group IIIB that has been studied (132, 133). The
only investigation of the lanthanides and actinides that were found in
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the present literature search involve uranium fluoride and chloride (16,
210, 214).

Marriott, Thorburn and Craggs (128) investigated titanium tetra-
chloride and Sidorov, Akishin, and Belousov (188) have studied zir-
conium tetrafluoride. Dillard (31) has examined the biscyclopentadienyl-
titanium and -zirconium dichlorides. We report herein an additional
study of the titanium tetrachloride system. Our own recent studies (31)
of niobium and tantalum chlorides are reported in this work.

Numerous other investigations of first row transition element halides
have been made (15, 31, 41, 86, 90, 91, 92, 130, 131, 155, 177, 178, 179,
185, 204, 219). Additional members of Group IIB that have been studied
include cadmium chloride (87) and mercury chloride, bromide, and
iodide (15, 31, 41, 53, 204). Recent reports have appeared concerning
rhenium chloride systems (14, 173).

Group IIIA. Aside from the recent considerations of the thallium
halides (7, 93), studies have been limited to the halides of boron (55, 66,
69, 84, 85, 98, 100, 107, 108, 122, 124, 125, 127, 129, 150, 164, 175, 186,
190) and aluminum (11, 35, 153, 156, 216).

Group IVA. There have been many investigations of energetics in
the organic halogen systems (10, 28, 29, 30, 38, 39, 53, 58, 59, 61, 65, 70,
71, 78, 81, 95, 109, 110, 111, 118, 123, 126, 139, 146, 157, 167, 168, 176,
189, 190, 192, 202, 212 213). Studies of the fluorides and chlorides of
two additional members of this group include work on silicon and
germanium (24, 36, 43, 62, 81, 125, 176, 191, 202, 206, 212, 213, 215, 216,
219).

Group VA. Nitrogen fluorides have been rather extensively exam-
ined (13, 18, 33, 62, 63, 88, 106, 113, 169), whereas little attention has
been given to other nitrogen halides (61, 152). Several investigators
have reported the results of their investigations of phosphorus fluorides
and chlorides (51, 56, 89, 94, 104, 163, 180, 207). No additional work
appears to have been done on antimony halides since the early efforts of
Kusch, Hustrulid and Tate (51, 104). Only a little more attention has
been given to arsenic fluoride and chloride (51, 104, 179).

Group VIA. The principal studies of the halides of this group have
been concerned with sulfur (3, 22, 24, 34, 43, 68, 101, 102, 119, 151,
174, 176, 184, 217), although reports of oxygen-fluorine systems (26, 120,
121) have appeared recently.

Group VIIA. Various interhalogen compounds and negative halide
ion studies are to be found in the literature (48, 60, 79, 152, 193, 194, 216).

Noble Gas Halides. Mass spectrometric studies have been of prime

importance in the exciting investigations of this new class of compounds
(12, 75, 196, 197, 218).
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Oxyhalides and Thiohalides. In addition to the above systems,
various oxyhalides and a few thiohalides have been examined mass spec-
trometrically (26, 27, 31, 40, 56, 69, 86, 114, 120, 121, 138, 145, 170, 171,
172, 174, 176, 184, 207).

The present work is a report of a portion of current mass spectro-
metric studies in these laboratories of inorganic halides and oxy- (and
thio-) halides. It has been found that there are some similarities as well
as differences between metal and non-metal halides. Additionally, cau-
tion is urged in the assignment of ion pair processes involving these
halides. After describing the experimental procedures and techniques
employed in this work, the results of our investigations are presented
and discussed.

Experimental Apparatus and Procedures

Mass Spectrometers and Data Reduction. The mass spectrometer
used principally in this study was a Bendix model 12-100 time-of-flight
which has been partially described previously (48, 49). The instrument
has been modified to permit studies of negative ions and equipped with
a Hewlett-Packard model 175A 50Mc oscilloscope with capabilities for
recording the oscilloscope trace. The signal from the Wiley magnetic
electron multiplier was fed through an HP model 1759B dual trace vertical
amplifier plug-in. Negative ion spectra were recorded directly with a
heated-pen galvanometer on 5 cm. strip chart paper by scanning the
oscilloscope trace with a ramp pulse generated in the HP model 1784A
recorder plug-in.

An Associated Electrical Industries MS-9 double-focusing mass spec-
trometer was also employed in this study. A rhenium ribbon filament
was heated to give a trap current of 100 pamp. The ion repeller was
nominally 2 volts. At a medium resolution of 1100 (using the 2.08 Ty,
definition) the mass spectrum was scanned in 31 seconds/octave by de-
creasing the magnetic field. High resolution spectra (> 20,000) were
also obtained. After signal amplification with an 11-stage electron multi-
plier, the spectra were traced with a six-galvanometer recorder mirroring
ultraviolet light onto a photosensitive paper. Other details of this instru-
ment have been reported (50).

Pressures, as determined by Alpert ionization gauges, were main-
tained between 1 X 107 and 1 X 107 torr in the ion source and below
1 X 107 torr in the MS-9 analyzers. Samples were introduced to the ion
source of the MS-9 by heating a 4 pl. cavity in a quartz probe. The 0.07
mm. orifice of this cavity is 2.1 cm. from the electron beam. The tempera-
ture of the sample in the cavity was controlled by electrically heating the
nichrome windings. An iron-constantan thermocouple and a Leeds and
Northrup potentiometer was used to monitor the temperature of the
cavity.

A nominal ionizing energy of 70 e.v. was employed in determining
the positive ion mass spectra in both instruments. The relative abundances
reported herein are those for the monoisotopic mass spectra and therefore
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include the contributions from ion currents for all the isotopes in a
particular ion. Negative ion mass spectra were taken with the time-of-
flight instrument at a voltage where the ions were the most intense. This
voltage varied from compound to compound.

Metastable transitions were investigated using the MS-9 instrument
in the usual manner. By applying a variable retarding potential to the
electron multiplier stack in the time-of-flight instrument, it also has been
possible to employ this spectrometer for metastable transition studies.

Clastograms were determined by scanning the entire mass spectrum
as a function of the electron energy. At higher electron energies the
stepping interval was approximately 5 e.v. This interval was reduced to
about 1 e.v. for electron energies below 25 e.v. Logarithmic clastograms
were constructed by plotting the logarithm of the fractional abundance
of each ion at any given electron energy as a function of the electron
energy. Figure 1 shows a typical clastogram. Included in the present
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Figure 1. Logarithmic Clastogram for Titanium Tetrachloride
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study is the first reported negative ion clastogram, determined for POCl;
in essentially the same manner by recording the oscilloscope trace.

Tonization and appearance potentials were determined from ioniza-
tion efficiency curves by the semi-logarithmic plot technique of Lossing,
Tickner, and Bryce (I12) and by the extrapolated voltage difference
procedure outlined by Warren (209). Energy calibrants used in these
studies were nitrogen (I = 15.58 e.v.) (64), mercury (I = 1043 e.v.)
(140, 141, 142), and water (I = 12.59 e.v.) (213). Good internal agree-
ment was obtained using the different calibrants. Error values quoted in
this work represent the reproducibility at one standard deviation.
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Figure 2. High Temperature Sample Cell

Heats of Sublimation. An additional modification in the time-of-
flight instrument was made (31) in the ion source to permit installation
of a high temperature cell. The following design is an improvement to
the earlier model reported by Shadoff (185). The cell (see Figure 2),
constructed from solid brass stock, had an enclosed cavity 0.8 inches in
length and 0.18 inches in diameter and two metal wings for mounting the
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cell on the lower side of the ion source. Sauereisen #31 cement was used
as insulation and as a means of holding the nichrome heater coil and
chromel-alumel thermocouple (sealed by silver solder through the wall
of the chamber) in place. An effusion insert plug about 0.2 inches in
length, contained a hole centered through the plug which terminated in a
5 mil orifice. Fifty to one hundred milligrams of sample were placed in
the cavity and the cell was sealed by tightening the brass effusion plug.
After attaching the cell to the ion source, the source assembly was inserted
in the flight tube, appropriately sealed, and the mass spectrometer was
evacuated to about 10 torr. Heating of the cell and its contents was
accomplished by passing a current from a variable powerstat (0-12.6
volts) through the heater coil. The temperature of the cell was deter-
mined with a Tempco portable pyrometer and millivoltmeter (model
PM-1K17) using a room temperature junction as the reference for the
thermocouple.

The experiments for determining the heats of sublimation were
usually carried out by heating the sample rather than cooling because of
the deleterious effects of the vaporized species on the sensitivity of the
multiplier dynode strip. Preliminary measurements with ZnBr; showed
no deviation outside the precision limits between heating and cooling
curves.

The heats of sublimation were calculated using the form of the
Clausius-Clapeyron equation given by Honig and coworkers (32, 74).
Using this technique, a plot of the ion current multiplied by the absolute
temperature as a function of the reciprocal of the absolute temperature
yields a straight line. Typical plots for two halides are shown in Figures
3 and 4. The accuracy in our measurements is about 2-3 kcal./mole, as
may be seen from Table I and Figures 3 and 4.

Shadoff (185) used the earlier design of this cell to follow the ther-
mal decomposition of cis, and trans-[Co(en).Cl.]Cl. The present design
is much superior to the earlier model for the study of “mass thermal
analysis” (52, 105).

Materials. Most of the compounds investigated herein were obtained
from commercial sources, although several were prepared by techniques
published in the literature.

The pentachlorides of niobium and tantalum were obtained from
City Chemical Co., and transferred under a dry nitrogen atmosphere to
break-seal containers, evacuated, and sealed. Mercury bromide and
iodide, zinc bromide, and phosphorus trichloride were Baker and Adam-
son products. Mercury and zinc chlorides were received from Fisher
Scientific Co. Phosphorus tribromide and thiophosphoryl chloride were
purchased from K & K Laboratories and the titanocene and zirconocene
dichlorides were obtained from Arapahoe Chemicals, Inc.

The addition compound TaCl; - S(C,H;). was synthesized as out-
lined by Fairbrother and Nixon (37). Diethyl sulfide was distilled from
P.O; and fractionated in an 18-inch column packed with borosilicate
glass rings. An intermediate fraction boiling at 90° C. was used in the
preparation. The reaction between the organic sulfide and tantalum
pentachloride was carried out inside a polyethylene glove bag under a
dry nitrogen atmosphere. The resulting dark red solution was vacuum
distilled at about 5 X 10 torr. Small volumes of vellow liquid were
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collected in borosilicate vials equipped with glass break seals. Elemental
analysis by Galbraith Laboratories gave good agreement with the calcu-
lated elemental compositions: TaCl; -+ S(C.Hj),; Calc: Ta, 40.58, Cl,
39.24; H, 2.24; C, 10.76%. Found: Ta, 40.19; Cl, 39.31; H, 2.14; and
C, 10.62%.

The sample of thiophosphoryl fluoride, PSF;, was prepared by the
technique outlined by Tullock and Coffman (205). One mole of NaF
was stirred with 0.65 mole tetramethylene sulfone. After evacuation of
the system, 0.25 mole PSCI; was slowly added and the mixture was heated
to 150° C. The thiophosphoryl fluoride gas evolved was subsetﬁuently
collected in a —78° C. trap. The sample, without further distillation,
was found to be greater than 95% pure by mass spectrometric analysis.

800 |

600} AHgypy, =22.7 kcal mole™' e
400 |

A
o separate runs
200}

100

units)

o o
o ©
T T

&
o
T

N
(<]
T

I*-T (arbitrary

2.1 2.2 23 2.4x10"%
(VA4

Figure 3. Second-Law Heat of Sublimation of Biscy-
clopentadienyltitantium Dichloride

In Mass Spectrometry in Inorganic Chemistry; Margrave, J.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1968.



Publication Date: June 1, 1968 | doi: 10.1021/ba-1968-0072.ch012

12. KISER ET AL. Inorganic Halides 161

400} 4
AH " 22.8 kcal mole~'

200

A separate runs
(o]

100 |-
80 |-

60 |-

a0}

t.T (arbitrary units)

20

wT

Figure 4. Second-Law Heat of Sublimation of Biscy-
clopentadienylzirconium Dichloride

Auxiliary Thermochemical Data. The following heats of formation
were utilized in calculations of ionic heats of formation from the appear-
ance potential data. All values refer to the gaseous species. F, 18.88
(208); F-, —64.7 (208); Cl, 29.08 (208); Br, 26.74 (208); I, 25.54 (208);
0, 59.55 (208); S, 66.64 (208); S, 17.42 (208); Zn, 31.19 (178); and
Hg, 14.54 (178) kcal./mole.

Experimental Results. The experimental data obtained in these
studies are grouped together and presented below; a brief discussion of
these data is incorporated into this presentation.

Tiranrum TETRACHLORIDE. The appearance potentials and relative
abundances for the positive ions formed from TiCl, are given in Table IL
Marriott, Thorburn, and Craggs (128) used a Lozier tube to study TiCl,
and found the ionization potential of TiCl, to be 11.7 e.v. and observed
the appearance potentials of TiCly* and Cl” in an ion pair process to be
12.9 e.v. It is readily seen upon examining Table II, that these appearance
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Table I. Comparison of Measured and Accepted Heats of Sublimation

AH,,p. (keal./mole)

Molecule This Study Others References
ZnBr, 30.0 30.1 (178)
HgCl, 19.3 18.50, 19.85 (20, 178)
Hgl, 20.5 20.46 (178)
Ti(CsHj),Cly 929.7
Zr(CgHj),Cl, 22.8
Fe(CgHj), 16.81 (82)

Table II. Appearance Potentials and Heats of Formation for Positive
Ions Produced from Titanium Tetrachloride"

Relative
Abundance  Appearance AH;, (ion)
Ion at 70 e.v.  Potential (e.v.) Probable Process (keal. /mole)
TiCl,* 53.5 11.6; £0.1;  TiCl, — TiCly* 87
TiCl,* 100.0 13.3 £ 0.3 — TiCl;* + Cl 96
TiCl,* 33.0 16.7 = 0.3 — TiClL,* + 2Cl1 145
TiCl* 39.0 20.6 = 0.3 — TiCl* + 3Cl 206
Ti* 40.8 25.0 £ 0.3 — Ti* + 4Cl 279
TiCl2* 19 30.0 = 0.5 — TiCl?* + Cl 481
TiCl,2* 6.9 32.1 =08 — TiCl,2* + 2Cl 500
TiCl2* 13.0 35.6 = 0.9 — TiCl2* + 3Cl 552
Ti2* 3.0 39.1 =13 — Ti2* + 4Cl 604

° AH'(TiCl4(g) ) = —181.6 kcal./mole (1 ).

potentials are in reasonable agreement with the data reported herein.
There is no doubt concerning the process corresponding to the appearance
potential for the TiCl,* ion; however, our assignment of the probable
process for the formation of TiCl* ion from TiCl, does not agree with
that of Marriott, et al. (128).

Using the appearance potential given in Table II for Ti*, a heat of
formation of Ti* is calculated to be 279 kcal./mole, in good agreement
with a value of 269 kcal./mole determined by combining I(Ti) — 6.83
e.v. (140, 141, 142) with AH,(Ti) g = 112 kcal./mole (176). We con-
clude, therefore, that the process for the formation of Ti* can not involve
a Cl"ion. It is difficult to understand why the TiCl;* ion should be formed
with CI ion in an ion pair process. The ion intensity of TiCly" is signifi-
cantly greater than (it was not possible to obtain a quantitative ratio)
that observed for the CI- ion; this too is difficult to understand if the
TiCl,* and CI- ions should be formed in an ion pair process. Further, if
the TiCl;* ion were formed in an ion pair process AH;(TiCl;') would be
~ 180 kcal./mole rather than the 96 kcal./mole assigned in Table II;
in this case the heats of formation of the TiCl,* ions would not exhibit
a reasonably monotonic increase as x is varied from four to zero.
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A low intensity metastable ion at m* = 126.45 (for the most abun-
dant isotopic species) was observed in the mass spectrum of TiCl,. This
corresponds to the metastable transition

TiCl,* = TiCly* + CL (1)

Such a transition is in agreement with the clastogram for TiCl,, shown
in Figure 1, in which the TiCl;* ion is observed to increase sharply, pass
through a maximum, and decrease slowly simultaneous with a monotonic
decrease in the intensity of the TiCl," ion as the ionizing energy of the
electrons is increased. That is, TiCl,* is formed from TiCly* and further
decomposes to other species. Thus, we are forced to conclude the prob-
able process for the formation of TiCly* ion given in Table II, and the
accompanying AH;(TiCly*). Interestingly, the data of Marriott, Thor-
burn, and Craggs (128) can be made compatible with the assignments
given in Table II by employing the ion pair process

TiCl, — CI- + TiCl, + Cl. (2)

Two negative ions, CI" and TiCly, were observed to be formed in
resonance processes from TiCl,. These are listed in Table III. The inter-
mediate values determined for the resonance potentials (at the peak
maxima) are in agreement with the nature of a dissociative electron
capture reaction. The data indicate also a high electron affinity of TiCls.

Figure 1 also suggests that the TiCl;" ion unimolecularly decomposes
to form TiCl,* through the loss of a Cl atom; in turn, the TiCl," ion con-
secutively decomposes to TiCl’, and finally to Ti".

The energetic data given in Table II suggest the same consecutive
unimolecular decomposition of the rather abundant doubly-charged ions.
The TiCl2* ion was not observed; it is suggested that TiCl;** is a “pseudo-
parent” doubly-charged ion formed in the initial electron impact process.
The clastogram data support this mechanism.

Table III. Negative Ion Processes for Some Group IVB and VB
Metal Chlorides

Resonance

Ion Potential (e.v.) Resonance Process
TiCl;" 55 TiCl, — TiCl,; + Cl
Cl- 6.5 TiCl, — CI- + TiCl,
NbCl,~ 2.3 NbCI; = NbCl,~ + Cl
Cl- 4.7 NbCI; — CI- + NbCl,
TaCl," 2.6 TaCl; — TaCl,” + Cl
Cl- 55 TaCl; — CI- + TaCl,

NioBrum AND TanNTALUM PENTACHLORIDES. The appearance poten-
tials for the principal ions from and mass spectra of niobium and tantalum
pentachloride are given in Tables IV and V, respectively. The clastogram
for tantalum pentachloride is shown in Figure 5; that for niobium penta-
chloride is similar and therefore has not been included here.

Unlike the titanium tetrachloride, the parent ions from these com-
pounds are extremely low intensity ions (TaCls* was not detected).
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Table IV. Appearance Potentials and Heats of Formation for Positive
Ions Produced from Niobium Pentachloride*®

Relative
Abundance  Appearance AH, (ion)
Ion at 70 e.v.  Potential (e.v.) Probable Process (kcal. /mole)

NbCl;* 0.3 (11.0)*  NbCls — NbCly* (80)°
NbCl,* 100.0 113, = 0.2, — NbCl,* + Cl 59
NbClg* 30.0 (14.3)° — NbCl,* + 2Cl (99)°
NbCl,* 27.1 18.8 £ 0.3 — NbCl,* + 3Cl 173
NbCl* 249 22.8 = 0.5 — NbCI* + 4C1 236
Nb* 19.8 28.0 = 0.7 — Nb* + 5Cl 327
NbCl,2* 0.8
NbCl,2* trace
NbCl,2* 8.5
NbCI2* 75
Nb2* 1.8

* AH;(NbCls) ) = —173.3 kcal./mole (178, 187).
* Estimated values.

Table V. Appearance Potentials and Heats of Formation for Positive
Ions Produced from Tantalum Pentachloride*

Relative
Abundance  Appearance AH; (ion)
Ion at 70 ev.  Potential (e.v.) Probable Process (kcal./mole)

TaCly* (11.8)*  TaCls — TaCly* (84)°
TaCl,* 100.0 12.0 = 0.28 — TaCl,* + Cl 64
TaCly* 22.9 15.0 £ 0.4 — TaCl;* + 2Cl1 104
TaCly" 23.9 19.6 = 0.6 — TaCl,* + 3Cl 181
TaCl* 17.9 25.0 = 0.5 — TaCl* + 4Cl 277
Ta* 13.0 29.5 = 04 — Ta* + 5C1 352
TaCl2* 2.3
TaCly2* 115
TaCl,2* 7.2
TaCl2* 3.9
Ta2* 1.9

¢ AH,;(TaCls¢) ) = —183.3 kcal./mole (103, 178).
® Estimated values.

Typical of the halides is the fact that the (parent minus one halogen)*
ion is the most intense ion in the mass spectrum. Also typical of the metal
halides is the relatively large intensities of the doubly-charged ions.

The fragmentation mechanisms are proposed to be similar to the
mechanism suggested for the titanium tetrachloride study. This proposal
is supported by the clastograms. The clastograms for the doubly-charged
ion, although not as well defined as for the singly-charged ions, similarly
argue for such mechanisms.

On this basis, and on the basis of the energetic data, the processes
shown in Table IV and V have been assigned and heats of formation for
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the ions calculated. From arguments similar to those emplc(?red in the
titanium tetrachloride case, we do not believe that Cl” formed by an ion
pair process is significant in any of the processes studied here. Because
of the very low abundance of the parent ions, ionization potentials were
not determined. However, by utilizing the statistical theory of mass
spectra it is possible to estimate that the ionization potentials will be
0.3 to 0.4 e.v. below the lowest appearance potential. Therefore, we
estimate I(NbCl;) =~ 11.0 e.v. and I(TaCl;) =~ 11.6 e.v. Because the
mercury background interfered with a direct determination, AP(NbCls")
=~ 14.3 e.v. has been estimated by interpolation from the regular variation
in the appearance potentials and heats of formation.

Table III records the negative ions observed and their energetics of
formation. It is easily seen that these molecules behave very much like
titanium tetrachloride under electron impact.

From the ionic heats of formation for the various MCl,* species in
Tables II, IV, and V, the ionization potentials of the MCl, were calculated
using the heats of formation for the TiCl, (1, 176) and TaCl, (103, 176)
moieties. The second ionization potentials of the TiCl, species were
determined in like manner. AH;(NbCl;) and AH;(Nb) are quite similar
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Figure 5. Logarithmic Clastogram for Tantalum Penta-
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to AH;(TaCl;) and AH,(Ta), respectively, so that AH,(NbCl,) were
readily estimated by comparison to the AH,(TaCl,) values. The results
of the calculations are presented in Table VI and compared to the first
ionization potentials of the metals. It is observed that I(MCl) =~ I(M),
but as chlorine atoms are successively added, I(MCl,) increases, and
that for TiCl,, NbCl; and TaCl; the ionization potentials are much greater
and approach I(Cl). Although exhibiting the same trend, the second
ionization potentials of TiCl, do not approach the second ionization
potential of chlorine as distinctly.

Table VI. Ionization Potentials for Some Group IVB and VB
Metal Chlorides

Spectroscopic Values
First First Second
Ionization Ionization Ionization
Molecule  Potential (e.v.) Potential (e.v.) Ref. Potential (e.v.)

TiCl, 11.65 = 0.15
TiCl, 9.7+ 0.3 16.7 £ 0.6
TiCl, 9.3+ 0.3 154 =09
TiCl 8.1 =04 15.0 £ 1.0
Ti 6.82 (140,141,142)  14.1 * 1.4
NbCl, 11.0°
NbCl, 83*0.3
NbCl, 75 %03
NbCl, 7.6 %04
NbCl 6.7+ 05
Nb 6.84 (140, 141, 142)
TaCly 11.6°
TaCl, 89+ 03
TaCl, 81=*0.3
TaCl, 7.9+ 0.6
TaCl 82 %05
Ta 7.88 (140, 141, 142)

* Estimated values.

It is suggested from these results that the molecular orbital from
which the electron is withdrawn upon ionization is one in which both
the metal and the halogen orbital contributions are important. It would
be expected that the metal orbitals make a greater contribution for the
lower oxidation states of the metal, and that the halogen orbital contribu-
tions would be more important for higher oxidation states of the metal;
this expectation appears to be borne out by these results and also by
the results of previous mass spectrometric studies of the metal carbonyls.

Zinc CHLORIDE AND BroMiDE. The mass spectra of zinc chloride and
bromide (Tables VII and VIII) were obtained by heating samples of
the compounds to approximately 400°C. in the high temperature sample
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Table VII. Appearance Potentials and Heats of Formation for Positive
Ions Produced from Zinc Chloride (at 683°K.)"

Relative
Abundance  Appearance AH, (ion)
Ion at 70 e.v.  Potential (e.v.) Probable Process (kcal./mole)
ZnCl,* 100.0 1175 £ 0.2; ZnCl, = ZnCl,* 208
ZnCl* 12.3 13.7 = 0.2 —ZnCl* + Cl 224
Zn* 18.6 14.6 = 0.3 — Zn* + 2Cl 216
cl 74.3 19.6 £ 0.3 — Cl* +Zn + Cl 329

* AH,(ZnCla(, ) = —63.0 kcal./mole (178).

Table VIII. Appearance Potentials and Heats of Formation for Positive
Ions Produced from Zinc Bromide (at 673°K.)"

Relative
Abundance  Appearance AHg, (ion)
Ion at 70 e.v.  Potential (e.v.) Probable Process (kcal./mole)

ZnBr," 100.0 10.3y = 0.3; ZnBr, = ZnBr,* 192
ZnBr* 11.3 13.4 £ 0.2 — ZnBr* + Br 234
ZnBr,2* 4.8

In* 124 14.7 £ 0.3 —Zn* + 2Br 237
Br* 23.0 17.7 £ 0.3 — Br* + Zn + Br 302

“ AH;(ZnBra) ) = —48.1 kcal./mole (178).

cell shown in Figure 2. No apparent variations in the 70 e.v. monoisotopic
mass spectrum were noted over the temperature range studied; this indi-
cates that these materials vaporized as monomers under the equilibrium
conditions (probably undersaturated) obtained with the high tempera-
ture cell. As a result, the ions observed are caused by the fragmentation
of the parent molecule ion and are not ionized decomposition products.
This is also borne out by the magnitude of the appearance potentials
determined for these ions.

The processes assigned for the dissociative ionization are consistent
with the appearance potentials measured, with the processes assigned for
the other metal halides studied in this work, and with the heats of forma-
tion of the metal ions. The ionization potential determined for ZnCl, is
lower than the value of 12.9 e.v. found by Foote and Mohler (41).

The heat of sublimation determined with the Second Law for ZnBr,
(see Table I) is in good agreement with the literature value (176). It is
of particular interest to note that in the mass spectra of both molecules
the parent-molecule ion is the most intense ion. The proposed fragmenta-
tion process for these compounds is that the ZnX", formed unimolecularly
from ZnX.,*, decomposes via competitive paths to form Zn" and X".

The negative halide ions were observed in the mass spectrum of both
compounds at very low electron energies (resonance potentials of ap-
proximately 5 e.v.). Only in zinc bromide was ZnX" observed; this ion
was determined to have a sharp resonance capture peak at 4.5 e.v. and
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was not found to be produced in any ion pair process. No ZnCl" was
noted at any electron energy.

MEercuric CHLORIDE, BRoMIDE, AND IopmE. The mass spectra and
appearance potentials for mercuric chloride, bromide, and iodide are
reported in Tables IX-XI. In each of these studies the Hg' ion formed
by dissociative ionization could not be determined because of the merc
background spectra caused by the use of a mercury diffusion pump wi
the time-of-flight mass spectrometer. However, the Hg" peaks observed
were much less intense than the parent molecule ion. In every case, the

Table IX. Appearance Potentials and Heats of Formation for Positive
Ions Produced from Mercuric Chloride (at 460°K.)*

Relative
Abundance  Appearance AH, (ion)
Ion at 70 e.v.  Potential (e.v.) Probable Process (kcal./mole)
HgCl,* 72.7 10.86 = 0.25 HgCl, = HgCly" 214
HgCl 9.2 12.06 = 0.26 — HgCl* + Cl 213
HgCl,2 1.6 28.3 = 0.5 — HgCl,2* 616
HgCl2* 0.2 32.0 £0.5 — HgCP* + Cl 672
Cl 100.0 17.7 £ 0.3 —Cl* + Hg + Cl 328

¢ AH,(HgCla ) = —36.5 kcal./mole (178).

Table X. Appearance Potentials and Heats of Formation for Positive
Ions Produced from Mercuric Bromide (at 454°K.)

Relative
Abundance  Appearance AH, (ion)
Ion at 70 ev.  Potential (e.v.) Probable Process  (kcal./mole)
HgBr,* 100.0 9.94 = 0.15 HgBr, = HgBr,' 208
HgBr* 175 12.09 = 0.17 — HgBr* + Br 230
HgBr,?* 6.4 25.7 £ 0.3 — HgBr,?* 571
HgBr2* 2.0 31.1 £0.7 — HgBr?* + Br 669
Br* 34.3 16.7 = 0.2 —Br*+ Hg+Br 322

*AH,(HgBraw ) = —21.7 kcal./mole (178).

Table XI. Appearance Potentials and Heats of Formation for Positive
Ions Produced from Mercuric Iodide (at 445° and 493°K.)“

Relative
Abundance  Appearance AH, (ion)
Ion at 70 ev.  Potential (e.v.) Probable Process (kcal./mole)

Hgl,* 100.0 8.87 £ 0.22 Hgl, — Hgl,* 200
Hgl* 18.8 11.3 = 04 — Hgl* +1 230
Hgl,2* 7.6 214 £ 0.5 — Hgl,2* 489
L' 1.7 —>L +?

I 41.6 155 £ 0.4 —>I*+Hg+1 313

* AH,(Hgla« ) = —4.8 keal./mole (178).
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parent molecule ions were the most intenSe ions except for the HgCl,
sCtll.ldy, in which the parent molecule ion is second-most intense after the
* ion.

The probable processes are consistent with the determined appear-
ance potentials and with the heats of formation of CI', Br*, and I'. It is
interesting to note that the ionization potential of HgBr, and Hgl, are
less than the ionization potential of their constituent atoms. In the HgCl,
case, the jonization potential is only slightly greater than that of mercury,
but is significantly less than the ionization potential of the chlorine atom,
and is also lower than the value of I(HgCl;) reported by Foote and
Mohler (41).

The parent doubly-charged species in Table IX to XI are noted to be
relatively intense and that this intensity increases from the chloride to
the iodide. The second ionization potentials calculated from the data in
these tables for the chloride, bromide and iodide are 17.4 = 0.6, 15.8 =
0.3, and 12.5 = 0.6 e.v., respectively. This decrease in the second ioniza-
tion potentials as one goes from the chloride to the iodide parallels the
decrease in the first ionization potentials of these molecules, as well as
the variation in the second ionization potentials of HgCl and HgBr (19.9
=+ 0.6 and 19.0 = 0.7 e.v., respectively.)

In a study of negative ion formation from these three compounds we
observed no HgX" ion at any electron energy, although the CI', Br", and
I" ions were found to be formed by dissociative resonance capture at
2-4 e.v. No negative ions were noted to be formed in ion pair processes.

Table XII. Appearance Potentials and Heats of Formation for Positive
Ions Produced from Phosphorus Trichloride®

Relative
Abundance  Appearance AH, (ion)
Ion at 70 e.v.  Potential (e.v.) Probable Process (kcal./mole)

PCl,* 37.0 10.7; £ 0.2  PCl; — PCly* 179
PCl,* 100.0 12.3 £ 0.2 — PClL,* + Cl 186
PCI* 19.0 16.8 = 0.3 — PCI* + 2Cl 261
Cl 31.2 20.2 = 0.5 — ClI* + PCl + Cl (37)°
P 10.0 21.2 £ 0.5 — P* + 3Cl 333

* AH;(PCla(, ) = —68.6 kcal./mole (208).
* AH;(PClep ).

ProspHORUS TRICHLORIDE AND TriBROMIDE. The energetic data given
in Table XII for phosphorus trichloride are results reported by Sandoval,
Moser, and Kiser (180). The heats of formation for the positive ions
have been recalculated using more recent thermochemical data (208).
Both the monoisotopic mass spectral cracking pattern and the energetic
values are in good agreement with data reported subsequently by Hal-
mann and Klein (56). The mass spectrum reported herein, obtained at
70 e.v., is in fair agreement with that reported by Kusch, Hustrulid, and
Tate (104) using 120 e.v. ionizing energy.

The monoisotopic mass spectrum, appearance potentials of the posi-
tive ions, and heats of formation of the positive ions from phosphorus
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tribromide are presented in Table XIII. A comparison of Tables XII
and XIII reveals a marked similarity in the mass spectral cracking pat-
terns of the chloride and bromide compounds, and in the processes for
the formation of these ions in their threshold regions.

It is to be noted that the probable processes assigned for the forma-
tion of the positive ions do not involve ion pair formation processes.
Halmann and Klein (56) have suggested that PCl,* is formed from PCls
in the reaction

PX; — PX,* + X~ (3)

Using the arguments outlined above (even though a metastable transition
was not observed) we conclude that Reaction 3 does not assume a signifi-
cant réle in the forming of PX.* ions from PCl; and PBrs. Although a
careful search for metastable transitions in these compounds was made
using both the time-of-flight and the MS-9 instruments, no “metastable
peaks” were observed. The behavior of the PX,* curve in the clastograms
indicates that PCl,* arises from PCl,*. These facts are compatible with a
“fast” metastable transition.

Table XIII. Appearance Potentials and Heats of Formation for Positive
Ions Produced from Phosphorus Tribromide®

Relative
Abundance  Appearance AH; (ion)
Ion at 70 e.v.  Potential (e.v.) Probable Process (kcal./mole)

PBr,* 60.0 10.0 £ 0.2 PBr; — PBry* 197
PBr,* 100.0 114 =02 — PBr,* + Br 203
PBr 30.7 15.6 = 0.3 — PBr* + 2Br 273
Br* — 17.1 £ 0.5 — Br* + PBr + Br (33)°
p* 19.0 20.1 £ 0.5 — P* + 3Br 350

* AH;(PBryc,) ) = —33.3 kcal./mole (208).
*AH;(PBre ).

Two features which warrant attention concerning these phosphorus
halide systems in contrast with the metal halide systems discussed above
concern doubly-charged ions and negative ions. As pointed out earlier,
the metal halides show a tendency to form relatively intense doubly-
charged ions, whereas only a few doubly-charged ions are observed in
phosphorus trichloride and tribromide and they are of a much lower
intensity. The relative intensities of the X" ions (the only negative ions
observed ) formed by both dissociative resonance capture and by ion pair
formation, are much greater in the phosphorus halides than in the metal
halides. The phosphorus halides are similar to the metal halides in one
important respect: they all have as their base peak the (parent-halogen)*
ion.

PHOSPHORYL CHLORIDE AND THIOPHOSPHORYL FLUORIDE. Halmann
and Klein (56) have reported mass spectral data for POCl;. The data
reported in this work (Table XIV) differs in several important respects
from the studies of the earlier investigations.
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Table XIV. Appearance Potentials and Heats of Formation for Positive
Ions Produced from Phosphorus Oxytrichloride*

Relative
Abundance  Appearance AH, (ion)
Ion at 70 ev.  Potential (e.v.) Probable Process  (kcal./mole)

POCIl;* 44.2 11.4 £ 0.3 POCI; — POCly* 129
POCl,* 100.0 12.8 £ 0.3 — POCl,* + Cl 133
POCI* 4.1 15.6 = 0.3 — POCI* + 2Cl 168
PCI* 6.9 20.2 = 0.4 —PCI'+O0+Cl, 273
PO* 37.3 16.6 + 0.4 — PO* + 3Cl 162
P* 12.6 28.1 0.5 —>P*+ 0 +3Cl 369
cr 23.7 —>CI"+7?

* AH;(POClg¢ ) = —133.48 kcal./mole (208).

The mass spectral cracking patterns from the two investigations are
in fair agreement, with the exception of the data for three ions. Halmann
and Klein have reported a 3% abundance of the PCl;" ion and 8%
abundance of the PCl," ion. We observed no PCl;* and only a very small
PCL* ion intensity. We did find the POCI* ion (with about 4% relative
abundance) and were able to obtain energetic data for this ion; Halmann
and Klein did not report the presence of this ion in their investigations
of POCl,. It is believed that their sample contained some amount of PCl,
as impurity, as evidenced also from the low appearance potentials re-
ported for the PCl;* and PCL" ions.

Although these few discrepancies in the mass spectrum of POCls
exist, the more important disagreement between the two studies concerns
the energetic data. We recall from the inorganic halide results discussed
above that an increase of approximately 1.5 to 2.0 e.v. occurs for the
lowest appearance potential above the ionization potential if any signifi-
cant amount of the parent-molecule ion is observed. In Table XIV we
show that this holds true as well for POCl;. The results do not agree with
those obtained by Halmann and Klein (56) where only a 0.2 e.v. differ-
ence in the ionization potential and the lowest appearance potential was
reported. If the appearance potential of the POCl,"* ion, reported to be
13.3 e.v., is accepted, then the ionization potential of POCl; is expected
to be ~ 11.5 e.v., in agreement with our results.

From preliminary studies of POF; and POBr;3 in this laboratory, we
find the ionization potentials of these molecules to be 13.4 e.v. and 10.46
e.v., respectively. The ionization potential of POCl; is expected to be
intermediate between these two values, again substantiating an ionization
potential of POCl; distinctly lower than 13 e.v.

The value of the appearance potential of PCl* obtained by Halmann
and Klein is much lower than the value we report in Table XIV. This is
to be expected if they have PCl; contaminating their POCl; sample. In
fact, the appearance potential of PCI* from PCl; and from POCI; reported
by Halmann and Klein agree. We conclude, therefore, that many of the
processes assigned by Halmann and Klein are in error.

The positive ion clastogram for POCl; is shown in Figure 6. It is
interesting to note that the consecutive unimolecular decomposition reac-
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Figure 6. Logarithmic Clastogram for Phosphoryl Chloride

tions which appear to be the major decomposition paths in the metal and
phosphorus halide systems no longer are the only pathways occurring in
POCl;. A decomposition scheme which includes both consecutive and
competitive modes of decomposition is more probable. The clastogram
and energetic data suggest the following decomposition scheme:

l4e.v. 28e.v. 4.6 e.v. 79e.wv.
poCl,+ — POCL,* — POCIF — PCIF — P
| 3.8 ev.
PO*

Although a search was made for metastable transitions in POCIl;, none
were identified. Thus, the clastogram information is of particular impor-
tance to this study.
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The following negative ions were observed from POCl;: POCI,,
POCI, PCI, PO, and CI. Except for the PO~ ion, Halmann and Klein
(56) observed these same ions and PCly,, PCl,, and O™ in addition to
those we report. Figure 7 is a negative ion clastogram of POCl;. One
may observe that this negative ion clastogram, the first such treatment
of negative ion spectra as a function of the electron energy, is basically
different from the positive ion clastograms discussed above. The ion
intensities vary in a manner unlike the positive ion analogs because of
the two different types of ionization processes which occur with negative
ions; namely, resonance processes and ion pair formation. Absolute ener-
getic data were not obtained for these ions because of the difficulties
encountered in the calibration of the energy axis. It is not possible to
assign a unique decomposition mechanism of the negative ions from
Figure 7.
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0.10

Abundance

0.06
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20 40 60 80 100
Electron Energy (ev), uncorr.

Figure 7. Logarithmic Clastogram of Negative Ions from
Phosphoryl Chloride

Similar to the other halides discussed in this work, the (parent-minus
one halogen)* ion is a very intense ion in the mass spectrum of POCl,.
In contrast to POCl; and many of the other halides, thiophosphoryl
fluoride, exhibits a large parent ion (see Table XV). More unusual is the
observation that the S* ion is the second most intense ion in the mass
spectrum. The ionization potential of PSF; is quite low suggesting the
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Table XV. Appearance Potentials and Heats of Formation for Positive
Ions Produced from Thiophosphoryl Fluoride*

Relative
Abundance  Appearance AH; (ion)
Ion at 70 e.v.  Potential (e.v.) Probable Process (kcal. /mole)

PSF;* 100.0 11.1 £ 0.3 PSF; — PSF3* 2
PSF.,* 27.1 16.0 = 0.2 —>PSF,"+ F 96
PF;* 6.9 14.3 = 0.2 — PF3* + §° 58
PF,* 26.0 172+ 0.3 —PF,"+F+S§ 106
PF* 6.8 22.9 = 0.4 —>PF*+F,+S 207
PS* 2.4 19.2 £ 0.5 — PS* + 2F + F- 216
F* trace

S+ 735

* AH,(PSF3¢) ) = —254 kcal./mole (196).

removal of an electron from an orbital on the phosphorus or sulfur rather
than the halogen atoms.

We have had to treat the PSF;, shown in Table XV, in a manner
different from the preceeding compounds; ion pair formations have been
written for three of the processes assigned. F~ was observed from PSF;
at higher electron energies. AH,(PS*) = 216 kcal./mole agrees with
values of 209 and 240 kcal./mole determined from PSCl; and PSBr; by
Wada (207). No S ion was observed at any electron energy in our
studies; however, it is postulated in Table XV to give agreement of
AH;(PF3') — 58 kcal./mole with values of 78 kcal./mole from Wada’s
PF; study (202), and an unpublished value of 40 kcal./mole from PF;.
If the process yielded S rather than S-, the calculated AH,(PF3") would
be much lower (~9 kcal./mole). Similar reasoning was used in making
the assignment for the PF,* ion in Table XV,

In an effort to attempt to observe TaSCl,’, where n = 0 to 3,
TaCls; - S(C,Hs). was prepared and studied. Fairbrother and Nixon
(38) report that this compound withstands decomposition at reduced
pressure and elevated temperatures. Upon introduction of this material
to the mass spectrometer ion source, fragmentation did occur; however,
only fragment ions indicative of TaCl; and S(C.Hj). were observed.
The S(C,Hs). fragmentation pattern agreed with the known mass spec-
trum of diethyl sulfide, and the TaCl; pattern was identical to that ob-
served for TaCls (see above discussion). The clastogram and appearance
potentials determined confirmed that we were observing only the decom-
position products of TaCls - S(CsHj)2 and that TaSCl; was not formed
in the decomposition. Therefore, a comparison of this system to other
MYX; compounds was not possible.

Conclusions

In the metal halides, a significant contribution of the halogen orbitals
to the highest molecular orbital is deduced from the values of the ioniza-
tion potentials of these compounds. Commonly, the most intense ion
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observed in the 70 e.v. mass spectrum is the (parent minus one halogen)*
ion, although several of the metal halides have the (parent)* ion as the
base peak. Ion pair processes are found generally not to play a significant
role in the formation of positive ions. Many of the fragmentation mecha-
nisms, as suggested from the clastograms and energetic data, may be
described by consecutive unimolecular decompositions of the parent ion.

Although a large number of studies of inorganic halide systems have
been made, many more investigations are required before detailed gen-
eralizations of the fragmentation pathways and predictions of the ener-
getics can be made, and these compounds constitute only a small fraction
of inorganic chemistry. Studies of the metal carbonyl, various metal
alkyls, and sandwich compounds (45) have been reported. Currently,
studies of Werner complexes such as the metal acetylacetonates (and
substituted acetylacetonates) (198), glyoximates (96), and 8-quino-
linolates are underway. What is required to aid in understanding the
reaction of gaseous inorganic ions (and the effects of the variation of the
metal atoms in similar compounds) is a large effort in studying many
systems mass spectrometrically. The techniques and instrumentation are
now available to permit these investigations which should be of particular
value in inorganic chemistry; it would indeed be worthwhile to attempt
to obtain routinely at least the mass spectrum of each new inorganic
compound synthesized for these purposes.
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Mass Spectrometry of Phosphorus Hydrides

T. P. FEHLNER and R. B. CALLEN

Department of Chemistry and Radiation Laboratory, University of Notre Dame,
Notre Dame, Ind.

Appearance potentials, heats of formation, and relative
abundances of the principal positive ions from phosphine,
diphosphine-2, and diphosphine-4 have been determined
using a mass spectrometer with collision-free sampling. A
value for the heat of formation of 26 + 8 kcal./mole for
diphosphine-2 has been calculated from the data. It is shown
that in conventional ion sources decomposition completely
obscures the mass spectrometry of diphosphine-4.

As the source of a mass spectrometer operates at elevated temperatures,
the mass spectrometry—i.e., relative abundances and appearance
potentials of the principal ions produced by electron impact—of thermally
unstable substances can be obscured by decomposition occurring in the
ion source. Diphosphine-4 is a compound that decomposes rapidly at
room temperature. In order to obtain unambiguous information, some
method of collision-free sampling must be used (5). The results are
interesting since it appears that the mass spectrometry of pure diphos-
phine-4 has not been previously observed.

Experimental

The mass spectrometer and sampling system used here are basically
similar to instruments previously described (4, 5, 16), and only a brief
characterization is given below.

The sampling system is illustrated in Figure 1. The gas or mixture
of gases to be examined flows from a cold reservoir through the center
tube of the quartz flow reactor, whose temperature may be varied from
room temperature to about 800°K. The center portion of the efflux of
the reactor is sampled by means of a circular orifice leading into a
separately pumped chamber. The pressure on the high side of the leak
is kept below the value where the mean free path is comparable to the
orifice dimensions. The beam is collimated and then ionized in a sepa-
rately pumped mass spectrometer chamber. The total beam length is

181

In Mass Spectrometry in Inorganic Chemistry; Margrave, J.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1968.



Publication Date: June 1, 1968 | doi: 10.1021/ba-1968-0072.ch013

182 MASS SPECTROMETRY IN INORGANIC CHEMISTRY

3.1 em. To introduce discrimination against background and other source
effects, the neutral beam is modulated in the second chamber at 590 c.p.s.,
using a vibrating reed driven by an audio oscillator. The total output of
the mass spectrometer, which is a normal circle, 90°, 8.75 cm. radius of
curvature, magnetic sector machine having a quadrupole ion lens, and
using electron multiplier detection, is fed into a narrow-band amplifier
locked-in to the frequency and phase of the chopper. By employing a
modulated beam system, any unmodulated signals arising from back-
ground gas, residual beam molecules (molecules which enter the source
as beam molecules and are ionized after being scattered and before
being pumped away) pyrolysis products, etc. are eliminated although
they still compete with the modulated signal as noise.

Shutter
Flow / 'Elecvron Beam

Reactor

\

Reactant (N |/ | |~ B
In Mass

Spectrometer
NIV LD ¥

2|
W
=
ol

Chopper
Beam
Pump Pump Pump
40 Vg 15 Vsec 50 Vsec

b } :

Figure 1. Schematic drawing of sampling system

There are three other effects which can result in signals coherent
with the beam signal (4). Large pressure fluctuations in the source can
have substantial components at the chopping frequency. These are mini-
mized by using a differentially pumped beam collimation system. How-
ever, with the differentially pumped system there is a net low between
the different chambers. Part of this flow will coincide with the beam,
will be chopped, and will be indistinguishable from the beam. A solenoid-
operated shutter, which blocks the beam but does not affect the flow,
allows this extraneous signal to be determined. With nitrogen as a test
gas this signal was only 3% of the total modulated signal in this appa-
ratus. Finally, when the neutral beam is introduced into the ionization
chamber, a cf:ensity of residual molecules is built up owing to the finite
pumping speed at the source exits. In the present apparatus the density
of these residual molecules is about 0.1 times the density of beam mole-
cules at the steady state for nitrogen gas even though a rather open
source construction was employed. When the beam is modulated, there
is a tendency for the residual gas density to follow the beam density
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changes. This effect is not important provided the modulation period is

short with respect to the time constant of the vacuum system (4, 5).

Here a modulation period of 1.7 msec. and a vacuum time constant of

gO msec. gave an inphase component of the total pressure variation of
X 1078,

With this system the ion signal observed is attributed to gas intro-
duced into the source in an essentially collision-free manner. This con-
trasts with conventional sampling where gas is simply leaked into the
source and suffers many collisions with the hot walls of the source before
being ionized or pumped away.

Appearance Potentials

Appearance potentials of the parent ions of phosphine and diphos-
phine-4 were determined using a model 12-107 Bendix time-of-flight mass
spectrometer, which was previously modified for retarding potential dif-
ference (RPD) appearance potential measurements (6, 10). Xenon and
krypton were used as calibrating gases, and the ionization potentials,
determined for both the protonated and deuterated molecules, were iden-
tical within experimental error. Results by the RPD method can be
compared with those obtained by photoionization since a value of
10.18 e. v. was obtained here for the ionization potential of NHj; this is
in good agreement with the photoionization value of 10.154 e. v. (18).

Appearance potentials of the fragment ions were determined on the
mass spectrometer using molecular beam sampling using a semilog tech-
nique (5). The parent ion was used to calibrate the voltage scale. The
PH," ions from P;H, were an exception to this since the vanishing current
method (8) was used because of the low intensity of these ions and the
presence of small PH; impurities. The stated error in the appearance
potentials is an estimate based on the precision of each measurement,
the number of determinations, and the method used to determine the
value.

In order to calculate the ionic heats of formation, the process for
forming the ion must be known. Determining the correct process is not
easy; however, appearance potentials can generally be estimated, and the
most probable process can be chosen by comparison with the experi-
mental values. By assuming that the appearance potential measured
refers to the ion formed in its ground state with no excess energy, the
heat of formation can be calculated (9).

Phosphine

Phosphine was prepared as described previously (1). The results of
this study along with those of the previous studies (3, 11, 13, 15, 17) are
given in Table I. A (P*/PH;)—i.e., the appearance potential of P*
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Table I. Relative Abundances and Appearance Potentials of the

Relative abundance
This work
m/e (50e.v.) Others (70 e. v.)
Phosphine 34 61 75.2¢ 85.0¢ 68.0°
33 30 21.8* 27.6¢ 25.4°
32 100 100.0° 100.0¢  100.0°
31 35 24.1" 26.4° 40.2°
Diphosphine-2 64 70
63 60
62 100
Diphosphine-4 66 100 100 100°
65 8 12¢ 16°
64 52 68° 69°
63 46 59¢ 67°
62 60 77° 1190°
34 1 max.’ 70° (5)°
33 3¢ 28° 61°
32 8* 134 2°
31 8’ 88° 14°
¢ See (17).
®See (14).
°See (15).
4See (11).

from PHj, is somewhat doubtful since the ion efficiency curve exhibited
considerable tailing.

For this molecule the spectrum obtained on the machine with
collision-free sampling was nearly identical to that obtained with con-
ventional sampling. Within experimental error, two of the ionization
potentials previously measured (11, 17) agree with the RPD value
reported here.

From A (PH,'/PH;) and the ionization potential of PH; one notes
that D (H,P—H) — 3.2 e. v. in the PH3* ion. By assuming that the
average PH bond energy, E (P—H), in the ions is 3.2 e. v., appearance
potentials of the fragment ions can be estimated for various processes.
The results given in Table II for the most probable process are consistent
with the measured appearance potentials. For P* an alternative value of
15.9 is obtained using an ionization potential of P = 10.5 e. v. (8) and a
PH bond energy in PH; of 77 keal./mole (7).

With the heat formation of PH; taken to be 1.3 kcal./mole (7), the
ionic heats of formation given in Table II are calculated from the
measured appearance potentials.
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Principal Ions from Phosphine, Diphosphine-2, and Diphosphine-4

Appearance potential, e. v.

This work Others
10.05 = 0.05 10.2° 10.0¢ 11.5° 1047
13.2 £ 0.2 13.2° 13.9¢ 14.4° 14.07
126 * 02 13.3° 12.0¢ 12.4° 13.17
15.9 (P) 17.2¢ 16.7¢ 16.5° 16.07
10.2 = 0.2
133 *= 04
119 = 04
9.17 £ 0.05 8.7 = 0.3° 10.6°
122 *= 0.2 9.1¢ 11.3°
11.1 = 0.2 10.5° 12.7°
146 = 0.3 13.2¢ 13.6°
13.2 £ 0.2 12.2¢ 13.7°
—_ (10.1)°
153 * 05 (13.2)° 12.5°
174 = 05 (134)°
194 %= 05 (17.3)° 16.7°
¢ See (13).
! See (14).

¢ Uncorrected for multiplier discrimination.

Diphosphine-2

P,H, was originally prepared by pyrolyzing P;H, in the flow reactor
shown in Figure 1 (2). Later it was found that the steady-state concen-
tration of P,H, formed from P,H, at room temperature and low pressures
using a nearly static system was sufficient to study this molecule. P,;H,
has not been isolated in a pure state, and consequently its mass spec-
trometry is incomplete.

The results on this molecule are given in Table I. The relative
abundances for P,H, given here are somewhat different from the ap-
proximate values reported previously (2). The former were obtained by
subtracting the room temperature spectrum of pure P,H, from the room
temperature spectrum of a mixture of P,H, and P,H,, while the latter
were obtained by subtracting the room temperature spectrum from a
high temperature spectrum of the mixture. A small temperature effect in
the spectrum of P,H, could easily account for the difference observed,
and the values reported here are the better values.

The ionization potential of P,H, was determined using the semi-log
technique and is less certain than the other ionization potentials. When
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Table II. Calculated Appearance Potentials and Heats of Formation

Ion Process
Phosphine PH,* PH; — PHy"
PH,* PH, — PH,’ +H
PH* PH, — PH* + H,
P PH, > P* +H,+H
Diphosphine-2 P,H,* P,H, — P,H,*
PH P,H, —> P,H +H
P, P,H, > P,> +H,
Diphosphine-4 P,H,* P,H, — P,H*
P,H,* P,H, — P,H;*+ H
P,H,* P,H, — P,H," + H,
P,H" P,H, > P,H" +H, + H
" P,H, > P, +2H,
PH," (a) P,H, — PH," + PH,
(b) — PH,” +P+H,
(c) — PH,” +PH+H
PH* (a) P,H, =& PH* + PHy
(b) — PH* +PH+H,
(c) — PH* +PH,+H
(d) — PH* +P+H,+H
p* (a) PLH, > P +PH,+H,
(b) - P+ +PH;+H
(c) - P +P+H,+H,
(d) — P +PH+H,+H

E (P—H) = 3.2 e. v. is used for the ions, the estimated appearance
potentials are consistent with the measured values for the chosen proc-
esses. The heats of formation of the ions for these processes are given
in Table II in terms of the heat of formation of PoHo.

Dipbosphine-4

P,H, was prepared as previously described (1). The results of this
study along with those of the other two studies (14, 17) are given in
Table 1. The relative intensity of PH;* from P,H, is a maximum value
as the appearance potential measurement for this ion showed the presence
of a small PH; impurity. No good value for A (PHjs'/P.H,) could be
obtained. A comparison of the fragmentation pattern obtained with
collision-free sampling and those reported previously for conventional
sampling shows clearly that decomposition occurs in the spectrometer
source.

The ionization potential reported here does not agree well with
either of the previous values (14, 17). A tentative explanation may be
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of Ions from Phosphine, Diphosphine-2, and Diphosphine-4

Calculated appearance AHp
potential e. v. kcal./mole
233
13.2 254
12.0 291
15.2,15.9 316
235 + AH(P,H,)
134 254 + AH,(P,H,)
12.1 274 + AH,(P.H,)
216
12.4 234
11.1 261
14.3 289
13.0 309
12.0
14.1
15.2
124
14.6
15.8
17.8
14.6
15.8
16.8
18.0

put forth on the basis of the shape of the ionization efficiency curve.
From Figure 2 one sees that the ion efficiency curve for diphosphine-4
will exhibit considerably more “tailing” than the rare gas curve. A close
look at the methods (8) shows that the linear extrapolation technique
will yield a high ionization potential, and the energy compensation tech-
nique will give a low value. Saalfeld and Svec used the former method
and obtained a high ionization potential, while Wada and Kiser used the
latter and obtained a low result.

Once again using E(P—H) — 3.2 e. v. for the ions, the estimated ap-
pearance potentials for the P,H," ions are consistent with the chosen proc-
esses and the measured values. Taking the heat of formation of P,H, to be
5.0 kcal./mole (7) the ionic heats of formation are calculated. Combin-
ing the values for P,H, and P,H, yields the heat of formation of P.H,,
the best value being 26 =+ 8 kcal./mole.

The A (PH,"/P,H,) values are rather uncertain. Since these values
have been previously used to derive bond energies (15), it is of interest
to estimate the appearance potentials of the various processes. This can
be done using the heats of formation of the PH,* ions from Table II, the
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P2 D4+ Xe*

INTENSITY

X10

9.15

[ ]

— ¢ .

9.0 10.0 12.0 13.0
ENERGY (ev)

Figure 2. Typical RPD ionization potential measure-
ment for diphosphine-4

heats of formation of H and P (12), and by assuming D(H.,P—H) —
D(P—H) = E(P—H) = 77 kcal./mole (7). The results given in
Table II show that the measured appearance potentials are not consistent
with the lowest energy processes. In particular, it appears that PH," is
formed by process ¢ with no excess energy or by process b with 1.2 e. v.
excess energy rather than by process a as previously assumed (15).

The substantial disagreement between the results of this study and
the previous studies can be explained in terms of decomposition of P.H,
in the mass spectrometer source. Comparing fragmentation patterns
shows that production of PH; explains the difference between A(PH."/
P,H,) values reported by Wada and Kiser and the values reported here.
It also probably accounts for the low values of Saalfeld and Svec.

The disagreement for P,H,* ions is not as easily explained. Table I
shows that there is a distinct similarity in Wada and Kiser’s values for
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A (P2H2*/P2H4), A (P2H+/P2H4), and A (Pg*/P2H4), and the values for
the same ions from P,H. determined here. This was an indication that in
addition to PH;, P,H, was formed in the source.

To test this, the following experiment was carried out. The appear-
ance potentials of ions from P.H, were measured using the energy com-
pensation technique (the method of Wada and Kiser) and using the
modulated molecular beam sampling system. The mass spectrometer was
then switched over to operation in the unmodulated mode with the
shutter closed to approximate the operating conditions of Wada and
Kiser. The appearance potentials were determined both by the energy
compensation and the vanishing current techniques. The results are
given in Table III.

Table ITII. Appearance Potentials of Ions from Diphosphine-4 for
Beam and Conventional Sampling

Modulated Unmodulated
Beam Ref. 17
Ion e.c.® e.c.® v.c.’ e.c.*®
P,H,* 124 = 0.3 12.0 £ 0.3 11.8 £ 0.3 9.1 0.3
P,H,* 11.1 10.8 10.2 10.5
P,H* 146 13.7 13.6 13.2
P, 13.2 12.2 11.8 12.2

¢ e.c. refers to energy compensation technique.
® v.c. refers to vanishing current technique.

Within experimental error the values determined by the energy
compensation technique in the modulated case agree with those in Table I
listed under this work. In the unmodulated case the measured appear-
ance potentials of P.H,*, P,H*, and P,* are identical to those of P,H,. It
may be concluded then that P,H, was present in Wada and Kiser’s
source, and the best values for the appearance potentials of these ions
from P,H, are those reported in Table I for this research.

The last experiment also shows that the appearance potential of
P,H," is the same in both the modulated and unmodulated cases, and
the low value reported by Wada and Kiser is not confirmed. It is possible
that the P,Hs, which they suggest is present in their source, was produced
by a surface reaction on the walls or filament and consequently depends
rather specifically on the source conditions. It may be noted that the
pressure in the source used here was 2 X 107 torr during operation
which is probably a factor of 10 less than the pressure in Wada and
Kiser’s source. Also the simulated conventional spectrum obtained in
this experiment shows less PH; than does the spectrum of Wada and
Kiser.

Finally, it is not completely clear why the appearance potentials
reported by Saalfeld and Svec (14, 15) differ from both those given here
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and from those of Wada and Kiser. One notes that with one exception
the differences in A (P.H,")-A (P.H,") reported by Saalfeld and Svec are
the same within experimental error to those reported by Wada and Kiser.
If one makes the ad hoc assumption that the former’s voltage scale cali-
bration was in error owing to the use of the linear extrapolation method,
then they too were probably observing a mixture of pyrolysis products.
The magnitude of the P,* ion intensity suggests that in this case P, was
one of the products.
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Analysis of Boranes and Carboranes by
Mass Spectrometry

J. F. DITTER, F. JAMES GERHART, and ROBERT E. WILLIAMS

Space-General Corporation, Center for Research and Education,
Los Angeles, Calif.

Boranes and carboranes each have their own characteristic
mass spectral patterns. Boranes under electron impact
fragment rather severely, the “unstable” ones somewhat
more so than the “stable,” and consequently they, as well
as their alkylated derivatives, display broad, rounded mass
spectral profiles. Conversely, the stable class of compounds,
the closo-carboranes (and their alkyl derivatives), are quite
resistant to fragmentation, and hence their spectral profiles
have sharp cut-off points at their high mass numbers. A
useful technique for determining the exact number of boron
and carbon atoms in carboranes involves careful measure-
ment of the intensity of the mass spectral peak owing to the
18C_containing ion that appears above the normal cut-off
peak, as illustrated for C,BsH,,, the dimethyl derivative
of C3BoHs.

Various ion groups in the mass spectral patterns of boron hydrides
(natural abundance of 1'B/1°B — 4.0) have characteristically broad,
rounded profiles that generally allow easy identification in chemical mix-
tures (24). In each ion group the boron isotopes are essentially dis-
tributed in a statistical manner, and, as a consequence, the greater the
number of borons in a particular ion group, the farther removed will be
the peak of maximum intensity from the top mass number. An even more
influential factor in determining the point of maximum intensity, how-
ever, is the ease of abstraction of hydrogen atoms, and in boranes this
abstraction occurs relatively easily. Without exception, at normal ionizing
voltages, the ion of highest intensity has fewer hydrogens than the parent
molecule. Furthermore, these same spectral characteristics are carried
over to alkyl derivatives of the boranes.

191
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Figure 1. Molecular configurations of typical boron hydrides

On the other hand, for the stable closed-cage closo-carboranes the
fragmentation patterns are representative of minimal hydrogen abstrac-
tion. (The terms closo- and nido-, pertaining to carboranes, were adopted
at the latest meeting of the Boron Nomenclature Committee, American
Chemical Society Meeting, New York City, September 12-16, 1966.) The
spectral patterns display sharp cut-offs at the highest mass numbers, and
the highest intensity peak almost invariably is that of the parent ion; in
a few cases the ion with one or two hydrogens abstracted is of slightly
higher intensity than the parent ion. The second, third, etc. generations
of ions (those with one, two, etc. boron and/or carbon atoms abstracted )
have intensities that are only small percentages of their parent group
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intensities. As with boranes, these characteristics are reflected in the
related alkylated closo-carboranes, and once again the over-all profile
serves as a ready “fingerprint” for quick identification. Because of the

(UNSYM-)

C,B,Hs C,BH

(ORTHO-) (META-) (PARA-)

C,BH

12

Figure 2. Molecular configurations of typical closo-carboranes
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resistance to hydrogen abstraction, closo-carborane spectra resemble,
somewhat, the spectrum of elemental boron.

Nido-carboranes, which have open molecular structures and which
generally contain hydrogen bridge bonding, resemble boranes more than
they resemble closo-carboranes in their fragmentation patterns. At least
this is the case with the few nido-carboranes that have been synthesized
and analyzed mass spectrally.

In the following discussion the structural configurations of boranes
will be compared with the two classes of carboranes, and structural dif-
ferences will then be related in a general way to mass spectral fragmen-
tation patterns. The mass spectra of all closo-carboranes and derivatives
and the spectrum of the methyl derivative of the nido-carborane, CB;H,,
were obtained with a Perkin-Elmer Hitachi RMU-6D spectrometer (80
volts ionizing potential) located at West Coast Technical Service, San
Gabriel, Calif. The remaining spectra were obtained with a Consolidated
Model 21-620 spectrometer. Although there are some dissimilarities in
fragmentation patterns with different instruments and with different
voltages, the over-all mass spectral profiles—which are our main interest
here—do not change appreciably. In several instances, as indicated, the
exact isomeric structures of some of the closo-carboranes were unknown,
but it is highly doubtful whether isomeric differences could effect any
gross changes in spectral patterns.

Borane Structures

Molecular structures of some typical boron hydrides are shown in
Figure 1. Those having the more condensed structures (Bs;Hy, BeHio,
and ByoH,4) have one terminal hydrogen for each boron atom, while
those with open structures (B4H;o and B;H;,) also have BH, groups.
The former are the so-called “stable” boranes, while the latter, excepting
diborane, are the “unstable” boranes, denoted as such in accordance with
their relative thermal stabilities (25). A better designation is the formula
(BH),(BH;),, where n has an integral value, and x = 2 for stable
boranes and 3 for unstable boranes (6). One significant characteristic
of all boranes is the presence of three-center B—H—B (hydrogen bridge)
bonding (12). On electron impact there is a pronounced tendency for
the hydrogen atoms to be abstracted in pairs, and some mass spectral
evidence with bridge-deuterated decaborane (23) and labeled tetra-
borane (7) indicated that the first pair of hydrogens abstracted consists
of a terminal hydrogen and its adjacent hydrogen bridge atom. Later
work with zero source contact mass spectrometry (14), however, suggests
that, for tetraborane at least, this mechanism may be incorrect.
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C3B;H,

Figure 3. Structural similarities of hexaborane-10 and three
of the nido-carboranes. The structure of C,B,H,, which is
analogous to the others, is not shown

Closo-Carborane Structures

As mentioned previously, two general classes of carboranes are
known: closed cage (closo-) and open (nido-) compounds. The closo-
compounds as a class are significantly more stable under electron impact,
are less reactive chemically, and are thermally more stable than either
the boranes or nido-carboranes. Additionally, each boron and each carbon
in a closo-carborane has a single terminal hydrogen, and generally there
are no hydrogen bridges. With one exception, CB;H: (15), the closo-
carboranes reported to date contain two carbon atoms and have the
general formula C,B,H, ... The structures of representative compounds
of this type are shown in Figure 2.

The simplest member of the series and the one first discovered is
C.B,H;, closo-1,5-dicarbapentaborane (5, 10, 13, 19, 21), a trigonal bi-
pyramid with a carbon in each of the two apex positions. Recently
Grimes (9) has presented evidence for an alkyl derivative of the 1,2-
isomer in which one skeletal carbon is in an apex position and the other
is equatorial. The second carborane in the closo-series is C,B:Hg, a
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tetragonal bipyramid, of which two isomers are known: the 1,2- and the
1,6-dicarba-compounds (10, 13, 17, 19, 22). Similarly, going up the scale
by successive addition of BH units, there are C,B;H; (1, 10, 11, 13, 17, 19,
21), C,BeHjs (13,28, 31), C,B:H, (13, 28), C.BgHyo (13, 20, 28), C;BoH1y
(8, 13, 26), and C,B,oHy2 (5, 12, 13, 19). In each case there are known
or potential isomers with carbons arranged in various positions in the
molecular skeletons. In the case of C,B;oH;,, the structure is a closed
icosahedron, and all atoms occupy equivalent positions; the numbering
system is such that one arbitrarily selects one of the carbons as the apex
(No. 1), and the equatorial positions are then numbered clockwise in
each plane.

Monocarbahexaborane (7), the only reported closo-carborane with
one carbon atom (15), is isoelectronic with C,B4Hg. It has a bridge
hydrogen and is the only closo-carborane to date with this feature.

Nido-Carborane Structures

The nido-carboranes that have been discovered and characterized
to date include four, CB;H, (16), C,BHs (18, 19), C3BsH; (4), and
C4B,Hg (3), that arise from systematic substitution of CH groups for
BH, groups within BgH,, with which they are isoelectronic. All of these
species, including B¢H;o, have pentagonal pyramid structures. BgHo has

+ + + + + +
=/ Bo B3 Bg Bs Be
10 lLl' 26 22 36 32 40|42 4 50 52 54 60 62 66

+ + + +
B7 Bg Bo Bio
|
mle

Figure 4. Synthetic polyisotopic mass ns;;)ectrum of boron of naturally
occurring abundance
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four bridge hydrogens, while the nido-carboranes have three, two, one,
and zero bridge hydrogens, respectively; excepting C4B,Hj the structures
of these compounds are shown in Figure 3. In the case of CB;Hj, only
methyl derivatives have been reported, while the parent species itself
remains undetected. Similarly, evidence for the parent compound C3;BsH
is still tentative, but three C-methyl derivatives have been isolated and
characterized. A fifth nido-carborane, C,BsH;3 (19, 29), presumably
containing two bridge hydrogens and having an open icosahedral struc-
ture, also has been prepared.

Tebbe, Garrett, and Hawthorne (27) have reported an example of a
third type of carborane, C;B;H;;, which tentatively has been determined
to contain two methylene groups and two hydrogen bridges. It does not
fall into either the closo- or nido- categories.

General Characteristics of Boron Spectra

If elemental boron consisting only of *B-isotope were subjected to
electron impact and then analyzed mass spectrometrically, one would
observe only monoisotopic species at m/e 10, 20, 30, etc., corresponding
to 1°B*, 19B,*, 1"B,*, etc. Similarly, the 1'B-isotope in pure elemental form
would generate peaks at m/e 11, 22, 33, 44, etc. (1!B*, .. .). In boron of
naturally occurring composition (1'B/1°B — 4.0), however, the result
would be a polyisotopic mass spectrum of essentially statistically dis-
tributed !'B and 1B, as depicted in Figure 4. For ion groups containing
small numbers of borons (say B;* to Bs") the spectral profile is statis-
tically weighted in favor of the higher mass numbers of the group,
because of the high concentration (80% ) of 'B;—i.e., in the Bs-group,
1B,* js the most abundant ion, while in the By-group, 'B,* and 'B;'°B,
are in equal abundance. As the number of borons increases beyond four,
however, the maximum intensity peak (or peaks) begins to shift away
from the cut-off peak. In the B;-group, ''B4B;* is the most abundant
ion, while in the B,y-group, it is 1'Bg!°B.’, which is 2.81 times as abundant
as 11B4,*.

The abundance ratios of all the isotopic species in a particular ion
group are readily calculated by simple statistics. If the boron occurs in
natural abundance, the concentration of any ion, 1'B,!°B,, is given by

[1B,1°B,] = W(.80)(.20)".

In this expression, W is the statistical weight—the number of different
ways 1B and 1YB atoms can be arranged in the available skeletal positions
—numerically equal to (x + y)!/x'y!. The values of W are tabulated
in mathematical handbooks as “binomial coefficients.”
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POLYISOTOPIC

il HI
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Figure 5. Parent group mass spectra of pentaborane-9 and
nonaborane-15

As an example, consider a compound with five boron atoms. Based
on the above equation the concentrations and isotopic abundance ratios,

relative to 1'B;, are as follows:

Isotopic Species
1B, 1(.80)5
11B,10B 5(.80)4(.20)
11B,10B, 10(.80)3(.20)2
11B,10B, 10(.80)2(.20)3
11B10B, 5(.80) (.20)4
10B, 1(.20)5

Concentration

Abundance Ratio
1.0
5/4 =125
10/42 = 0.625
10/43 = 0.156
5/44=0.0195

1/45=0.00098

Similar calculations can be carried out for all other ion groups (already
tabulated in Table I of Ref. 24), and the elemental boron spectrum in
Figure 4 is based on these data. The utility of such data lies in calculating
monoisotopic spectra from polyisotopic data since the concentrations of
all isotopic species can be determined by measuring only those ions con-

taining 'B-atoms.

For example, the monoisotopic spectrum of B;H, is obtained by first
measuring 1'B;Hy* (m./e. 64), then subtracting 'B,'°BH,", "'B;'"B.Hy",
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etc. (relative values 1.0, 1.25, 0.625, etc.) from m/e 63 down to m/e 59
(*BsHy*). The residual of m/e 63 then is 'B;Hy’, and from this the
intensities of 1'B,1"BHy’, 1'B;1°B.Hy", etc., and ultimately all ions, B;Hy",
BsHs', BsH:*, . . . B;* are determined. Next in line is the B,H," group,
then B;H,*, etc.

In each group, if the correct number of boron atoms is assumed, the
data should reduce to a neat monoisotopic spectrum. If the number of
boron atoms assumed is smaller than the actual number present, the data
also may reduce to negligibly small residuals, but if the number assumed
is greater than the actual number present, inordinately large negative
residuals will occur during the reduction process. The criterion, therefore,
is the largest number of boron atoms that will suitably reduce the data.

Mass Spectra of Boranes

If, to the boron ion species in Figure 4 we could add hydrogens, the
cut-off peak would shift upward in proportion to the number of hydrogens
added, and the profiles would be the same as for elemental boron. For

METHYLPENTABORANE

10 8 6 4 2 0
mle H'S ABSTRACTED

ETHYLPENTABORANE

7%%8L 12 10 8 6 4 2 0

Figure 6. Parent group mass spectra of two alkyl derivatives of
pentaborane-9
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example, BsHy* would occupy the regime from m/e 59 to m/e 64, corre-
sponding to the mass range of 1*B;Hy* to 1'BsH," rather than the range
m/e 50 to m/e 55 of the B;* species; the highest intensity peak would be
m/e 63 because the species 1'B,°BH," would be statistically most prob-
able. However, since electron impact also knocks hydrogens off some of
the pentaborane molecules, the entire spectrum of ions from m/e 50
(1°Bs*) to m/e 64 (1B;H'y) shows up. Furthermore, B;sH;" is the ion of
highest intensity, and varied yields of the various B;H," ions combined
with the statistical distribution of boron isotopes causes the profile to
peak at m/e 59 to m/e 60, as shown in Figure 5. The effect is even more
pronounced for the BH,-containing “unstable” borane, BoH;;, which has
its maximum intensity peak nine mass numbers below its molecular weight
of 114. Also, the two ions BgH,;s* and BoH;4" are of negligibly small
intensities, a characteristic which holds true for all “unstable” boranes.
In essence, then, the boron isotope distribution and the ease of abstraction
of hydrogens give boranes their broad, rounded profiles, and this con-
tributes to easy identification.

BsHg
m l L
52 54 57 58 60 62 64 8§ 6 4 20
mle H'S ABSTRACTED
G2B3Hs ‘
56 58 60 62 T2 0
0285H7

kil

Figure 7. Comparison of mass spectra of 1,5-C,BsH; and
2,4-C,B;H, closo-carboranes with that of B;H,
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BioHa

Pl | |
110 112 114 116 118 120 122 124 14 12 10 8 0
mle H'S ABSTRACTED
CoBdHio l
108 110 112 114 116 118 120 122 10 8 6 4 0

Figure 8. Comparison of mass spectra of C,BsH,, and 1,2-
C,B,,H,, closo-carboranes with that of B,y H,,

The same general fragmentation patterns hold true for the related
alkyl-boranes, and two typical examples are shown in Figure 6. Adding
methyl and ethyl groups merely shift the cut-offs upward 14 and 28 mass
numbers, respectively, reflecting the addition of CH, and C.H, to the
molecular weight. The fact that the parent group profile is changed only
slightly suggests that the hydrogen abstraction upon electron impact
occurs preferentially on the borane skeleton, not on the alkyl side chains,
and this has been verified by mass spectral analysis of compounds with
deuterated alkyl groups (30).

Mass Spectral Profiles of Carboranes

Closo-Carboranes. In Figure 7 the parent group spectra of two
closo-carboranes, 1,5-C,B;H; and 2,4-C;BsH;, are compared with the
spectrum of BsHy. (C,B;H; has the same number of borons as B;H,,
while C,B;H; has the same number of skeletal atoms.) The spectral
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differences are quite pronounced. The small degree of hydrogen abstrac-
tion in the closo-carboranes can be seen in their monoisotopic spectra;
in each case the parent ion is of considerably greater intensity than any of
its offspring. The same general profile is evident for the carborane,
C:BgH,o, shown in comparison with B;oH;4 in Figure 8. C.,BsH;o was
prepared in yields of less than 1%, and we do not know which isomer
was formed. The spectrum of 1,2-C5B,oH;2, also shown in Figure 8, has
a fairly intense parent ion, but its highest intensity peak for some reason
is two mass numbers below that of its parent. The reason for this appar-
ent discrepancy is not known. In Figure 9 are spectra of the 1,2- and 1,6-
isomers of closo-CoBHg, and here we see that the C,B,H;* ion is the
one of highest intensity. In general, however, the over-all spectral char-
acteristics closely resemble other closo-carboranes.

As with boranes, alkyl derivatives of carboranes fragment nearly the
same as do the nonalkylated parents. The hydrogens from the alkyl side
chains and those from the carborane skeleton appear to have about the
same general resistance to abstraction. Figure 10 compares the spectrum
of 24-C,BsH; with that of a C-methyl derivative, CH;C,B;Hs, while
Figure 11 shows spectra of the dimethyl derivatives of C2BsH;0, C2B7Hp,

SYM-
64 66 68 70 72

mle H'S ABSTRACTED
UNSYM-
_..|Il| | i
64 66 68 70 72 74 6 4 2 0

Figure 9. Parent group mass spectra of the 1,6- and 1,2-
isomers of C3B,H,
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CoBgH7
o i
74 76 78 80 82 84 86 6 4 2 0
mle H'S ABSTRACTED

CHz-CoBsHg
Lol l | L .J_‘_Ll_lf_
88 90 92 94 96 98 100 8 6 4 2 0

Figure 10. Similarities in the mass spectra of 2,4-C,B;H, and a
C-methyl derivative

C,BgH; (exact isomeric structures as yet unknown). The spectra are
self-explanatory.

Nido-Carboranes. As mentioned previously the nido-carboranes con-
tain hydrogen bridges, and they are not as thermally or chemically stable
as their closo-counterparts. Figure 12 shows the spectra of C,B;Hs and
the methyl derivative of CB;Hy, and it is apparent that their fragmenta-
tion patterns are more closely allied with boranes than with the closo-
carboranes. This is also demonstrated rather dramatically by comparison
with the spectra of the two closo-carborane isomers of C.,B,Hg in Figure 9.

Ower-all Comparison of Boranes and Carboranes

To show in a general way how the polyisotopic mass spectra of the
borane and carborane series change as the number of boron atoms in-
creases, we have plotted in Figure 13 the relative positions of the maxi-
mum intensity peaks for all the compounds for which we have spectra.
For example, for the lower molecular weight closo-carboranes the maxi-
mum intensity peak occurs one mass number less than the molecular
weight of the parent molecule, while for B;oHs, which is a “BH”-type
borane, the relative position of this peak is seven mass numbers below
the mass number of the parent. In several instances—e.g., B;Hy, the
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spectra show two peaks of essentially equal “maximum” intensity, and
we chose to use average (nonunit) values in the plot.

In the plot we note a general trend upward for all boron compounds
owing to the way in which boron isotopic species are distributed; how-
ever, the predominant factor governing the position of the maximum
intensity peak arises from the ease of abstraction of hydrogens from parent
ions. BH,-containing boranes lose hydrogens most readily, while the
“stable” BH-boranes and the nido-carboranes are somewhat more resistant
to hydrogen abstraction. The closo-carboranes are without question the
most stable of these species. One would predict that the mass spectra of
such related species as B;oHg(CO), would also resemble the closo-
carboranes.

Determination of Boron and Carbon by *C-Isotope Analysis

With any carbon-containing compound of natural isotopic abundance,
there will be mass spectral contributions from ijon species containing the

(CH3)5CoBgHg

140 142 144 146 143 150 108 6 4 2
mle H'S ABSTRACTED
(CH3)2CZB7H7
128 130 132 134 136 138 08 6 4 2 0
H
(C 3)20286H6
116 118 120 122 124 126 1086 4 2 0

Figure 11. Parent group mass spectra of three dimethylated
closo-carboranes
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BsHio
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Figure 12. Comparison of the spectra of two nido-carboranes
with that of hexaborane-10

13C-isotope. There also will be small contributions from deuterium-
containing species, but in calculating abundance ratios the deuterium can
be conveniently lumped together with the 3C-species. In some cases,
where the number of hydrogen atoms is small, it can be neglected entirely.
For a compound with an unknown combination of carbon, boron, and
hydrogen (or other elements, for that matter ), mass spectral analysis gen-
erally can be used to determine the exact number of boron and carbon
atoms in the parent compound. The requirements are: (1) a mass spec-
trometer that gives good peak definition, and (2) negligible contributions
from impurities in the vicinity of the parent ion mass number. Sharp
cut-offs at the parent ion m/e are also desirable, and .in this respect the
closo-carboranes are almost ideally suited. The method can be illustrated
with C4BgH,., the dimethyl derivative of C,B¢Hs.

First Approximation. The compound in question has a closo-car-
borane profile and, excepting a small *C-isotope peak at m/e 127 (rela-
tive intensity 1.0), the high mass cut-off occurs at m/e 126 (intensity
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23.9). Now the cut-off peak would have to be attributed to !'B-containing
ions from species such as CyB;H,3, C;BsH;», or C;BsH;;, etc. Conse-
quently, the 13C-isotope peak at m/e 127 would then have to be
13C1120211B7H13*, 13C112C311B6H12+, or 1301]2C411B5H11+, etc. As with boron
isotopes, it is a fairly simple matter to calculate relative abundances of
ions containing 3C and 12C; based on natural abundance of the two iso-
topes, the calculations are as follows:

General formula:  [12C,13C;] = W (.98931)*(.01069)”

[12C,18C,] _ 3(.98931)2(.01069)

FOl‘ C3B7H13: [12C3] = l (.98931 )3 = 0.03242
' [12G418C,]  4(.98931)%(.01069) _
For C4B6H12. [12C4] = i (,98931 )4 = 0.04322
12C 13 4
For C,B.H,.. [C,9C,] _ 5(.98931)4(01069) _ .

[2C] 1(.98931)5

The observed ratio of m/e 127 to m/e 126 is 1/23.9, or 0.0418, pointing
to C4BgH;» as the correct formula for the compound in question.
We could also have included the deuterium isotope contribution,
12C,1B¢H;,2H;*, to m/e 127, although this is unnecessary when the

4/}-\"00"

X
»  [CARBORANE _—
CLOSQ

7 N

PARENT M/E LESS MAX. INTENSITY M/E
o

2 3 4 5 6 7 8 9 10
NO. OF BORONS IN MOLECULE

tiigure 13. Comparison of spectral profile characteristics of
boranes and carboranes
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Figure 14. Distribution of ion species in the mass spectrum of BC,H, ,—
“second approximation”

(Legend: Similar cross-hatched areas represent related boron isotopic species; ion
formulas in boxes represent related carbon isotopic species of interest)

calculation is only a first approximation. Just for the sake of complete-
ness, however, the contribution of this ion would be

[H;,?H,] _ 12(.99984)11(.00016)
[He.l (:99984)12

Added to the previous result for '*C we get a total calculated contribution
of .04322 + .00192 — .04514, compared with the observed intensity ratio
of 0.0418.

It is not necessary to derive these values for each situation, however,
since tables of isotopic abundance ratios are already available. Beynon
(2) for example, has tabulated them for various combinations of carbon,
hydrogen, nitrogen, and oxygen (no boron, unfortunately) up to mass 250.
In some cases (including the C,H,. portion of C;B¢H,.), it is necessary
to extrapolate (linearly) the data in his table.

Second Approximation. In the first approximation we assumed that
only one ion was contributing to m/e 126, namely *C,""BsH;.". This is

=0.00192
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Figure 15. Distribution of ion species in the mass
spectrum of B,C,H,,,—"third approximation”
(Legem;: same as in Figure 14)

not strictly true, however, because two 3C-containing isotopes (deu-
terium neglected again for simplicity) also are present. Onme is the
11B,10B,-counterpart of m/e 127 and, from statistical calculations, it is
1.5 times the intensity of m/e 127; the other ion is the *C-counterpart of
C,11BgH;,"—the principal ion of m/e 125. As shown in Figure 14, sub-
traction of 1.5 from the intensity of m/e 126 leaves a residual value of 22.4,
which, as a second approximation, we can attribute to the 2C,'BgHs"
ion. The observed ratio of 13C12C,/12C, now is 1.0/22.4, or 0.0446. This
is closer to our calculated value (deuterium included) of 0.04514 than
was our first approximation (.0418).

Similarly, if it were necessary to perform these same computations
for C3B;H,3 and C;B;H;;, the amount subtracted from m/e 126 would
be 1.75 and 1.25, respectively, since these are the !'B¢'°B; and ''B4*B,
counterparts of m/e 127. The residuals of m/e 126 then would be 22.1
and 22.6, respectively, and the ratios of m/e 127 to these residuals would
be 0.0452 and 0.0442, respectively; these figures deviate by about 25%
from the required abundance ratios of 0.032 and 0.054 (derived by meth-
ods given in the “first approximation” section).
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Further Refinement of Spectral Data. As mentioned in the previous
section and as shown in Figure 15, the data can be further refined by
taking into account the 3C-analog of C4'BgH,,", the principal contributor
to m/e 125. Moreover, several iterative processes can be utilized to “zero
in” on the exact contribution of this ion, from which one can calculate
precisely the intensity of 13C,12C,!'BsH,;* in m/e 126. We performed this
task with the data at hand and obtained nearly exact checks with the
statistically calculated value of 0.04514 for the abundance ratio of
13C,12C,11BgH;,",

The point of this whole procedure is that given good spectra, one
can use them to determine the exact numbers of borons, carbons, hydro-
gens, etc. (barring the absence of parent ions) in a compound. In many
instances this technique can preclude the necessity for elemental chemical
analyses. If the material in question is impure, the mass spectral analyses
may not give correct answers—but, then, neither will elemental analyses.
Furthermore, with a small amount of fractionation, it is generally easy to
tell by shifts of spectral peaks whether or not it is a relatively pure com-
pound. The technique can be utilized with any isotopic elements of
known abundance.
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High Molecular Weight Boron Sulfides

IV. Mass Spectrometric Investigation of the Conversion
of Metathioboric Acid to Boron Sulfide

JIMMIE G. EDWARDS and PAUL W. GILLES

University of Kansas, Lawrence, Kan.

The decomposition of metathioboric acid, HBSy(s), to pro-
duce boron sesquisulfide, B;S;(glass), and the vaporization of
the latter have been studied mass spectrometrically in the
temperature range 50° to 665°C. At temperatures below
100°C. relative intensities, appearance potentials, and shut-
ter effects of the ions from partly decomposed HBS, have
been measured. Six metastable ionic reactions have been
found, and other ionic fragmentations have been studied.
The vapor species below 100°C. are H,S(g), (HBS,)s(g),
H;BSs(g), and H;B,S;(g). The existence of gaseous boron
sulfides having molecular weights over 800 has been con-
firmed by studies of the vaporization of B,S; at temperatures
over 250°C. Many new ionic species, including polymers of
BS,*, are reported. Variations of ionic intensity ratios with
temperature indicate that several neutral molecules exist in
the vapor of B,S;.

Recent investigations of the vaporization of condensed materials in the

H,S-B.S; system have revealed a variety of gaseous molecules. The
important condensed phases in this system are HBS, and B,S;. The in-
frared spectra of HBS:(s) and of the gaseous products of reactions
between H,S(g) and B,S3(glass) have been investigated by Greene (3,
4). He attributed some of the bands to (HBS;)2(g) and some to a HBS,—
(HBS;)s mixture. Sommer, Walsh, and White (12) examined the mass
spectrum of vapor from a mixture of ZnS and boron at 700° to 800°C.,
but found no ion more massive than B,Ss".
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Three new series of high molecular weight molecules were discovered
by Greene and Gilles (5, 6) in their mass spectrometric investigations of
the vaporization of boron sulfide prepared by decomposition of HBS,(s).
Series I ions contained boron and sulfur only; Series II contained boron,
sulfur, and a third element or radical, probably silicon; and Series III
contained boron, sulfur, and oxygen. The decomposition of HBS:(s)
was studied mass spectrometrically by Edwards, Wiedemeier, and Gilles
(2); they discovered the vapor to be composed of H.S(g), (HBS:)s(g),
H3B83(g), and H2B283(g)

The purpose of this paper is to report new mass spectrometric results
on this system and to bring these together with previous results to reach
conclusions about the number and nature of the neutral molecules in the
vapor, about their dependence on temperature and sample composition,
and about their ionic fragmentation reactions.

Experimental

Samples. Preparation of HBS, and B,S; was by the method used by
Greene and Gilles (6) and is illustrated by the following chemical equa-
tions,

4H,S(g) + 2B(s) = 2HBS,(g) + 3H:(g), (1)
HBS,(g) = HBS,(s), (2)
2HBS, (s) = B,S;(glass) + H,S(g). (3)

Reaction 1 was accomplished at 600° to 800°C. in a 96% silica glass tube;
the H,S was carried over B in a stream of H, to restrict the decomposition
reaction,

x H,S(g) = x Hy(g) + Si(g)- (4)

Reaction 2 occurred in the cooler regions of the preparation tube.

The boron in Reaction 1 was a sample with an isotopic composition
of 93% B and 7% !B obtained from Oak Ridge National Laboratory.
Hydrogen sulfide was obtained from commercial cylinders of the com-
pressed material and was dried before use.

Apparatus. A detailed investigation of the decomposition Reaction 3
constituted a major part of this study. The reaction was performed in the
stainless steel mass spectrometer vacuum enclosure at residual gas pres-
sures below 107 torr.

The mass spectrometer was a Nuclide, 12 inch radius, 60° mag-
netic sector, high temperature mass spectrometer. The vacuum enclosure
consisted of three regions separately pumped by mercury diffusion pumps
with liquid nitrogen traps:—(1) The molecular source region contained
the sample in a graphite Knudsen cell; (2) The ionization region con-
tained the ion source and ion beam forming plates; (3) The analyzer and
collector region was crossed by the analyzing magnetic field, and con-
tained the ion collector and electron multiplier. Regions 2 and 3 were
separated by the final ion focussing slit.
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Regions 1 and 2 were separated by an externally moveable slit which
could be used to interrupt or scan the molecular beam before it entered
the ionization region. With this beam shutter closed, the molecular
source and the ionization source were effectively isolated. Pressures in
the three regions were measured with hot cathode ionization gages.

The sample was contained in a graphite Knudsen cell which had
been outgassed in vacuo at 1500°C. The cell contained an effusion orifice
which was 0.4 mm. in diameter and 6.3 mm. long, and was heated by
radiation from tungsten resistance filaments. Temperature uniformity was
achieved by use of tantalum radiation shields. Temperatures were meas-
ured with a Pt, Pt—=10% Rh thermocouple, the hot junction of which was
inserted into a well in the bottom of the crucible.

Procedure. The incongruent vaporization of a sample of about 0.5
grams of HBS, was studied in detail at progressively increasing tempera-
tures up to 665°C. This sample was the one used in an earlier study (2).
The sample was heated to the temperature desired for a given study,
and was maintained constant at this temperature while measurements
were being made. While observations were not being made—i.e., over-
night or on weekends, the sample was not heated and was kept under
high vacuum at room temperature. When maintenance of the mass
spectrometer required shutdown of the vacuum system, dry helium was
introduced, but the sample was not exposed to the atmosphere.

Initial studies were made at temperatures from 55° to 95°C. for
about three months, from 70° to 80°C. for about one month, and from
80° to 90°C. for two weeks. At this point the crucible with the sample was
removed from the mass spectrometer for the first time and stored for four
months in a plastic vial in a desiccator.

The final measurements were made at higher crucible temperatures.
Studies were performed during a one-month period at 25 different tem-
peratures from 100° to 665°C. The sample was studied for several hours
at a given temperature, and then the temperature was increased by 10°
to 40°C. for a new study. As in the initial studies, the sample was heated
only while observations were being made; between experiments the
sample was often cooled to room temperature.

The crucible with the sample was weighed immediately before intro-
duction into or after removal from the mass spectrometer. Ionic intensi-
ties were measured as functions of magnetic field strength, ion acceler-
ating potential, crucible temperature, energy of ionizing electrons, and
position of the beam shutter. In addition, the monotonic manner in which
the temperature was varied allowed deductions about the dependence of
intensities on the degree of sample decomposition.

The studies of intensity as a function of magnetic field strength and
ion accelerating voltage yielded simple scans of the mass spectrum, the
mass to charge ratio, m/e, of a given ion being determined by its position
in the mass spectrum. Intensity of an ion as a function of ionizing electron
energy yielded the ionization efficiency curve, from which the appear-
ance potential, AP, was determined by the vanishing current method.
The energy axis was calibrated from the AP of Hg". Intensity as a func-
tion of shutter position gave shutter profiles and total shutter effects—i.e.,
percentage intensity decrease upon closing the shutter. When the shutter

In Mass Spectrometry in Inorganic Chemistry; Margrave, J.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1968.



Publication Date: June 1, 1968 | doi: 10.1021/ba-1968-0072.ch015

214 MASS SPECTROMETRY IN INORGANIC CHEMISTRY

effect was less than 100, it was also measured on isotope peaks to estab-
lish the extent to which permanent background gases contributed to the
intensity.

Measurements of ion intensity as a function of temperature yield
temperature coefficients for the parent molecules if the composition of
the condensed phase in the Knudsen cell is constant. Studies of intensity
ratios as functions of temperature yielded information about ionic de-
composition in the ion source of the mass spectrometer.

Normal ions were identified from their m/e values. The identifica-
tions were confirmed by comparing the observed intensities with the
theoretical intensity distribution calculated from the proposed chemical
formula and the known isotopic compositions of the elements. The con-
firmation procedure is illustrated in Figure 1 with the use of data pre-
sented by Greene and Gilles (6) for the ion BgS;4*. The solid line on the
right connects the observed intensities for the band of peaks which was
proposed to represent BgSis* containing natural boron, and the one on
the left is for S.e same band containing 93% '°B-enriched boron. The
dashed lines represent isotopic intensity distributions calculated from
the ionic formulas shown and the known isotopic contents of the samples.

The excellent agreement for the formula BgS,," identifies the ion. The
slight disagreement at low m/e values for the ions with natural boron
arose because of overlap with a weak band of Series III ions with the
formula B93130*.

When isotopic ions of two or more species overlapped in the mass
spectrum, the contributions were separated by a stripping technique.
The first peak in the band was attributed to a single species composed
only of t]l1)e lightest isotope of each element. Contributions from this
:ﬁecies at higher m/e values were then calculated and subtracted from

e observed intensities to obtain intensities caused by the remaining
species. This process was repeated until all contributions were separated.

In scans of the mass spectrum the shapes of the peaks and the re-
gions between peaks were studied closely to discover the presence of
“metastable” ions. These result from ionic fragmentations of the type,

A*—B*+ C, (5)

occurring after the ion A* has entered the electric acceleration field, but
before it enters the analyzing magnetic field. Hipple, Fox, and Condon
(7) have shown that if the fragmentation occurs after acceleration is
complete then the m/e value, m*, at which the metastable ion appears
in the mass spectrum is related to the m/e values of A" and B* by

m* = mg2/m,. (6)

Metastable ions were distinguished from others in the mass spectrum
by their diffuse appearance and by the fact that they might appear at
nonintegral m/e values. To identify the ions A* and B* in Reaction 5 for
a particular metastable ion, the observed apparent mass m* was com-
pared with values calculated from Equation 6 for all possible decomposi-
tions among the ions in the mass spectrum. It was required that Equation
6 be satisfied, that the ions A* and B* have relatively high intensities, and
that the neutral product C be a reasonable chemical species.

In Mass Spectrometry in Inorganic Chemistry; Margrave, J.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1968.



Publication Date: June 1, 1968 | doi: 10.1021/ba-1968-0072.ch015

15. EDWARDS AND CILLES Boron Sulfides 215

CALCULATED AND OBSERVED INTENSITIES

100

80

70

60

50~

RELATIVE INTENSITY

40|

30

201

r 1 | p
528 530 532 534 536 538 5

MASS NO.

Figure 1. Observed and Calculated Intensity Distributions for Identification
of BgS,,*. On the Left—Ions Containing Boron Enriched in 1°B. On the Right
—Ions Containing Natural Boron. Solid Lines—Observed Relative Intensities,
Broken Lines—Calculated Relative Intensities for the Following Formulas.
I_BSSIL+’ 2_B2SI6+’ 3_B5SI/4+’ 4_Bssll,+’ 5_Bllsl3+’ 6_B14812+’ 7_B17SII*

Results

The HBS, was obtained from Reactions 1 and 2 as white needle
crystals among some gray and less clearly crystalline product. The mass
spectra observed at all temperatures in these experiments consisted of
a large number of well resolved peaks grouped in bands. Some bands
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consisted of ions with a single stoichiometry but different isotopic com-
positions. More complex bands resulted from overlap of two or more
simple bands.

Even though the same sample was used for all measurements, the
results are grouped according to the temperature of the crucible. In the
lowest region the vaporizing substance was HBS;(s) and in the highest
region, predominantly B,S;(gl). Separating these regions is a transition
one extending from 100° to 250°C.

Table I. Ions Observed from 60° to 100°C. During
Vaporization of H!'BS,

Mass of Relative Appearance Shutter
Prominent No. of Atoms/Molecule  Intensity Potential  Effect (%)

Peak H B S 85°C.,70ev. (ew. *0.3) at 60°C.
32 0 0 1 8.4 15.3 11
33 1 0 1 8.4 15.9 11
34 2 0 1 20 10.2 10
64 0 0 2 8.0 19 58
10 0 1 0 2.2 23.1 76
42 0 1 1 1.3 25.8 65
43 1 1 1 0.41 24.3 47
74 0 1 2 18 16.4 76
75 1 1 2 16 124 62
76 2 1 2 20 11.8 67
106 0 1 3 2.5 16.1 74
107 1 1 3 3.0 11.6 65
108 2 1 3 1.7 14.0 77
109 3 1 3 1.3 9.9 21
84 0 2 2 2.4 22.1 87
85 1 2 2 6.1 16.6 84
116 0 2 3 9.4 13.1 89
117 1 2 3 17 13.1 89
148 0 2 4 3.1 13.0 92
149 1 2 4 13 11.4 94
150 2 2 4 98 10.5 92
182 2 2 5 0.68 8.9 50
126 0 3 3 1.0 13.0 93
158 0 3 4 0.70 15.0 92
190 0 3 5 0.34 15.2 93
191 1 3 5 3.3 11.2 93
192 2 3 5 3.3 11.5 93
193 3 3 5 0.10 91
224 2 3 6 1.8 12.3 98
225 3 3 6 100 9.3 95
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Vaporization of HBS, Below 100°C. These studies have been re-
ported by Edwards, Wiedemeier, and Gilles (2). The mass loss of their
sample during the investigations below 100°C. was 19.7% of the initial
mass. If H,S were the only volatile substance;—i.e., if the decomposition
occurred only by Reaction 3, the mass loss on complete decomposition
would be 22.8% ; because other gases were observed, the extent of con-
version was less than 86%.

Thirty ions which appeared in the mass spectrum at temperatures
from 60° to 100°C. are listed in Table I, columns 2-4. In columns 1 and 5
are listed the m/e values and relative intensities observed in a typical
investigation at 85°C. The intensities given were obtained as intensity
decreases produced by closing the beam shutter, and are the sum of all
isotopic intensities for each ion relative to (HBS:)s* which was taken to
be 100.

Appearance potentials were measured for all ions which were suffi-
ciently intense, and are reported in column 6 of Table I. The indicated
uncertainty of 0.3 e.v. in these values was deduced by measuring some
of the values several times.

The shutter effect for the ions varied with time. When the HBS,(s)
was placed in the mass spectrometer, the shutter effects of most ions were
initially approximately 100. However, after several hours of vaporization
the shutter effects decreased noticeably, and this decrease continued
throughout the experiments below 100°C. The shutter effect for each of
the ions, given in column 7 of Table I, was obtained early in the decompo-
sition but after the shutter effects had decreased considerably. The
temperature was 60°C.

Six metastable ions were discovered in the studies below 100°C. The
relative intensities of these were less than 0.2 with the intensity of
(HBS,)s' taken as 100. The metastable decomposition reactions which
were deduced are listed in Table II in which the first two columns give
apparent and calculated m/e values. The next three sets of three col-
umns identify the reactions.

Appearance potentials of four metastable ions were measured and
are listed in Column 14 of Table II; the intensities of the other two
identified metastable ions were too low to obtain dependable AP values.
In columns 12 and 13 of Table II are listed AP values of the proposed
parents and fragments for all six metastable reactions.

Three different groups of two metastable reactions are designated
by the letters A, B, and C in the last column of Table II. For group A
the metastable ion and the proposed fragment have the same AP; the AP
values for group B were not determined. For group C the AP of the
metastable ion is lower than that of the proposed fragment, an occurrence
for which no satisfactory explanation readily appears.
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Other metastable ions were carefully sought, but not found. A special
search which proved to be unsuccessful was devoted to the reactions,

(HBS,)s* = H,B,Ss* + HS, (7)
(HBS,)s* = HB,Ss* + HSS, (8)
H,B,S;* — HBS," + HBS, (9)

Quantitative information about ionic fragmentation processes can
be obtained by consideration of shutter effects. A simple derivation yields
the equation

L, S,
S== (10)

i=1

in which G is the shutter effect of ion j to whose intensity n ionic frag-
mentation processes contribute, and S, is the shutter effect of ion i, one
of the n ions which fragment to yield ion j. The part contributed by ion i
to the intensity of ion j is symbolized by I;. Thus, when the shutter effects
are known, one has a relationship among the contributions from various
fragmentations to a given ionic intensity.

Equation 10 is especially useful when n = 2, because one obtains
the ratio of intensities from the two fragmentations. Such is surely the
case for B,S,", since there are only two neutral molecules with two or
more boron atoms, H,B,S; and (HBS;)3. For this case, n in Equation 10

Table II. Metastable Decompositions from H'’BS; below 100°C.
No. Atoms/Molecule ~ Appearance Potential

Mass (e.v. £0.3)

Frag- Identifi-

Calcu- Parent ment Neutral Par- Frag- Meta- cation

Apparent lated HBS HBS HBS ent ment stable Group®
385+008 3850 224 212 012 105 118 118 A
468*01 4677 123 012 111 131 164 135 C
485+008 4849 124 122 002 114 16.6 149 C
71.3+0.1 7127 235 123 112 115 131 ND® B
89.7+02 8966 224 023 201 105 131 ND® B
100.0+=0.08 9995 336 224 112 93 105 104 A

¢ Group A. Identification established by mass, intensity, and AP.

Group B. Identification indicated by mass and intensity.

Group C. Identification indicated by mass and intensity, but contraindicated by AP.
® Not Detected.
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is 2, ion j is B.S,", ion 1 is H.B.S5*, and ion 2 is (HBS,),". With shutter
effects from Table I we have

501, + 95I,

87="0 (11)
which reduces to I,/I; = 4.5. Thus, four to five times as much B,S," re-
sults from fragmentations of (HBS;)s* as from H,B,S5*. A similar calcu-
lation for B,Ss* yields Io/I; = 6.5, and the result is the same for HB,S3",
because its shutter effect is the same. For only one other ion in Table II
is it clear that n = 2. This is HB,S,’, but application of Equation 10 to
this ion is complicated by the fact that isotopic ions of B,S,*, with a dif-
ferent shutter effect appear at the same m/e value and must be taken
into account.

Vaporization From 100° to 250°C. Scans of the mass spectrum were
successively performed in the transition region at 100°, 110°, 130°, 155°,
170°, 190°, 215°, and 240°C. They were usually taken in the decreasing
mass direction and required several hours each. These scans were char-
acterized by changing relative intensities of ions and by the absence of
high molecular weight ions.

All ions present below 100°C. were observed in these scans. The
intensities for most ions varied irregularly with temperature, even to the
extent that some intensities sometimes were less than in the preceding
scan at lower temperature. The general trend for the intensities of all
the ions except H,S* was to attain a maximum at about 155°C., then
to decrease with increasing temperature. The intensity of H,S* also did
not vary smoothly, but always increased with increasing temperatures.

Two ions not observed below 100°C. were found in this temperature
range. The ion Sg* was present in all scans, and H>B,S,* was found in the
scans above 150°C. The intensity of Sg* was always less than 10% rela-
tive to that of (HBS,)s*, and its variation with temperature was similar
to that of the majority of the ions. The intensity of H,B,S," was low; at
155°C. it was less than 0.3% that of (HBS;)3". It increased monotonically
with temperature and at 240°C. was 2.5 times as large as at 155°C. No
new metastable transition was observed, and no boron sulfide ion larger
than B;S;* was found in this temperature range.

Few measurements requiring constant ionic intensities at a given
temperature were performed because of rapid sample decomposition.
The appearance potential of H,B,S5* at 202°C. was found to be 8.9 e.v.
+ 03 ev.

Vaporization Above 250°C. Scans of the mass spectrum were made
at 265°, 275°, 300°, 330°, 360°, 370°, 400°, 430°, 465°, 490°, 510°, 540°,
565°, 590°, 615°, 640°, and 665°C. The high molecular weight ions dis-
covered by Greene and Gilles (6) were observed, and many new ions

In Mass Spectrometry in Inorganic Chemistry; Margrave, J.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1968.



Publication Date: June 1, 1968 | doi: 10.1021/ba-1968-0072.ch015

220 MASS SPECTROMETRY IN INORGANIC CHEMISTRY

containing no hydrogen were discovered. A few low molecular weight,
hydrogen-containing ions,—e.g., HoS* and HBS,* remained in the mass
spectrum at these temperatures, and their intensities relative to those of
the high molecular weight ions were very high.

The Series I ions with formulas simpler than B3Se* were present with
significant intensities at 265°C. and remained in the spectrum at the
highest temperature. Three larger Series I ions, B:S1»", BsS14*, and BsS;4"
were observed at 265°C., and one larger, hydrogen-containing ion,
H,B,S,", was still present. No Series II or III jon was detectable at
265°C. A few ions containing five and six borons were first detected at
275°C.

At 300°C. the mass spectrum was much richer in ions; BgSy5" ap-
peared along with B;S;*, B:S:s*, BsS12', BeS12", and several others. In
addition, two Series III ions, BgS150* and BgS;30*, became detectable.

As the temperature was increased above 300°C. the mass spectrum
became very rich. Many Series I and III ions were found, and above
400°C. the Series II ions appeared. At about 350°C. jons with as many
as ten boron atoms achieved detectable intensities.

In all three series of ions the intensities of the low molecular weight
ions varied with temperature differently than did the intensities of the
high molecular weight ions. The intensities of most Series I ions with
m/e less than 250 increased monotonically with temperature, but for
heavier ions the intensities reached a maximum at about 400° to 500°C.
then decreased. At temperatures slightly above 250°C. and also above
600°C. the intensities of low m/e ions were greater than those for the
heavier ions, but in the region 300° to 600°C., the heavier ions were more
intense than the lighter ions except for H.S*, HBS,", S;*, and B,S;".

Intensities of Series II ions with m/e below about 450 increased
with increasing temperature. Ions with high m/e values had intensities
that reached a maximum between 550° to 650°C., then decreased with
increasing temperature. Series III ions with m/e less than about 300
increased in intensity with increasing temperature. The others reached
a maximum intensity between 400° and 600°C. then decreased with tem-
perature. Although many of the new ions were present in the spectrum
over only short temperature ranges, BgS:s* was observed in all scans
above 250°C.

In Figure 2 the intensities of the boron-sulfur ions relative to that
of BgSi6* as 100 which were observed in the scan at 490°C. are shown
graphically. The location of each number represents an ion with the
formula B,S,’, in which n and m are, respectively, the ordinate and
abscissa of the location. The two dashed lines on the graph connect loca-
tions of the ionic polymers of B,S; and BS,, respectively. Most ions fall
within the region enclosed by these lines. Not shown are ions containing
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only one element, although B* as well as all ionic sulfur polymers up to
Ss* were observed. A relative intensity of zero means that the ion was
not observed at 490°C. but was observed in one or more of the other
scans; a G represents an ion observed by Greene and Gilles (6) but not

observed in this work; and underlining indicates an ion not observed by
them.
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Figure 2. Relative Intensities of Series 1 Boron Sulfide Ions at 490°C. The

numbers of boron and sulfur atoms in the ion are given as ordinate and abscissa.

Intensity of ByS,;* equals 100. Underlining indicates an ion not observed by

Greene and Gilles, and a G represents each ion observed by them but not
observed in this work

Relative intensities of the Series I ions observed at the same tem-
perature, 490°C., are also represented on a schematic mass spectrum in
Figure 3. The ordinate gives on a logarithmic scale the percentage in-
tensity relative to that of BsSys*. The abscissa identifies the ion, first by
the number of boron atoms, then by the number of sulfur atoms; thus it
is not continuous in m/e.

In Figures 4 and 5 are shown, respectively, the Series II or silicon-
containing ions which were observed in the scan at a higher temperature,
640°C., and their relative intensities on a schematic mass spectrum of the
same type as in Figure 3. Figures 6 and 7 illustrate in the same way the
Series III, or boron-sulfur-oxygen ions, and their relative intensities in
the scan at 565°C.

Composition variations in the samples prevented direct use of in-
tensity vs. temperature data to obtain thermodynamic quantities, but
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Figure 3. Logarithms of Relative Intensities of Series I Boron Sulfide Ions at
490°C. Intensity of BgS,;* Equals 100

information on fragmentation processes can be obtained. Consider the
ionic fragmentation reaction

A*—=B*+C (12)

If only one molecular source yields A*, and if Reaction 12 is the only
source of B, then the intensity ratio I(A*)/I(B*) is independent of sam-
ple composition. However, if more than one molecular source exists for
either ion A* or ion B, then the value of the intensity ratio will depend
on sample composition and temperature.

In Figure 8 logarithms of three intensity ratios, I(BsSi5")/I(BsSis"),
I(B‘zslg*)/I(BgS]{), and I(BgSm*)/I(BgS“*) are plotted as functions of
the inverse temperature. The variations of these three ratios with tem-
perature are typical of those found for other ions. At Knudsen cell
temperatures below 750°K. (I/T = 1.33 X 10®) intensity ratios
1(ByS1»")/I(BsS1s*) and 1(B;S,»")/I(BsS:4*) were effectively independ-
ent of temperature and composition, and, therefore, both ions whose in-
tensities appear in the ratio probably had a single molecular precursor.
Above this temperature a new source arose for the ion whose intensity
appears in the numerator in each of these two ratios as indicated by the
:ncreasing value of the intensity ratio with increasing temperature.
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Figure 4. Relative Intensities of Series 11 Boron Sulfide lons at 640°C. Each

ion contains one silicon atom. The numbers of boron and sulfur atoms are
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indicates an ion not observed by Greene and Gill'les, and a G represents each ion
observed by them but not observed in this work
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indicates an ion not observed by Greene and Gilles, and a G represents each
ion observed by them but not observed in this work
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The observed variation of the intensity ratio I(BgS157)/I(BsSi6") in
Figure 8 shows that at least two molecular precursors for one or both of
these ions existed over the entire range of temperatures represented, and
that the nature of these sources did not change appreciably at tempera-
tures below 600°K. (I/T = 1.55 X 103). The curvature at high tem-
peratures is probably caused by a disappearance of a source of BgS;;".
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Figure 8—Logarithms of Intensity Ratios as Functions of 1/T. Ther-

modynamic quantities should not be taken from slopes because

composition of samples was changing. @—I(BS,;*)/1(BsS "),
O—I(B,S,,")/I(BgS,;"), O—I(BsSys*)/1(BsSy,")

Molecular precursors of ions cannot be deduced unequivocally from
information about intensity ratios such as that discussed above. Other
changes which occurred in the mass spectrum at temperatures of the
breaks in the curves suggest, however, some fragmentation relationships.
For example, at about 370°C., which is also the temperature at which a
break occurs in two curves in Figure 8, the first ions containing ten boron
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atoms appeared in the mass spectrum. One deduces from this observa-
tion the possibility that molecules with ten or more borons are neutral
precursors for some of the ions in Figure 8.

Discussion

Vaporization of HBS, Below 100°C. The information which has
been obtained from the low temperature vaporization experiments is
sufficient to allow identification of the important neutral molecules in
equilibrium with HBS;(s) at temperatures below 100°C. This evidence
includes the identification, intensities, AP values, and shutter effects of
the ions and the metastable reactions. Figure 9 illustrates the mass spec-
trum and relative intensities by means of vertical lines. Appearance po-
tentials and shutter effects are represented by circles and triangles,
respectively. One sees that the most intense ions originating from the
crucible region below 100°C. are (HBS,);*; the pair (HBS;)," and
HB,S,"; the group H,S*, HS*, and S*; the group H,BS,', HBS.', and BS,’;
and the pair HB,Ss* and B;S;*. The ions with lowest AP values are
H2B285+, (HBSg)3+, H3BS$+, and (HBS.2)2*.

The agreement of the measured AP of H,S* with the known value,
the unique shutter effect of H»S*, and the known decomposition of HBS,
to B,S3 show that H,S* results from ionization of H,S. The low AP and
high intensity of (HBS.)s", the absence of any higher molecular weight
hydrogen containing species, and the fact that the trimer has the same
composition as HBS,(s) show that it also is a neutral molecule. The low
AP and low shutter effect of H3BS;* and the fact that H3BS3, orthothio-
boric acid, lies on the join containing H,S, HBS,, and B,S; of the ternary
H-B-S system indicate that H3BS; is an important neutral molecule in
this system.

The ion with the lowest AP is H,B.Ss*, and this fact indicates that
it also is a parent ion. The only higher molecular weight ions, and, there-
fore, those to which it might be related by a fragmentation process in-
volving negative ion formation, all have much larger shutter effects, thus
substantiating the conclusion that it is a parent ion.

The low AP, high intensity, and the composition of (HBS,),* suggest
that it too is a parent ion. On the other hand, the observation of the
metastable decomposition from the trimer to the dimer at m/e — 100, the
agreement of the AP values for the metastable and the dimer ions, and
the fact that the dimer and trimer have the same shutter effect all suggest
that (HBS;)* is a fragment. The dimer molecule probably is not impor-
tant at temperatures below 100°C.

The other ions with m/e values greater than 110 have AP values
greater than 11 e.v. and large shutter effects, and they most likely arise
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Ions Observed from H'°BS, (s) at 60° to 100°C. The lengths of vertical lines

give the relative intensities and the triangles give the shutter effects on the
left scale. The circles give the appearance potentials on the right scale

from fragmentation of (HBS;);". The ions with m/e values between 50
and 108 also have AP values greater than 11 e.v. and intermediate shutter
effects, and they probably arise from two or more processes from parent
molecules with different shutter effects—e.g., (HBS:)s;, H3BS;, and
Hngsﬁ.

Some of these decompositions were observed as metastable ions. In
particular, the observations prove the existence of two fragmentation
series.

(HBS,) 3" — (HBS,)," = B,Sy* (13)
and
H,B3S;* —> HB,S;" — BS,". (14)

From the AP values and shutter effects of (HBS;);* and H2B;S;* one
may deduce that the latter series also originates with (HBS.)s, but no
other evidence of this has been found.

The AP reported here for B.S;* is 13.1 = 0.3 e.v. and that given
previously (6) was 10.4 = 0.3 e.v. The difference arises from the fact
that at crucible temperatures below 100°C. the ion is a fragment from
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one of the acid species, and in the earlier, higher temperature studies
on B,S; the ion is a parent.

Inasmuch as both the initial reactant HBS, and the principal ultimate
product B,S; lie on the H;S-B.S; join, the a priori hypothesis is that the
main gaseous product of the decomposition will be H»S. The results show
that H.S(g), H3BS3(g), and (HBS,)3(g) are indeed the principal gas-
eous products of the low temperature vaporization; thus the overall result
is a loss of H,S as well as HBS, from the condensed phase. The parent
ion HB.S;* does not lie on the H,S-B.S; join, but its intensity is small
below 100°C.

Vaporization at Higher Temperatures. The observations from 100°
to 250°C. revealed only additional ions, Sg* and its fragments and
H,B,Sy". The fact that hydrogen-containing species remained important
shows that decomposition of the HBS,(s) was not yet complete.

At higher temperatures, above 250°C., the observations of high mo-
lecular weight ions by Greene and Gilles (6) were confirmed in many
experiments under a variety of conditions. In addition, new ions were
discovered. The fact that many of these new ions were present in the
mass spectrum only in relatively short temperature ranges explains why
they were not observed earlier. The vapor at temperatures above 250°C.
probably contains many neutral molecules, their variety and concentra-
tions depending on the temperature and sample composition.

The presence of ions with formulas up to By2Ss:" and the impossi-
bility of significant ion-molecule reactions at the low pressures in the ion
source and analyzer prove that molecules at least as large as B1,S,; must
exist. It is probable that B;2S,;* is a fragment of a still larger, but unde-
tected ion. The observation of relatively intense BgS;¢* over a wide tem-
perature range is significant because it had been predicted (6) that
BsS;6 should be an important neutral molecule.

Greene and Gilles (6) attributed the existence of high molecular
weight boron sulfide molecules in the vapor to excess sulfur in the con-
densed state. The sample used in this work was prepared by their method
and produced Sg*; thus this sample also was sulfur-rich. Their failure to
observe BS, polymers may have arisen because their sulfur activity was
not as high as ours. The failure by Sommer, Walsh, and White (12) to
observe any boron-sulfide ion more complex than B,S;* was probably
caused by the much lower sulfur activity in their system.

Few conclusions about the Series II and Series III jons can be ob-
tained from these investigations. The Series III ions most likely result
from substitution of one oxygen for one sulfur in Series I ions. Supporting
this chemical argument is the fact that if one sulfur is added to each ion
in Figure 6 their locations with respect to the B,S; and BS; polymer lines
become much like those of the Series I ions in Figure 2.
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The same type of comparison of Figures 2 and 4 reveals that the two
representations almost superimpose if one sulfur is removed from each
Series II ion. Thus, these ions could be obtained by adding one silicon
atom and one sulfur atom to the appropriate Series I ions.

Our results obtained below 100°C. appear to indicate that (HBS,);
is the only important gaseous molecule with the stoichiometry of HBS..
Greene (3, 4) in his investigations of the infrared spectrum of this sys-
tem interpreted his results in terms of HBS:(g), (HBS:):(g), and
(HBS:2)3(g). However, his work was done at higher temperatures, where
the monomer achieves importance.

Work on the H-B-O system can be divided into two categories, one
containing the several papers by Porter (1) and his coworkers on boroxine
H3B30;(g) and its derivatives, and the other containing work on the
spectra and thermodynamic properties of substances in the H,O-B;O3
system, HBO.(g), (HBO:)3(g), B20s(s), and B»Os(g), by Greene
(3, 4), Meschi, Chupka, and Berkowitz (8), by Randall and Margrave
(9), and by White, Mann, Walsh, and Sommer (13).

There is little analogy between the present work and that on the
boroxine system. The principal neutral species in the present study lie
on the H,S-B;S; join or slightly to the sulfur-rich side, but the boroxine
compounds are on the oxygen-deficient side of the corresponding join in
the H-B-O system.

A major difference between the studies on the boric acids and this
work on the thioboric acids lies in the temperature range. The present
experiments on the hydrogen containing species were performed mostly
below 100°C., where the principal species were (HBS;)s(g) and H.S(g),
but the experiments on the boric acids employed the reaction between
water and boric oxide above 800°C., where the principal species is
HBO:(g). The difference in volatilities arises presumably because of
greater hydrogen bonding in the boric acids.

No oxygen analog of H,B,S; has been discovered. The structure of
this new molecule is not known but it probably contains the five mem-
bered 1,3,4-trithiadiborolane ring (10, 11), which includes a S—S bond.
On the basis of this structure, the absence of Hy,B,Oj is explained by the
instability of the required peroxide bond.

The second major difference between the sulfur and oxygen systems
is that in the latter no high molecular weight species has yet been dis-
covered. Probably the reason for the difference lies in the greater tend-
ency of sulfur to catenate. Possibly the greater difficulty of forming
oxygen-rich solutions of B;O3 and the necessity of working at higher
temperatures both militate against the existence of high molecular weight
boron oxides.
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The construction of an ion source for vaporizations in the
range 100° to 400°C. is described. The conditions under
which the vaporizations occur are analyzed and some results
presented. Thermodynamic data are presented. The vapor-
izations studied were

Zn sotia) = LN gas)
Cd (so1ia) = Cd(gas)
AS(so140) = IZA% (9as)
Se (soua) = %Senww wheren=25,6,7,8
CdyASs(aaiar = 30 o) + 5 A5 (an
CaSe ey = Clyue) + 552000

The accommodation coefficient for the vaporization of
As, from solid arsenic or from Cd;As, is small and also may
be small for the vaporization of Se, from CdSe.
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The most commonly used method of studying relatively involatile
materials in a mass spectrometer is by means of a Knudsen or effu-
sion cell. These are now available as accessories to commercial instru-
ments. A molecular beam from the cell intersects an electron beam in
the ionizing region. The recorded ion current is proportional to the
concentration of a particular molecular species in the beam and can be
related to its partial pressure inside the effusion cell. By varying the
temperature of the effusion cell and recording the ion current owing to
the various species emerging from the cell at each temperature, thermo-
dynamic data can be obtained. If the effusion cell can be calibrated so
that absolute partial pressures can be determined, then free energies and
entropies as well as enthalpies can be obtained for the vaporization
reactions,

A modified ion source has been constructed in which the ionizing
electron beam actually passes through a chamber containing vapor above
the condensed phase as shown in Figure 1. The details of its construction
will be given in the experimental section. The partial pressure of the
vapor in the ionizing region is directly controlled by the temperature of
the sample.

One advantage of this ion source over the conventional Knudsen cell
source arises because the sample vapor is actually generated in the
ionizing region. This results in greater sensitivity and the ability to work
at lower vapor pressures. Using a Faraday cup collector and vibrating
reed amplifier, ion currents were measured at pressures estimated to be
in the range 107 to 10 torr. Greater sensitivity should be achieved with
an electron multiplier detector. It becomes possible to study systems at
lower temperatures and different conditions than previously, and in some
cases different behavior has been observed. Since at these pressures the
mean free path is much larger than the cell dimensions it is possible to
work at conditions where collisions in the vapor are of negligible
importance.

A disadvantage of this ion source is that because of the relatively
large area of the slits some vapor can diffuse back into the ionization
region from outside the cell. Although the amount of back diffusion is
relatively small, in some cases it prevented an unambiguous conclusion
as to whether a smaller molecule arose by vaporization from the con-
densed phase or by thermal decomposition of a larger molecule on the
mass spectrometer filament. A further consequence of the relatively large
slit area is the effect on the steady state pressure in the sample chamber.
This effect will be analyzed in the theoretical section.

The potential of the sample chamber could be varied with respect to
the filament. In this way the current caused by a particular ion could be
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determined as a function of the electron energy, and an ionization effi-
ciency curve could be obtained. Although the curves did not have the
idealized shape, appearance potentials obtained from them agreed well
with literature values when a direct comparison was possible. The elec-
tron energy scale was calibrated with an inert gas, usually krypton or
xenon.

Experimental

Description of the Ion Source. The ion source was originally de-
scribed by Mann and Tickner (11) and later modified (17). The details
of the modified apparatus now follow. '

The ion source of a conventional 90° magnetic sector mass spectrome-
ter was modified as shown in Figure 1. Originally the normal pumping
on the mass spectrometer tube was supplemented by a 70 liters/sec.
mercury diffusion pump equipped with a liquid nitrogen trap attached
directly to the ion source chamber to reduce the background of residu-
als in the ion source. However, there were appreciable variations in
pumping speed, and hence this extra diffusion pump was only used for
initial heating of the sample chamber. Copper cooling coils were added
to the ends of the source chamber to prevent the rubber O-rings from
being overheated.

The entire furnace assembly was mounted on plate P, which was
attached to the same mounting posts as the focusing and collimating plates
of the mass spectrometer. Plate P, was supported with respect to P, by
four rods. All of the plates and supporting rods were made of Chromel A.

The electron beam was supplied by a tungsten filament F. It entered
the ion source furnace through a small slit and emerged through a slightly
larger slit to be measured by means of trap T. Permanent magnets
mounted externally supplied a collimating field of about 400 gauss. An
exit slit was provided in the end of the furnace, and a circular hole 1 cm.
in diameter in plate P; opposite the slit allowed sufficient penetration of
the field from tge focusing plates to withdraw the ions. The two slits for
the electron beam and the ion exit slit were defined by pieces of Chromel
foil spot-welded onto the ion source furnace. The sizes of the slits could
consequently be varied, and their total area averaged between 4 to 6 sq.
mm. Three tool steel pins 0.5 mm. in diameter mounted on P, and corre-
sponding holes in the end of the ion source furnace located the exit slit
with respect to the collimating slits of the mass spectrometer. Electrons
from the filament were accelerated by a potential applied between the
filament and the furnace. This potential could be varied between about
5 to 100 volts and was measured with a digital voltmeter when ionization
efficiency curves were being determined.

The furnaces were machined from molybdenum which, in addition
to its low vapor pressure and high melting point, possessed high thermal
conductivity and was not attacked by the vapors of the metals to be
examined. Each furnace had its own heating element of a noninductive
type cut from Chromel A sheet and wound on with mica insulation. Since
it was not necessary to know the temperature of the ion source furnace
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with great accuracy, it was convenient to place a thermocouple on its wall
inside the heating element. The radiation shields were made of tantalum
and were supported by stainless steel screws and borosilicate glass
spacers. All electrical leads were brought out at the end of the ion source
chamber by means of feed-through insulators.

Figure 1. Mass spectrometer ion source

A. Ion source furnace; B. Sample furnace; C. Radiation

shields; D. Molybdenum crucible; E. Thermocouple; F.

Filament; G. Sample support; H. Cooling coils; ]J. Feed

through insulator of Teflon; P, and P.. Mounting plates;
and T. Electron beam trap

A regulated a.c. power supply with an output voltage constant to
0.1% was used to supply power for heating the furnaces. Each furnace
received its power from the secondary winding of an isolating transformer
which allowed the furnace heating elements to operate at the potential of
the ion source, approximately 2000 volts above ground. The temperature
of each furnace was controlled manually by adjusting a variable auto-
transformer which supplied the voltage to the primary winding. This
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arrangement allowed different temperatures to be maintained in the two
furnaces over a sufficiently wide range.

Powdered samples were placed in crucibles machined from molyb-
denum. One crucilﬁe had a single large compartment while another had
seven compartments of equal size drilled in it. Samples could be placed
in different numbers of holes to vary the effective sample area, as will be
discussed in the theoretical section. The crucible was fitted into a
specially made quartz cup which had a circular hole in the bottom so
that it could be mounted on a support machined from boron nitride or
quartz. A hole drilled in the axis of the sample support allowed the
insertion of a Chromel P-Alumel thermocouple which measured the sam-
ple temperature. The thermocouple wires were brought out of the
vacuum without joins by passing them through small holes in a Teflon
plug which was compressed by forcing it into a tapered hole by screwing
down a threaded nut onto it.

The thermocouple was calibrated at the melting points of zinc, lead,
and tin and at the boiling point of water. Recalibration after use showed
that the calibrations had changed by less than 0.6° in all cases. The
e.m.f.’s were measured on a potentiometer with an accuracy of =0.002 mv.

Temperature equilibrium could be attained in a few minutes, and the
temperature was held constant to within 0.5° while the ion currents were
being measured. It was found that the amount by which the temperature
of the ion source furnace exceeded that of the sample furnace had little
effect on the results. Since the temperatures of the two furnaces were
interdependent to some extent, a relatively small temperature difference
of about 5° was used in most of the experiments to extend the range of
the sample furnace temperature to as low a value as possible.

To correct for any variation in the over-all efficiency of the ion source
during a series of measurements a small reference pressure of krypton or
xenon was maintained in the ion source chamber by allowing the gas to
leak in from a reservoir in the sample line. Krypton and xenon were
chosen because they were chemically inert, their ionization potentials are
accurately known and are the lowest of the inert gases, and their atomic
weights were closer to those of the samples than were the other inert
gases. At each temperature the ion current corresponding to the inert
gas was measured as well as the ion current caused by the sample.

Theoretical

Evaluation of Steady State Conditions in the Sample Cell. At the
steady state the rate of evaporation of molecules from the surface of the
sample is equal to the sum of the rate of loss of molecules from the cell
and the rate of condensation of vapor molecules onto the sample surface.
The theoretical maximum rate of evaporation of molecules of molecular
weight M from a surface is given by the well-known Langmuir-Knudsen
equation (4, 7, 9) as

rate of evaporation = P (2-MRT)* moles cm.™ sec.™
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where P is the saturated vapor pressure. Similar expressions are obtained
for condensation and effusion:

rate of condensation = p(2xMRT)~* moles cm.? sec.™
rate of effusion = p(2-rMRT) % moles cm.™ sec.™®

where p is the pressure of vapor above the surface.

In many cases rates of evaporation and condensation are much
smaller than these theoretical maximum rates. An evaporation coefficient,
ae, or a condensation coefficient, o, is defined as the ratio of the actual
rate of evaporation or condensation to the theoretical maximum rate given
by the Langmuir-Knudsen equation. These coefficients are also known
as accommodation coefficients. In general, small values of evaporation
coefficients are observed when a surface reaction takes place prior to the
desorption step, the rate of which can be appreciably slower than the
desorption rate. This subject has been discussed in some detail by
Somorjai (5).

The steady state conditions in the mass spectrometer ion source are
given by—rate of evaporation — rate of condensation + rate of effusion

«PA(2rMRT)% = o,pA(2:MRT)% + pa(2sMRT)%
which simplifies to
cPA = apA + pa (1)
where p is now the steady state pressure in the sample cell.
A is the effective sample area
a is the effective effusion area

The effective area of the sample is difficult to estimate. Two limiting
cases can be discussed. When « and «. are large—i.e., approaching unity,
and the sample completely covers the bottom of the crucible, A is given
by the cross section of the crucible. By using a crucible having a number
of compartments, A can be varied by filling different numbers of com-
partments. The other limiting case is obtained when « and o are small.
Once molecules have left the surface, the probability of condensation on
the surface is small, and A will be given by the surface area of the sample.
A can be varied in a known way by altering the mass of the sample or by
altering its particle size, but absolute values of the surface area can only
be roughly estimated, except perhaps for single crystal samples.

The effective effusion area will be smaller than the total area of the
electron and ion slits because of the Clausing factor. This correction is
negligible for the present work since, as will be seen, it is the order of
magnitude of the ratio effusion area to sample area which is required.
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Equation 1 can be rearranged to give
P \e
=)= 2
P (1 + f / ac)“c ( )
where f = a/A.

When the condensation coefficient is large and f is small, then

p~Pp 2 ~p (3)

ac

since a, will be of the same order of magnitude as «.. In this case

dnp _, dinP _ _AH @)
d(1/r)  d(1/r) R
where AH is the enthalpy of the vaporization process.
When the condensation coefficient is smaller than f, then
P
p ;‘e (5)
and p is much smaller than P.
In this case
dnp _ _ (AH + AH’) (6)
d(1/r) R

where AH’ is the enthalpy of a surface reaction which occurs before
evaporation.

The present apparatus can be used to decide whether evaporation
and condensation coefficients for a given vaporization are large or small.
By varying f it can be determined whether the steady state pressure is
given by Equation 3 or Equation 5. Some effect on the slope of the d In p
against 1/7 plot may also be observed (compare Equations 4 and 6) but
this is a less sensitive test.

When two or more different species evaporate from the surface their
steady state pressures can be compared. When their accommodation
coefficients are large, Equation 3 applies, and no relative change in their
steady state pressures occurs as f is varied. When their accommodation
coefficients are both small, Equation 5 applies. Even if their accommo-
dation coefficients are different, no relative change in their partial pres-
sures occurs as f is varied. A variation should be observed if one species
has a large value of a and the other a small value of « so that the steady
state pressure for one species is given by Equation 3 and for the other
by Equation 5.

The ion current caused by a vapor in the sample chamber can be
used as a quantity proportional to its concentration over a considerable
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temperature range as long as conditions in the ion source do not change.
In practice, the efficiency of the ion source was found to vary with tem-
perature, and a reference concentration of krypton or xenon was main-
tained by allowing the gas to leak in from a reservoir in the sample line.
The ion currents used to determine variations in partial pressure were
obtained from Equation 7

_ 7  Lig® (TO\% Py

=530 (7) 7 @
where I,, is the measured ion current at temperature T, I;¢ is the inert
gas ion current at temperature T and reservoir pressure P, and the
superscript zero indicates the corresponding quantities under the refer-
ence conditions. The temperature correction term arises as follows. The
steady state inert gas concentration in the ion source is given when the
rate of its flow into the source is equal to its rate of flow out. At constant
reservoir pressure and assuming constant pumping speed in the ion source
region the rate of flow into the ion source is constant. The rate of outflow
is also constant. Under conditions of molecular flow CT* is constant,
where C is the concentration of inert gas in the ion source. Hence

C TO\ %2
%= (%)
The steady state pressure of a given species in the ion source is pro-

portional to IT and hence the variation in partial pressure referred to
some standard condition is given by

— ,IIGO T v PIG 8
p=kL.- 12 (5)" 7% ®

where k is a constant of the mass spectrometer, and the ionization cross
section of the species. This equation does not permit calculation of
absolute pressures.

Results and Discussion

Zinc and Cadmium. The apparatus was used to determine the heats
of sublimation of zinc and cadmium (I1I1). The sublimations can be
represented

Zn (qqiq) = Zn(ggg)
Cd(solid) = Cd(gas)

No dimeric or ‘polymeric molecules could be detected.
For zinc, AH s was found to be 30.05 =+ 0.42 kcal. per mole and for
cadmium AHgzes was 2648 =+ 0.20 kcal. per mole. These values are in
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satisfactory agreement with literature values (16) and indicate that the
apparatus is suitable for determination of heats of sublimation of mate-
rials having accommodation coefficients which are not small. For metals
vaporizing as atoms the accommodation coefficient is not less than 0.1,
and consequently Equation 4 applies.

Arsenic. The sublimation of arsenic was studied by Westmore, Mann,
and Tickner (17). In the temperature range 220° to 280°C. the only
process that could be definitely detected was

As(sona) = } ASy(gas)

with an apparent heat of sublimation of 43.0 = 0.4 kcal. per mole at
298°K. This is much higher than the value of 34.5 kcal. per mole obtained
by equilibrium methods (16), but agrees with the value reported by
Kane and Reynolds (6) for large orifice sublimation. The latter authors
found that at about 280°C. the accommodation coefficient was small,
about 104, and hence Equation 6 should apply. Kane and Reynolds sug-
gested that the small accommodation coefficient resulted from a surface
rearrangement to form As, molecules which are not present as such in
the solid phase. Similar behavior is exhibited by phosphorus (1, 6).

Selenium. The sublimation of selenium was studied by Fujisaki,
Westmore, and Tickner (2) between 102° and 187°C. At these tem-
peratures the only stable solid phase is grey, metallic, or hexagonal
selenium which is comprised of long helical chains of selenium atoms.
Several references are given by Fujisaki et al. (2). The mass spectrum of
the vapor is very complex, containing the ions Se,* where n = 1 to 10.
Appearance potentials of the ions suggest that Se’, Se,’, Sey’, and Se,*
arise from fragmentation of heavier ions and that Se;*, Seg", Se;*, and Seg”
arise mainly from the corresponding parent molecules. Probably Sey’
and Se;o* arise from Se, and Se;, but this conclusion could not be verified.
The vapor may also contain small amounts (less than 0.5% ) of Se,, but
whether it comes from the selenium surface or from thermal decomposi-
tion of a heavier molecule on the mass spectrometer filament or the walls
of the sample chamber cannot be determined.

Since the ratios of the currents attributed to the various ions did not
change as the sample area or effusion area was changed, it was thought
that the accommodation coefficients for the sublimation of the molecules
Ses, Seq, Ses, and Seg were all fairly large so that their partial pressures
did not change (Equation 3), or all small, not necessarily equal, so that
they changed by a similar factor (Equation 5). It was not possible for
some species to have large coefficients and some to have small coefficients.
Furthermore, although day-to-day variations are to be expected, at a
given temperature it seemed that the ion currents of the various species
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were insensitive to variation in effusion and sample area, indicating that
conditions appropriate to Equation 3 applied. This equation is valid
when the accommodation coefficients are fairly large. Support for this
view is given by the data of Table I which show that a weighted mean of
the heats of sublimation of Se;, Ses, Se;, and Seg will be close to the value
for the heat of sublimation given by Stull and Sinke (16). This latter
value was selected by them to give the best fit with entropy and vapor
pressure of numerous workers, assuming the vapor to be mainly See.
Consequently, the equation which is valid for large accommodation
coefficients, holds.

Table I. Heats of Sublimation and Relative Abundances
of Subliming Selenium Molecules

Relative
H, ., abundance % in vapor
Species kcal. /mole at 175°C. at 175°C.

Ses 362 = 0.5 50.6 29.1

Seg 338 £0.5 100.0 575

Se; 384 £05 19.7 114

Seg 39.9 = 0.7 3.5 2.01
Seq — 0.02 0.012

The results are interpreted in terms of the sublimation from the
selenium surface of cyclic molecules formed by breaking of the chains
of selenium atoms. Cyclic molecules should be formed more readily than
diradical chain molecules, and once formed would only be held by van
der Waals forces. Cyclic molecules having 3 or 4 atoms would be con-
siderably strained whereas Ses;, Ses, Se;, and Ses would be relatively
unstrained, and it is suggested that this is why Se; and Se, are absent
from the vapor.

Table II. Thermodynamic Data for the Sublimation of Grey Selenium

Average C,

from 298°  Average AS%g

to 418°K. AC, AH%,4 AF%,4, cal. mole™?

Species cal.deg.”? cal.deg.”' kcal./mole kcal. /mole deg.”!

Se; 23.9 —8.2 37.2 21.8 51.7
Seg 29.5 -9.0 34.9 20.6 48.0
Sey 35.1 -9.9 39.6 23.2 55.1
Seg 40.7 -10.6 41.2 24.8 55.1

The present apparatus does not allow measurement of absolute vapor
pressures. However, estimates of other thermodynamic quantities were
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made by estimating the relative partial pressures of the various species
and comparing them with vapor pressure data given by Stull and Sinke.
The results are given in Table II.

Cadmium Arsenide, CdyAs,. The vapor pressure diagram of the
cadmium-arsenic system shows a minimum corresponding to CdsAs,.
This material can be vaporized and recondensed with no change in com-
position. The vaporization of Cd3As, has been described by Westmore,
Mann, and Tickner (17). The vapor was shown to consist of Cd and As,.
On initial vaporization the arsenic vaporized slowly. Eventually, steady
state conditions were reached where the arsenic seemed to be vaporizing
more readily, and reproducible results were obtained.

It was found that the ratio of cadmium to arsenic in the vapor varied
as the sample and effusion areas were varied. Furthermore, their tem-
perature coefficients varied. The results were consistent with a much
smaller accommodation coefficient for the vaporization of arsenic than
for cadmium. It can be seen from Equations 3 to 6 that such variations
are possible if different values of a are used for cadmium and for arsenic.

The experimental results were interpreted in terms of the surface
reactions

Cd3Asy (sona) = 3Cd (gurtace) T 2AS (surtace)
3Cd (surtace) = 3Cd (gae) (tast)
2As(surtace) = ‘%Asugu) (slow)

Table III. Temperature Coefficients for the Vaporization
of Cadmium Arsenide

Temperature 114Cd As A
Conditions range, °C. slope, deg.”?  slope, deg.”™?  slope, deg.™
A 218-274 8080 + 150 8300 = 150 220 = 65
B 220285 8065 = 70 8385 + 150 320 + 130
C 228-287 7730 = 130 8650 = 130 930 + 140
D 240-375 8292
E 434-578 6800

Sample size: A, 0.35 gram approx.; B, 0.172 gram; C, 0.012 gram. Estimated
sample area: A, 3000 sq. mm.; B, 1600 sq. mm.; C, 100 sq. mm. Estimated
effusion area: A, 6.3 sq. mm.; B, 4.0 sq. mm.; C, 4.0 sq. mm. D, Nesmeyanov
(12), Knudsen cell, unstated conditions. E, Lyons and Silvestri (10), equi-
librium studies.

The temperature coefficients obtained were higher than those ob-
tained from equilibrium vapor pressure measurements (10) but agreed
with the effusion measurements of Nesmeyanov et al. (12). A summary
of the results is given in Table III. The composition of the vapor varied
with the sample size and effusion area. For example, at 500°K. the ion
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current ratio Is.o/Iq11s ca Was 2.69 for condition A, 2.46 for condition B,
and 1.41 for condition C. These conditions are explained in Table III.

Cadmium Selenide. Preliminary results indicate that the vaporization
proceeds according to the reaction:

CdSe (gon1a) ¥ Cd(gas) T 35€2(gas)

However, in the temperature range 440° to 600°C., the vaporization is
noncongruent, as the vapor is selenium deficient, and the temperature
coefficient for vaporization of Se is higher than for Cd. This is in contrast
to the claim of Goldfinger and Jeunehomme (3) that the intensity ratios
of Cd, Se,*, and Se* were constant at different temperatures and during
complete evaporation of the samples. These authors used open crucibles
or quartz Knudsen cells and worked in the temperature range 550° to
800°C. corresponding to sample pressures of 107 to 107! torr. A summary
of the vaporization studies on cadmium selenide is shown in Figure 2.
Some uncertainty is involved in the positions of the lines for the results
of this work since steady state pressures could not be determined and had
to be estimated. The temperature coefficients obtained were as follows:

Somorjai (14) 10,020 deg.? Equilibrium, 700°-935°C.

Korneeva (8) 10,950 Knudsen cell, 500°-750°C.

Somorjai (15) 12,220 Free vaporization, 570°-800°C.

Goldfinger (3) 10,770 Mass spectrometric and Knudsen cell,
550°-800°C.

Wosten (18) 11,470 Transpiration, 740°-900°C.

This work 10,360 for Cd 440°-600°C.

11,130 for Se,

On initial vaporization of the sample, it was found that cadmium
vaporizes more readily than selenium (as Se,), but the relative amount
of selenium increased with time until a steady state appeared to be
attained. Even at this steady state, comparison of the ion currents at
500°C. from Se* 4 Se." and Cd* gives, assuming stoichiometric vaporiza-
tion, the ratio for the ionization cross sections ose,/oca as 0.59 compared
with 1.38 for the higher temperature work of Goldfinger and the ratio
ose/oca = 0.84 (13). In this work, the vapor is therefore, selenium
deficient.

The results are interpreted in terms of the reactions:

Cdse(solid) =2 Cd(surface) + Se (surtace)
Cd(surface) = Cd(gas) (fast)

2Se (surface) 2 Se2 (gas) (slow)
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Figure 2. Apparent vapor pressure of cadmium selenide

1. Somorjai (14), equilibrium; 2. Wosten (18), transpiration; 3.

Korneyeva (8), Knudsen cell; 4. Goldfinger (3), Knudsen cell; 5.

Somorjai (15), free vaporization; 6. This work, Cd; and 7. This work,
Se.

where the slow step is speculated to be diffusion of Se atoms on the sur-
face to form Se, molecules. The surface of the sample becomes cadmium
deficient, and cadmium atoms must diffuse to the surface from the
interior. Hence, the steady state condition of a sample in a Knudsen cell
will depend upon many factors including particle size, sample size, effu-
sion area, and temperature. Further work on cadmium selenide is now
in progress. It appears that equilibrium studies, such as those of Somorjai
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(14), would be the only studies to yield reliable thermodynamic data.
It is significant that the temperature coefficient for Cd vaporization from
CdSe in this work is closest to Somorjai’s equilibrium value and that
Goldfinger’s temperature coefficient lies between the values for Cd and
Se, obtained here.

Cadmium selenide in thin films is used in solid state devices. These
films are prepared by vaporizing CdSe onto a substrate in vacuum. The
films tend to be Cd rich, and production of films with reproducible prop-
erties is difficult. This is not surprising in the light of the results described
here.

Conclusions

The mass spectrometer ion source was used to study a number of
different types of vaporization. It can yield much of the information
obtainable by the conventional Knudsen effusion method but can some-
times yield information of a different type. This has been illustrated by
a study of cadmium arsenide and cadmium selenide. In the latter case, a
comparison with results obtained by the conventional techniques was
possible. Caution is necessary when interpreting the results of Knudsen
cell work.
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Mass Spectrometry of Molecules of the
Nitrogen Family
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Mass spectrometric studies of the gaseous molecules pro-
duced from solid compounds of the nitrogen family of ele-
ments are briefly summarized. The variety and nature of
the solids are examined first to demonstrate the possibilities
for observing complex molecules in these systems at elevated
temperatures. Then the detection and characterization of
these molecules by mass spectrometry are described. It is
shown that a wide variety of both parent and fragmented
ion species are observed. The problems of differentiating
between parent and fragmented species and of estimating
absolute partial pressures of the parent molecules are de-
scribed with some specific examples. The existence of the
various homonuclear and heteronuclear molecules can be
correlated with the polymeric nature of the solids and the
comparable binding energies of the molecules.

Atoms of the Group VA family of elements N, P, As, Sb, and Bi combine
among themselves to form an interesting class of diatomic and tetra-
tomic molecules and perhaps molecules of a more complex nature. The
homonuclear species, such as P, As,, Py, and As,, are well known from
early vapor density and more recent mass spectrometric investigations of
the vaporization properties of the solid elements. The heteronuclear
species, such as As,P,, have been observed only recently in studies of
the vaporization of mixtures and binary compounds of the elements. This
paper presents a brief introduction and summary of current systematic
studies of these molecules by mass spectrometry.

Because the solid-vapor systems of the pnictides are complex, and
for various reasons are intrinsically difficult to study quantitatively, there
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are many details that cannot be covered in this paper. Instead, our in-
tention is to present here a broad but brief survey of these systems, draw-
ing upon both our work and that of others and emphasizing the applica-
tions of mass spectrometry.

The inter-pnictide molecules are of general interest as additional
examples of the complexity of the vapor phase above solid inorganic
materials at elevated temperatures. Specifically, they are of interest here
as examples of systems that require the full application of mass spec-
trometric techniques combined with subsidiary experiments. Most im-
portant, these molecules provide a useful class of related molecules for
a systematic study of the chemical bonding effects in a series of inorganic
species having similar chemical bonds and related symmetry properties.

Solid Pbases

Characteristics of the solids of the Group VA elements are fairly well
known. There are several allotropic forms and both stable and metastable
phases. An interesting feature of many of these solids is their polymeric
composition involving chains of tetrahedral units. Because of this kind of
atomic arrangement, their vaporization at elevated temperatures produces
tetrameric and dimeric vapor molecules. There is much less known about
the binary and higher compounds of these elements. The best known
solid inter-pnictide compound is P3Nj5, but the other solid nitrides AsN,
SbN, and BiN have been reported in the older literature. Combinations
of As and P, Sb and As, Bi and As, and Bi and Sb form various solid
solution phases. No solid phosphides of Sb or Bi have been reported.

Although the first homogeneous solid phosphorus nitride, P3N;, was
prepared in 1903 from a reaction of P,S; and NH; (53), chemists have
long been synthesizing various solids containing both nitrogen and phos-
phorus, such as phosphonitrilic compounds, metaphosphimic acids and
phosphorus amides. Amorphous solids with N/P ratios ranging from
unity to 1.7 have been reported (34, 35, 36, 38, 39, 44). The inconsistency
of nomenclature and analysis in published research makes it difficult to
ascertain “whether or not the material described as phospham by one is
the same as the material described as phosphorus nitride by another”
(34, 55), or whether they were not (PNCL), (43, 44) and P,(NH:)s
(37), which are products formed from the reaction used to prepare
P;:N; from NH,; and PCl;. It seems rather certain at this time that
P;Nj is the only crystalline binary solid phase in the P-N system. Crystal-
line P3N has a faint orange color, is inert at room temperature, non-
hygroscopic, and exhibits no appreciable decomposition in vacuum up
to ~ 700°C. Although it exhibits sharp x-ray diffraction powder pat-
terns, it is complex, and a crystallographic analysis has not been carried
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out. It is presumed to be a high polymer network which is either planar
or three-dimensional (55). Thermodynamic data for solid P3N is sparse
and apparently unreliable.

The formation of AsN was first reported in 1904 (25). It is a red-
orange solid obtained upon gentle heating of the products of the reaction
between AsCl; and NH;. Another method of preparing a somewhat
impure solid arsenic nitride involves the discharge of an arc in an
atmosphere of nitrogen, or in a mixture of 90% liquid N, in the presence
of metallic As (12). The solid decomposes rapidly when heated above
250°C. No crystallographic or thermodynamic data exist for solid AsN.

Antimony nitride, SbN, has been prepared by methods similar to
that for the preparation of AsN, by arc discharge in mixtures of N, and
Sb metal (12), and from the reactions of SbCls;, SbBrs, and Sbl; with
liquid N, (16, 42, 47). The orange nitride is extremely sensitive to mois-
ture, and it decomposes upon heating at 550°C. Bismuth nitride is
formed similarly (15, 27, 42) and is reported to be extremely unstable,
decomposing explosively to the elements when heated (12). Again, no
crystallographic or thermodynamic data exist for solid SbN or BiN.

Several investigations (30, 32) of the arsenic-phosphorus system by
x-ray powder diffraction and thermal analysis have shown the presence
of three distinct homogeneous phases: the P phase from 0 to 43 atomic %
As, the As phase from 87 to 100 atomic % As, and the AsP phase from
53 to 74 atomic % As. The P phase is a dark red solid and gives an
x-ray pattern similar to that of amorphous red P. The As phase is similar
in appearance to metallic As and possesses lattice constants close to
those of hexagonal As. The AsP phase consists of black leaflets similar
to graphite. This phase is isomorphic to black phosphorus and exists as
a side-centered orthorhomic cell (30). The various phases are prepared
by heating mixtures of the elements in sealed quartz tubes at 600° to
700°C. No thermodynamic data exist for solid AsP.

Although phosphorus is slightly soluble in liquid antimony (30) and
bismuth (52), no information is available on the existence of solid phases
or compounds of these elements. Inter-metallic alloys of antimony-arsenic
and bismuth-antimony exist in the rhombohedral crystal structure (46).
The Sb-As system, which is found in nature as the mineral allemontite,
exhibits a complete range of solid solutions with a eutectic point be-
tween 22 and 29 atomic % As (48). Whereas the Sb—As alloys possess
a high electrical conductivity, the Bi-Sb alloys (46) are well-documented
semiconductors frequently studied with respect to their thermoelectric
and magnetic effects. The Bi—Sb phase (10) forms a continuous series
of low melting solid solutions with no eutectic. In the Bi—As system,
there is a eutectic at ~ 2.2 atomic % As; the solid solubility, however,
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is less than 1% As in Bi (54). In no system is there any strong evidence
for the formation of any definite stoichiometric compounds.

Vapor Species

The group VA elements and inter-pnictides vaporize to yield gaseous
species which are predominantly tetratomic or diatomic. Thus, the mass
spectrometer used in conjunction with the Knudsen effusion method
may be used to study both solid-vapor and vapor-vapor equilibria. In-
vestigations of the vaporization of the elements have yielded thermo-
dynamic data for the following types of reactions:

4X(s) =X4(g)
X,(g) = 2X,(g) (1)

Here X represents P (5, 9, 18, 28), As (9, 18, 28), Sb (2, 8, 18), and Bi
(31, 56). It has been shown that at temperatures below 1000°C., the
equilibrium vaporization of the elements, except bismuth, yields mainly
the X, gaseous molecule (4, 18, 28). Although one observes ion currents
for the monatomic, diatomic, and triatomic species (5), the data sug-
gest that these result mainly from fragmentation of the tetramers during
the ionization process. In many cases careful appearance potential
studies can differentiate the parent and fragment species, although the
results are not always unambiguous.

Several careful studies of the vaporization of red phosphorus (4, 5)
have been carried out. However, the exact ratios of tetramer to dimer
molecules are still not certain. Many studies of the vaporization of
phosphorus, arsenic, and antimony from alloys with cadmium (59),
indium (9, 18, 19), and gallium (9, 18) at moderately high temperatures,
have shown that P, As,, and Sb, vaporize as parents along with Py, Asq,
and Sb,. Also, nonequilibrium vaporization conditions have yielded both
diatomic and tetratomic molecules along with triatomic and larger mole-
cules. In several of these studies, Ps (5, 29) and Asg (28) were observed.
Nevertheless, the concentrations of these species are believed to be small
under equilibrium conditions. The previous thermal history of the sample
is also critical for the species which can be observed upon initial vapori-
zation (5, 11, 40).

The congruent vaporization of P3N5(s) has been studied by Knudsen
cell mass spectrometry (31). The positive ion species formed by electron
impact ionization of the neutral molecules were found to be P,*, Py, Ps",
P,, Ny, N2, PN*, and PN2*. Ions of more complex molecules were not
observed. Relative ion intensities of these various species are given in
Table 1. The very large apparent intensity of N,* suggests that the
partial pressure of the nitrogen molecule is very much larger than that
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of any other molecule. Actually, it turns out that the partial pressures of
N, and PN are, in fact, comparable and that the differences in apparent
intensities arise from the differences in the condensability of PN on the
surfaces of the mass spectrometer system and the pumping rate of No.
There is also a similar problem of noncondensability of P, and P,. We
shall return to these problems later.

Table I. Approximate Relative Intensities of Ion Species from the Vapor
of P3N5(s) at 850°C. with an Ionizing Electron Energy of 50 e.v. (31)

Species Relative Intensity

N;* 2.8

PN2* negligible
N,* 100.0

Py 2.6

PN* 50.0

P, 54

Py 15

P, 1.1

Detailed appearance potential measurements are necessary to de-
termine the neutral molecules in equilibrium with P3N5(s). These are
found to be Py, Py, PN, and N,. Thus, three equilibrium reactions char-
acterize this system, and these may be written as

P;N5(s) = 3PN(g) + Nx(g),

P,(g) = 2Py(g), (2)
P,(g) + N,(g) =2PN(g).

Although the existence of the molecules AsN(g), SbN(g), and
BiN(g) has been demonstrated by optical spectroscopy (16, 22), no mass
spectrometric investigations have yet been made of the vaporization char-
acteristics of the solids. These solids may be expected to vaporize simi-
larly to P3Nj; although at lower temperatures.

The As—P system is one of great complexity. This system has been
studied by the vaporization of As and P from a mixture of the elements
(31) and from the alloy In(Pos6As0.44) (19). The expected parent gas-
eous molecules in this system are As,, Py, AsP, Asy, Py, AssP, AspPs, and
AsP;, while the expected fragments produced by electron impact ioniza-
tion of the vapor molecules are As*, P, Ass*, Asy', P3*, Py, As,P, AsPy,
and AsP*. All of the ions expected for the parent and fragment species
have been observed in both studies.

Relative intensities of the ions of the vapors above a mixture of
As(s) and P(s) are given in Table II. The intensity ratios are somewhat
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puzzling, because on the basis of the relative vapor pressures of phos-
phorus and arsenic, one would expect the vapor to consist predominantly
of phosphorus-containing species. The results obtained may be attributed
to the existence of very small vaporization coefficients for the elements
and the absence of true equilibrium in the vapor. One also has a prob-
lem of the partial noncondensability of the vapor molecules, similar
to the circumstance mentioned earlier for the P-N system. Further work
is being carried out on the vaporization of solid AsP itself.

Table II. Approximate Relative Intensities of Ion Species from the
Vapor of a Mixture of P(red,s) and As(s) at 216°C. with an
Ionizing Electron Energy of 50 e.v. (31)

Species Relative Intensity
P 2.0
As* 38.0
P, 1.0
As,* 57.0
AsP* 3.0
Py negligible
Asg* 29.0
P,As* 04
PAs,* 1.0
P 2.0
Asg* 100.0
PAsg* 6.0
P 3AS* 2.0

The gaseous equilibria of interest in the As—P system are the fol-
lowing;:

Asy(g) = 2As,(g)
P,(g) = 2P»(g)
Py(g) + Asy(g) = 2AsP(g) (3)
Py(g) + 3As,(g) = 2As3P(g)
Py(g) + Asy(g) = As,Py(g)
3P,(g) + Asy(g) = 2AsP,(g)
Preliminary experiments (31) on the Sb—As system give evidence
for the existence of the molecules SbAs, SbsAs, SboAs,, and SbAs; over
the Sb—As solid phase. Although no complete mass spectrometric studies

have been made of the vaporization of Bi-As or Bi-Sb, gaseous molecules
of SbBi and Sb;Bi have been observed vaporizing from liquid bismuth
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contaminated with slight amounts of antimony (31). It would be inter-
esting to determine whether or not other possible tetratomic molecules
containing bismuth, such as Sb,Bi,, SbBiz, and the corresponding arsenic
analogs, are stable, since it has been conjectured that in view of the
weakness of the “triple” bond in Bis, the single bonds in such tetratomic
molecules would be even weaker and probably unstable (49). The ex-
istence of the SbBi diatomic molecule has been observed in optical
spectroscopy (16, 22).

Another interesting study, but one not yet carried out, would be
that concerned with producing polymeric molecules containing three or
possibly four different pnictide elements. Molecules of this kind may
be expected to form between P, As, Sb, and possibly Bi. The molecule
As,PSb has been observed mass spectrometrically (23). The treatment
of data obtained from these complex ternary and quarternary systems
would be much more difficult than that of the binary systems. For ex-
ample, the system Sb—As—P would be characterized in part by the follow-
ing gaseous equilibria:

P,(g) = 2P,(g)
Asy(g) = 2Asy(g)
Sby(g) = 2Sb.(g)
P,(g) + As,(g) = 2AsP(g)
Py(g) + 3Asy(g) = 2As3P(g)
Py(g) + Asy(g) = As:Py(g)
3P,(g) + As,(g) = 2AsPy(g)
Sby(g) + P2(g) = 25bP(g)
P,(g) + 3Sby(g) = 2SbsP(g)
Py(g) + Sby(g) = SbyPy(g) (4)
3P,(g) + Sby(g) = 25bPs(g)
Asy(g) + Sby(g) = 2SbAs(g)
Asy(g) + 3Sby(g) = 25bsAs(g)
As,(g) + Sby(g) = ShyAsy(g)
3Asy(g) + Sba(g) = 25bAs;(g)
Sby(g) + Py(g) + 2Asy(g) = 2As,PSb(g)
Sby(g) + 2P,(g) + As,(g) = 2AsP;Sb(g)
2Sb,(g) + Py(g) + Asy(g) = 2AsPSb,(g)
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Parent Molecules and Absolute Pressures

The previous summary demonstrates that vaporization of the pnic-
tides produces a complex vapor phase and that the mass spectrometer
detects ion species of both parent and fragmented molecules. It is nec-
essary then to differentiate between the parents and fragments to estab-
lish the vaporization equilibria and to estimate scaling factors that con-
vert ion intensities to absolute partial pressures for thermodynamic
analyses. We wish to discuss here some of the techniques found par-
ticularly useful in these studies.

Table III. Appearance Potentials of Ion Species of the
Vapor of P3N;(s) (31), in e.v. Units®

Ion Species Linear Extrapolation R.P.D. Literature
N,* 155 = 0.3 15.4 £ 001 156°
P, 9.6 £ 0.3 10.0 (from P,*)°
1.7 =03 12.0 (from P,)°
P 9.2 0.3 9.0¢
PN* 11.6 = 0.3 11.8 £ 0.1
Pl* 175 £ 0.3 (from P2, P4, PN) 16.0 (from P2) °

18.0 (from P,) °
18.5 (from PN) '
Ps’ 14.3 + 0.3 (from P4) 14'50
N,;* 24.0 £ 0.3 (from N,) 23.6 = 0.1* 24.3°
26.0 £ 0.1* 26.8°
20.0 £ 0.5 (from PN)
PN2* 40.7 £ 0.5
*A.P. (HzO*) = 12.60° as standard.
® Ref. (45).
° Ref. (5).
4 Refs. (28, 20).
“ Refs. (13, 58).
" Ref. (31).
¢ Ref. (41).
* The pro ucts are N1*(3P) + N(4S).
¢ The products are N1*(3P) + N(2D).

The problem of differentiating parent and fragment ions can be
handled reasonably well for these systems by very careful measurements
of appearance potentials, both by the linear extrapolation method (57)
and the retarding potential difference (R.P.D.) method (14). As ex-
amples, we list appearance potentials of the various ions observed in the
P;N; study in Table III and discuss their interpretation. Some points
of the discussion are illustrated by the appearance potential curves given
in Figures 1 and 2.

The appearance potential of N,* compares very well with the value
of 15.6 e.v. obtained by photoionization (58) and electron impact ioniza-
tion (13). Two linear portions are observed in the ionization efficiency
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Figure 1. Ionization efficiency curves for P,*, Py*, N, and
P

curve for Py* (Figure 1). The values of the appearance potentials cor-
respond well with the value of 10.0 == 0.05 e.v. for the ionization of an
appreciably populated excited state of P; and the value of 12.0 = 0.5
e.v. for that of the ground state (5). The appearance potential of P,*
compares well with the ionization potential of 9.0 e.v. determined by
electron impact (28) and photoionization (20) studies. The appearance
potential of 11.8 = 0.1 e.v. for PN* can be compared with those of the
isoelectronic ions: AsP* (11.2 = 0.5 e.v.) (19), P.* and N,*. Therefore,
the observed appearance potentials for P,*, P4*, N»*, and PN* indicate
that these ions, at least in part, are formed by direct jonization of neutral
molecules,
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For the fragmentation reaction

AB+e—>A*+ B + 2, (5)
the appearance potential of A* may be written (26) as
AP.(A*) > LP.(A) + Dy° (AB). (6)

The appearance potential of 17.5 = 0.3 e.v. for P," is appropriate to either
of the two processes written below. Using the values I.P.(P,) — 10.98
e.v. (21), Douoo (P4 = 2P2) = 2.30 e.v. (51), and D°1100(P2) = 5.09
e.v. (51), we obtain

P,+e—>P;"+ P+ 2e, AP > 16.1e.v., (7)
P,+e—>P +P+P,+2, AP> 184ev. (8)

We have considered also the process
PN+e—P*+N+2, AP > 185ev. (9)

It seems probable, therefore, that all the neutral molecules Pq, Py, and
PN are equally important parents of the P,* ion.

The P;* ion can be produced directly from P, or by ionization of P;
from the solid. However, the appearance potential of 143 = 0.3 e.v.
corresponds well with the value 14.5 = 0.5 e.v. (5) for the process,

P, + e —> P + Py + 2e. (10)

If P; vaporizes from the solid, the appearance potential would occur at
11.5 e.v. (5). Thus P;* is a fragment.

The ionization efficiency curve for N;* gives an appearance potential
of 24.0 = 0.3 e.v., which compares with 24.3 e.v. for the appearance
potential N;* from N, (41). A shoulder appearing at about 20 e.v. (Figure
1) shows a small contribution from PN, according to the process

PN+e—P+ Ny +2, AP.>22ev. (11)

The R.P.D. curve of N,* (Figure 2) gives two linear portions beginning
at 23.6 and 26.0 e.v. These correspond specifically to the two processes
suggested by Reed (41):

N, + e = N;*(3P) + N(48), AP.=243e.v. (12)
N, + ¢ — N,*(3P) + N(2D), A.P.=268e.v. (13)

Owing to weak intensities, R.P.D. measurements on P*, P,*, Pg’, and
P,* could not be made. Doubly charged positive ions, other than PN**
with an appearance potential of 40.7 e.v., were undetected in this study.
Polymeric species such as Pg* also were not observed. Thus, we conclude
that the only important parent molecules vaporizing from P3Ns(s) are
P,, P,, PN, and N,. This confirms that the three reactions defined by
Reaction 2 totally characterize the solid-vapor equilibria of this system.
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Figure 2. R.P.D. curves for PN*, N,*, and N

After identifying the molecules involved in the equilibrium vaporiza-
tion, one wishes to derive thermodynamic properties for the various proc-
esses. Of course, one can proceed to obtain second law heats from the
relative ion intensity measurements, but it is more useful to obtain abso-
lute vapor pressures so that entropy data can be employed in third law
analyses. Absolute vapor pressures of the molecules of the pnictide sys-
tems, however, are difficult to obtain because of the. problem of non-
condensability mentioned earlier.

Consider this problem for the P3Nj; solid-vapor system. Gaseous N.
is totally noncondensable unless special cooling apparatus or efficient
pumping of the Knudsen cell source is provided. Even with the latter
possibility, it is difficult to pump out all N, that is not a part of the
primary molecular beam. Furthermore, our experiments have shown
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that P,(g) and P4(g) are only partially condensable, whereas PN(g) is
essentially totally condensable. These characteristics are understandable
in view of the thermal stability of P3Ns(s) and the temperatures of 700°C.
to 1000°C. required for its vaporization. As a result of these differences
in condensability of the various molecules, one measures ion intensities
I;* which, except for PN, are abnormally high and which are related to
the partial pressures P; by considerably different overall instrument sensi-
tivity factors K, in the usual relationship,

Pi = Kili*T' (14)

Similar circumstances are found for studies on the other pnictide systems.
Thus, it is not possible in these cases to obtain reliable pressures
completely from estimates of relative ionization cross-sections. Instead,
we have found that total absolute effusion measurements, combined with
arguments concerning the major parent species and mass balance rela-
tionships, are a necessary adjunct to the mass spectrometric investigations
to provide estimates of absolute pressures. In this case, the total mole
rate of effusion N, of the solid phase of molecular weight M, is measured
over a temperature range from T to T®. These mole rates are con-
verted to apparent total pressures P, and adjusted by least-squares.

It is often useful to extend this procedure to the method proposed
by Cater and Thorn (6). Consider the P;N; vaporization to the molecules
P,, P, PN, and N,. The individual partial pressures P; and the apparent
pressures P, are related to mole rates by the effusion law,

P, = N;v/2+MRT. (15)
Therefore, we have from the nitrogen mole balance relationship,
5P, = Ppx v/ M, /Mpy + 2PN2'\/M8/MN2 (16)

and from the phosphorus mole balance relationship,
3P, = Pen /M, /Mpy + 2Pp \/M,/Mp_+ 4Pp N/ M;/Mp,.  (17)

Provided that the scaling constant K, of Equation 14 is independent of
temperature (not necessarily true for noncondensable substances), then
one can write

PV /Py@ = [[(OTW /[T, (18)

Equations 16, 17, and 18 for each species i at two temperatures T*> and
T can be solved to obtain absolute pressures P;, and thus absolute scal-
ing factors K; for Equation 14. There are difficulties in applying this
method to data of finite precision, but the concept is quite useful to ac-
count for anomalous intensities of the kind found in the pnictide studies
(31).
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Table IV. Atomization Energies of some Inter-Pnictide Molecules

Molecule E,°(e.v.) Method Reference
N, 9.756 Spectra (22)
P, 5.031 Spectra (22)

4.95 Mass Spect. (17)
As, 3.94 Spectra (16)
Sb, 3.0 Spectra (16)
3.1 Mass Spect. (8)
(3.7) Spectra (22)
Bi, 1.70 Spectra (16, 22)
2.04 Torsion Effusion (1, 3, 60)
2.06 Mass Spect. (31)
PN 6.0 Spectra (16)
(6.3),7.8 Spectra (22)
7.1 Static (24)
75 Spectra (33)
7.57 Mass Spect. (31)
AsN 5*1 Spectra (16)
(6.5) Spectra (22)
SbN 3.1 Spectra (16)
(4.8) Spectra (7, 22)
SbBi 32 Spectra (16)
(3.0) Spectra (22)
P, 124 Mass Spect. (9, 18)
As, 10.9 Mass Spect. (9, 18)
Sb, 9.0 Mass Spect. (2,8,18)
Bi, 6.0 Mass Spect. (31)
Discussion

It is of interest now to consider briefly the reasons why the pnictide
elements and compounds vaporize to complex molecules, and to speculate
on the bonding itself in the vapor molecules. There are however, several
useful reviews and discussions published by others (20, 40, 49) pertinent
to these considerations, and we wish to refer the reader to these for de-
tailed information. For the elements, of course, it appears to be the
atomic arrangement of molecular units in the solid that permit the con-
densed phase to vaporize to dimers and tetramers. Because the bonding
and geometry of the molecular units in the solid govern the overall ther-
modynamic properties, the structural arguments are qualitatively equiva-
lent to rationalizations based on free energy considerations.

The polymeric nature of the binary solid phases, likewise, must
influence their vaporization processes. Solid P3N consists of a network
of P-N molecular units with single and double bonds (50). It seems
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natural then that PN molecules should occur in the vapor. Because the
solid is richer in nitrogen, however, appreciable amounts of N occur in
the vapor. The binding energy of N, is about 2 e.v. greater than that of
PN, so that there is a competition between phosphorus and nitrogen for
bonding with atomic nitrogen, and it is in favor of N, both in the solid
and vapor. The large value of the binding energy of N explains the
absence of heteronuclear tetramers in this system. The existence of PN
molecules in the vapor is really an interesting circumstance in relation
to the normal absence of such molecules in other nitride systems. For
these other systems, the equilibrium is vastly in favor of No.

Known values of atomization energies for various homonuclear and
heteronuclear molecules of the Group VA elements are summarized in
Table IV. One can find here pairs of homonuclear molecules with com-
parable energies and corresponding heteronuclear analogues with ener-
gies comparable to those values. These characteristics obviously correlate
with the existence of the various species found in the vapor above the
condensed phases. So it is not at all surprising that the vapors of the
solid pnictides may contain a large variety of homonuclear and hetero-
nuclear species. One hopes that mass spectrometric and other investiga-
tions of these molecules may eventually yield reliable dissociation ener-
gies, sufficiently precise that important subtle differences are well-defined.
It should then be possible to begin to understand the chemical bonding
in such molecules at a quantitative level.
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Appearance Potentials, Ionization Potentials
and Heats of Formation for Perfluorosilanes
and Perfluoroborosilanes

J. D. McDONALD, C. H. WILLIAMS, J. C. THOMPSON,
and J. L. MARGRAVE

Rice University, Houston, Texas

A Bendix time-of-flight mass spectrometer has been used to
measure appearance potentials and ionization potentials of
species containing silicon, boron, and fluorine. From these
data, a mutually consistent set of average bond energies and
thermodynamic properties has been derived.

In contrast to the large amount of data reported on the heats of forma-
tion and bond strengths of hydrocarbons and fluorocarbons, much less
is known about the corresponding silicon and silicon-boron compounds.
For the perfluorosilanes and boron compounds, heats of formation are
reported for SiF, (12), SiF, and SiF (I, 13), BF; (11), BF, (5) and
BF (3). The only value for the silicon-silicon bond strength is based on
Si;Hg data (7), and no measurements at all have been made on the
silicon-boron bond. Average bond energies are used to derive the only
published values of the heat of formation of SiFs (8). In this paper,
appearance potential studies, which lead to the ionization potentials and
heats of formation of Si>Fg, SisFe, SieBF7, BF,, and SiF3, are reported.
These are used to calculate bond dissociation energies which may be used
to calculate thermodynamic properties of other fluorosilanes.

Experimental

The appearance potentials given in this work were measured on a
Bendix model 14-107 time-of-flight mass spectrometer. The ion source
electronics were modified to provide operation according to the Retarding
Potential Difference (RPD) method (2, 62. With the electron source
filament at the electron energy potential below ground, the five electron
grids of the standard model 14 ion source were connected as follows:
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grid No. 1, biased at —5 volts d.c., pulsed to +5 volts with respect to
the filament; grids No. 2 and 4, -1 volt d.c. with respect to the filament;
grid No. 3, —1.0 or —1.1 volt d.c. to the filament to provide a 0.1 volt
RPD step; and grid No. 5, at ground potential.

This apparatus, when tested on O, N,, and the noble gases, gave
results similar to those reported by Melton and Hamill (6), but when the
silicon fluorides were introduced, some difficulty was encountered. The
electron trap current, and hence the ion current, decreased with time,
and the measured appearance potential of the standard (N.) dropped
several tenths of an e.v. during the experiment. Both effects were prob-
ably caused by the thermal decomposition of the samples, depositing a
silicon metal residue on the electron grids. The effect was minimized by
operating at low sample pressures (1-2 X 10 torr) and cleaning the
ion source frequently. The lower signal-to-noise ratio caused by low
sample pressure resulted in reducing the accuracy of measurement. The
appearance potentials (AP) were calibrated against N»*/N,, AP — 15.57
volts and He'/He, AP — 24.58 volts (4).

The SiF, gas was purchased from Matheson and was freed of SO,
by passing it over iron at 800°C. SiF, was produced by flowing the
SO.-free SiF, over Si metal at 1175°C.; the gaseous products were leaked
into the ion source of the mass spectrometer by a line-of-sight path.
Attempts to detect SiF; in the gaseous products were unsuccessful. The
SisFg, SisFs, and Si,BF; were fractionally distilled from the volatile prod-
ucts formed by heating a Si—F or Si—F—B polymer (9, 10); the sample
fractions were about 97% pure.

Calculations

The appearance potentials measured for the production of the various
parent and fragment ions are listed in Table I; all have an experimental
reproducibility of 0.1 volt. The process of formation of a given ion
must be chosen to produce the most consistent set of results. In the
calculations which follow the internal excitation energy and excess kinetic
energy of the fragment ion are neglected. For this reason, only those
fragmentation reactions likely to involve a minimum amount of internal
excitation energy and excess kinetic energy were used in the calculations.

As an example of the method of computation, consider Process 6:

Si2F6 == Sin* + SiF4
One has for the change in enthalpy, AH, for this fragmentation reaction
AHr = AH{° (SiF2) + IP(Sin) + AH]° (SiF4) - AHIO(SigFG) =13.02 e.v.

Using the values for the heats of formation of SiF, and SiF, given in
Table II and the appearance potential of SiFs* from SiF. in Table I,
this equation is solved for AH,° (Si,Fg) — —-565 kcal./mole. Subtracting
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Process 6 from Process 10 gives
Si;Fg + SiF, = 2Si,F,
where
AH, = 2AH,* (Si,Fg) — AH,° (SigFs) — AH,® (SiF,) = 0.43 ev.

By inserting the value for AH,°(Si;Fs) calculated above and that for
AH,°(SiF,) from Table II, the heat of formation of SisFs is determined,
AH°(Si3Fg) = —754 kcal./mole.

Table 1. Appearance Potentials in Volts®

Ion/Compound  SiF, SiF, Si,Fg SisFg Si,BF,
SigFyg* 10.84
SizF.* 15.62
Si,Fy* 12.89 11.77 12.97
Si,Fy* 11.43 11.32
SiF,* 15.71
SiFg* 16.20 14.30 (15.8) 15.51 15.42
SiF,* 11.29 27.35 13.02 13.45 13.21
SiF* 28.75 14.16 11.56
Si,BFg* 15.36
SiBF,* 11.95
BF,* 14.67

¢ Experimental reproducibility = =% 0.1 e.v.; Absolute accuracy = * 0.3 e.v.

It is now possible to set up two simultaneous equations involving
D(Si-F )aye. and D(Si-Si)ave.:

AH (SiyFg) = 6AH,* (F) + 2AH,° (Si,gas) — 6D (SiF) 4y — D(Si-8i)ax.
AH,° (SigFg) = 8AH, (F) + 3AH,® (Si,gas) — 8D(SiF) gy — 2D(Si-Si) g

By solving these, one finds D(Si-F )., — 138 kcal. and D(Si-Si)ave. =
58 kcal. From similar calculations on SiF, and SiF, one gets D(SiF )ave.
= 141 and 142 kcal. respectively. As a “best” value D(Si-F)aye. =
139 == 3 is chosen. With this value in the above equations one obtains
D(Si-Si)avg. = 55 == 10 kcal.

There is a break in the ionization efficiency curve for SiFy* from
SisFg. Below the break the ionization is attributed to ion pair production
and above the break to more conventional dissociative ionization. With
this latter interpretation, Process 5 combined with Process 1 gives
AH(° (SiF3) = —253 kcal./mole as compared with —254 kecal./mole
calculated on the basis of the average Si-F bond dissociation energy. By
using AH,°(SiFy;) = —253 kcal./mole in Process 1, one calculates
IP(SiF3) = 13.3 volts. Recent quantum mechanical calculations, how-
ever, strongly support IP(SiF;) — 8.5 = 1 volts [Hastie, ]. W. Margrave,
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J. L. (unpublished work, 1967-1968)] and yield through Process 1 the
value AH,°(SiF3) = —235 = 20 kcal./mole. Process 9 and this latter
value for SiF; give AH°(Si;F5) — —358 = 20 kcal./mole and this heat
in Process 4 yields IP(SisF5) = 7.5 = 1 volts. A combination of appear-
ance potentials for Processes 8 and 12 yields AH,°(Si:BF7) = —637 =
25 kcal./mole. With this value and Process 14, one calculates AH,° (SiBF;)
= —454 + 25 kcal./mole and from Process 11 one derives AH° (BF2z) —
—150 = 20 kcal./ mole. Process 15 yields IP(BF,) = 9 = 1 volts. By a
process similar to that used for silicon, one computes D (B-F )qv. — 152 ==
3 kcal./mole and D (B-Si)ay, = 55 = 15 keal./mole.

The results of these calculations are summarized in Table III. The
uncertainties listed are obtained by assigning an error of 0.1 volt or
2.3 keal. to each appearance potential used in calculating a given quan-
tity. The final data have been used to calculate an appearance potential
for each of the reactions in Table III. Although in some processes the
measured and calculated values agree to within 0.1 e.v., in others—e.g.,
the production of SiFs* from SiF,, internal excitation energy and excess
kinetic energy considerations are important, and the difference between
the measured appearance potential and that calculated for the “best fit”
process is larger. Processes involving excited fragments were not used in
the calculations of thermodynamic properties given in Table II.

Table II. Heats of Formation and Ionization Potentials®

Species AH,° (kcal./mole") IP (volts)
SiF —-2*3 7.3 =0.2°
SiF, -136 £ 5 11.29 = 0.1
SiFg —235 = 20 85*1°
SiF, —386.0 £ 0.2 15.7 £ 0.1
Si,F —358 + 25 75 =1
Si,Fg —565 = 5 (10.6 = 1.0)°
SigFg —754 = 10 10.84 £ 0.1
BF, —150 * 20 9%1°
SiBF, —454 = 20 (11 = 1.0)*
Si,BF, —637 * 25 (108+1)°

D (Si-F) gy, = 139 * 3 keal. /mole
D(Si-Si) yyg. = 55 % 10 kcal. /mole
D(B-F) v = 152 % 3 keal./mole
D (B-Si) 4y, = 55 * 15 kcal. /mole

¢ Parent ion not observed.
® Other quantities used in calculations:

AH,°(F) = 18.8 * 1 kecal./mole (4)
AH,°(F") = —648 = 1 (4)
AH,°[Si(g)] = 105 * (4)

AH.°[B(g)] = 133 + 3 (4)
AH.°(BFs) = —271 = 2 (11)

° Hastie, J. W., Margrave, J. L. (unpublished work, 1967).
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Table ITI. Probable Fragmentation Reactions and
Calculated Appearance Potentials

Calc.” AP, Meas. AP,

Process volts volts
1. SiF,=SiFs*+F 16.2 £ 0.5 16.20
2. SiF, =SiF,* + 2F 23.6 = 0.5 27.35°
3. SiF,=SiF* + 3F 28.4 £ 0.5 28.75
4. Si,Fg=Si,Fs* + F- 129 = 1.0 12.89
5. Si,Fg=SiF3* + SiF; 12+1 15.8
6. Si,Fg=SiF,* + SiF, 13.0 = 0.5 13.02
7. SigFg=Si,Fy* + SiFg 14 +1 11.77
8. SigFg=Si,F," + SiF, —_— 11.43
9. SigFg=SiF3* + Si Fy 155 £ 05 15.51
10. SigFg=SiF,* + Si,Fg 135 £ 0.5 13.45
11. Si,BF,=Si,F;* + BF, 131 12.97
12. Si,BF, =Si,F,* + BF, — 11.32
13. Si,BF,; =SiF;* + SiBF, 157 £ 1.0 15.42
14. Si,BF; = SiF,* + SiBF; 131 13.21
15. Si,BF; = BF,* + Si,F; 15+1 14.67
¢ Based on Table II data.

® (Meas.-Calc. Values) > experimental error; fragment may possess kinetic energy,
or may be in excited electronic or vibrational states, or the reaction products may be
different than assumed.

Conclusions

From these data, one can now predict the heats of formation of
Si-B-F compounds based on the following average bond dissociation
energies

D(Si-F),,,. = 139 £ 3 kcal./mole
D(B-F),,. = 152 * 3 kcal./mole
D(Si-Si) gy, = 55 * 10 kcal./mole
D(Si-B)yy,. = 55 * 15 kcal./mole

For the monosilicon species one can calculate individual bond disso-
ciation energies as follows:

H

H+

+

D(SiF3-F) = 170 = 10 kcal. /mole
D(SiF,-F) = 118 * 10 kcal./mole
D(SiF-F) = 153 %= 5 kcal./mole
D(SiF) = 130 £ 3 kcal./mole
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Mass Spectrometric Studies of Scandium,
Yttrium, Lanthanum, and Rare-Earth
Fluorides

K. F. ZMBOV and J. L. MARGRAVE

Rice University, Houston, Tex.

A review is presented of recent mass spectrometric studies
of the sublimation and vaporization processes for the rare-
earth trifluorides. The rates of sublimation of the trifluorides
have been measured, and the heats of sublimation have been
determined. Mono- and difluorides of the rare-earths may
be produced in the vapor phase either by vaporizing the tri-
fluorides under reducing conditions, or by oxidizing the rare-
earth metals with a fluorinating agent. Ionization potentials
for rare-earth atoms, mono- and difluorides have been meas-
ured by the electron-impact method. Gaseous equilibria
involving the atoms, subfluorides and trifluorides of the vari-
ous metals have been studied and used to establish the bond
strengths and other thermodynamic properties.

Rare-earth trifluorides have been prepared in high purity for use in

the production of pure rare-earth metals and for various optical
applications, but until recently there have been no quantitative data on
their sublimation and vaporization rates. The thermodynamic stabilities
of these compounds have also been poorly known. There has been some
spectroscopic evidence concerning the monofluorides of Sc, Y, and La,
and attempts have been made to calculate dissociation energies by ana-
lyzing the spectral data. The uncertainties, however, were as high as
15ev. (2,3,7, 12, 14, 22, 30, 34).

Since the electronic configurations of the neutral rare-earth atoms
differ only in the 4f-level, one might expect that vaporization properties,
binding energies, etc. for the rare-earth metals and their compounds
would be essentially identical, but this is far from the actual situation.
Heats of vaporization of the rare-earth metals show a double periodicity
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with increasing atomic number (13, 32, 35) and a similar behavior was
found for the dissociation energies of rare-earth monoxides (36). It has
been shown that there is appreciable variation in the heats of formation
of the solid sesquioxides (15, 16). On the other hand, recent measure-
ments of the heats of formation of some rare earth fluorides (28, 29) indi-
cate only small differences.

This paper presents the results of an extensive mass spectrometric
study of the sublimation rates for solid rare-earth trifluorides and of the
stabilities of the various gaseous fluoride species which are present in
equilibrium.

Experimental

Materials. All of the chemicals used in this study were purchased
from Semi-Elements, Inc., Saxonburg, Pa. and were used without further
purification,

Mass Spectrometer, The mass spectrometer used for analysis of the
vapors effusing from the Knudsen cell was a single-focusing, 12-inch
radius of curvature, 60-degree instrument, equipped with a Knudsen cell
assembly. The basic features and principles of operation of the apparatus
have been described in several publications (I7).

The high temperature assembly consisted of a cylindrical Knudsen
cell, radiation shields, and a shutter plate. The Knudsen cell was made
of tantalum and had a ratio of evaporation surface-to-orifice area of about
200. The cell was heated by electron bombardment, and the temperature
was measured with a disappearing filament optical pyrometer sighted
into a black-body hole through a calibrated flat quartz window. The
optical pyrometer was calibrated by intercomparison with a similar
pyrometer which had been calibrated by the U. S. National Bureau of
Standards (25).

The molecules effusing from the Knudsen cell passed through the
slit in the shutter plate and entered the ionization chamber of the ion
source, where the neutral molecules were ionized by electrons. Ions
formed were then accelerated and collimated by the ion lenses in the ion
source, magnetically analyzed, and collected and amplified by a 16-stage
Ag-Mg dynode electron multiplier whose output led to a_Cary-vibrating-
reed electrometer and a Leeds and Northrup pen-recorder. The instru-
ment was also equipped with a movable plate in front of the first dynode
of the electron multiplier, and this plate could be used for measurement
of the multiplier gain.

Results

Sublimation Rates of Rare Earth Trifluorides. The mass spectra of
the vapors over solid rare-earth trifluorides were simple. The only peaks
observed in the range of temperatures investigated were those corre-
sponding to M*, MF*, and MF;" ions. The intensity of MF3' ions was
very small, and no polymeric species were detected. Ionization efficiency
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Figure 1. Ionization-efficiency curves for ions from HoF g-vapors

curves for the various ions were measured. Figure 1 shows curves for the
ions from HoF;-vapor as a typical example of all the rare-earth fluorides.

The appearance potentials of the ions were measured by the vanish-
ing current method, using the ionization potential of mercury, 10.43 e.v.
(11) as a standard to calibrate the electron energy scale. The data are
listed in Table I

Both the shapes of the ionization-efficiency curves and the values of
the appearance potentials served as a basis for concluding that the ions
observed were formed by dissociative ionization of MF; molecules. A
very high probability of ion formation by dissociative ionization com-
pared with simple ionization of the parent molecule is characteristic in
this case as well as in many other metal halide systems (4, 10, 26).

After the identity of the vapor species was established, the sublima-
tion rates of the trifluorides were determined by following the tempera-
ture dependence of the MF,'-ion intensity at a fixed energy of ionizing
electrons. The data were plotted as log (I'T) vs. 1/T, where I' — ion
intensity in arbitrary units, T — temperature in °K. and the quantity
(I'T) is proportional to the absolute pressure, P, of the vapor (8). The
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heats of sublimation were determined from the Clausius-Clapeyron rela-
tion:
din(I'T) __ AH%, )
d/Ty — R
One can also, in principle, determine the heats of sublimation from
the third-law since

AFO&T = _RT ln PT ———AHos,T - TASoslT (2)

Where AF°y and AS°y are the changes in the free energy and the
entropy for the sublimation process. This procedure requires that the
absolute entropies of the solid and gaseous species be known. Neither
low temperature nor high temperature heat capacity data are available
for the solid trifluorides, and there are also no spectroscopic data or
molecular structures known to provide the necessary information for cal-
culation of the entropies; thus, third-law calculations were not made for
these materials.

Table I. Appearance Potentials of Ions from Rare-Earth
Trifluoride Vapors

Appearance Potentials (e.v.)*
MF*

Element M MF,*
Sc 28.0 16.0 135
Y 28.0 21.5 13.5
La 26.5 18.5 12.0
Ce 28.0 20.5 13.0
Pr 275 19.0 12.5
Nd 25.5 19.8 12.9
Sm 26.0 19.0 13.0
Eu 27.0 19.5 13.5
Gd 26.5 20.0 14.5
Tb 27.0 19.5 13.0
Dy 27.4 20.0 13.5
Ho 28.0 21.0 14.5
Er 27.5 20.0 14.0
Tm 27.0 20.8 13.5
Yb 27.0 20.5 14.0
Lu 28.0 21.0 14.3

“ Referred to the ionization potential of Hg, I.P. = 10.43 e.v. (11), with an accuracy
of £0.7 e.v.

Though second-law approaches, as used in this work for calculation
of the heats of sublimation, require only a knowledge of the relative I'T-
values, the absolute pressures of several trifluorides have been measured
by evaporating a weighed amount of a well outgassed sample at a con-
stant temperature from the Knudsen cell and monitoring the MF;'—ion
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peak on the mass spectrometer. From the measured weight loss, Am, in
grams, the evaporation time, £, in seconds, the temperature T in °K., and
the orifice area, s, in sq. cm., one may evaluate the absolute vapor pres-
sure, P, in atm., from the Knudsen-Hertz equation (23).

P—_ Am 1 T\3
T 44331\s-t)\M

The absolute pressures thus obtained were used to calculate the ma-
chine-sensitivity constants relating the pressures and ion currents and
thus, to yield absolute vapor pressure equations. The vapor pressure
curves for ScF;, YF;, and LaF; (20) are shown in Figure 2.

~4.0

-ast ﬁ

-so}

-55}

-65

LOG PRESSURE ( ATMOSPHERES)

70}

-8.0[

70 72 74 76 78 80 82 8.4 86
1047 T (k™)

Figure 2. The Vapor Pressure Curves for ScF;, YF,, and LaF,

Figure 3 shows the vapor pressure curve of NdF;, and Figure 4 pre-
sents the curves for YbF3 and LuFs. In Figure 5 second-law plots are
presented for the sublimation of SmF3, PrF;, GdF;, TbF;, and TmFs.

From the slopes of these second-law plots one obtains the heats of
sublimation at the average temperature of the measurements. The correct-
ions to AH °593 were made by employing the estimated values, ACp = —7
cal. deg.” mole™, for the sublimation process. The heats and entropies
of sublimation for the rare-earth trifluorides are summarized in Table II.

The usual uncertainties in the experimental determinations of the
heats of sublimation, obtained as standard deviations from a least-squares
treatment of the data were of the order of = 1 kcal. mole*. The larger
uncertainty + 5 kcal. mole™? at 298°K. in Table II reflects both possible
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errors caused by temperature gradients in the crucible and errors in the
estimation of the thermodynamic quantities.

Stabilities of Rare-Earth Subfluorides. Although the tripositive state
is the most common valence state in the rare-earth series, the existence
of difluorides of Sm, Eu, and Yb has long been recognized. There is also
some spectroscopic evidence for the existence of the monofluorides of Sc,
Y, and La (2, 3, 7, 12, 14, 22, 30, 34). It has been found that many sub-
fluorides of the transition metals can be identified, in the vapor phase
under reducing conditions by mass spectrometry.

In this work an attempt was made to produce the various subfluorides
of the rare-earths and to study fluorine-exchange reactions to determine
the bond strengths. The rare-earth subfluorides were produced by heat-
ing appropriate mixtures of rare-earth trifluorides with a reducing metal,
or rare-earth metals with a fluorinating agent in a tantalum Knudsen cell.

In the first experiment of this series, the system Nd + BaF. was
studied (37). With the effusion cell at temperatures between 1330° and
1470°K., the ion species showing a clear shutter effect were Ba*, BaF",
Nd*, NdF*, and NdF,". The ionization efficiency curves for these ions
are shown on Figure 6.
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Figure 3. The Vapor Pressure Curve for NdF
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Figure 4. The Vapor Pressure Curves for YbFg and LuF;

The appearance potential of Nd*-ion, 5.6 = 0.3 e.v., agrees well with
the value obtained by the surface ionization method (18) and indicates
the presence of Nd-atoms in the vapor. The NdF* curve has a low energy
tail, with the onset at 5.0 = 0.5 e.v. and a break at ~ 12.5 = 0.5 e.v.
This low-energy portion of the curve was attributed to a simple ioniza-
tion process

NdF(g) + ¢ = NdF* + 2¢
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Figure 5. Clausius-Clapeyron Plots for the Variation of SmF;*, PrF*, GdFy",
TbF;* and TmF;* Ion Intensities with Temperature

Table II.
Temp. Range
Element (°K.) AH ;¢
ScF, 1172-1323 88.7
YF, 1256-1434 100.0
LaF, 1303-1416 91.7
CeF, 1301-1485 91.2
PrF, 1327-1491 92.9
NdF, 1383-1520 85.7
SmF, 1362-1506 96.8
EuF, 1382-1522 92.0
GdF, 1391-1527 90.3
TbF, 992-1167 101.7
DyF, 1002-1170 107.5
HoF, 1023-1180 106.8
ErF, 1374-1521 1115
TmF, 1273-1415 89.6
YbF, 1293-1428 85.5
LuF, 1287-1450 96.1

In Mass Spectrometry in Inorganic Chemistry; Margrave, J.;

°
AH s,298

101 +5
115%5
108 £ 5
99 =3
101 £5
95 +5
107 =5
100 = 5
98 x5
111+ 5
1155
116 £ 5
120+ 5
99 =5
95 +5
103 +5

Heats of Sublimation of Rare-Earth Trifluorides

AS°gp

432 £ 15
447 % 1.0
375 = 0.7
(38 £ 2)
(38 * 2)
36.7 £ 0.8
(45 * 2)
(43 £ 2)
(41 = 2)
(47 £ 2)
494 % 1.1
498 1.1
519 1.5
37.7 £ 0.2
355 * 1.0
43.1 % 0.4
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while the break at 12.5 e.v. corresponds to the formation of NdF*-ions
by dissociative ionization of NdF.-molecules. The NdF,'-curve begins
at 5:6 = 0.5 e.v., and has a break at 13.5 = 0.6 e.v. The latter value
agrees with the appearance potential of NdF," from NdF; found in the
sublimation studies, while it was assumed that NdF.(g) was the neutral
precursor for NdF.*-ions at lower electron energies. The appearance
potential curves for barium-containing ions were similar to those reported
previously for the BaF,-Al system (9).

The appearance potential and ionization efficiency measurements
have established the presence of Ba, BaF, Nd, NdF, NdF,, and NdF;
molecules in the gas phase over a BaF>—Nd mixture. The relative intensi-
ties for Ba- and Nd-containing ions were measured at various tempera-
tures, using low energy electrons, with voltages ~ 5 e.v. above the
thresholds. The portion of NdF,"-ion current corresponding to NdF;
molecules was obtained from measurements at 18 e.v. and by applying
a correction for NdFy* from NdF,(g), assuming a linear increase of the
intensity with the electron energy.
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Figure 6. Ionization efficiency curves in Nd-Ba-F System
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The ion intensities were then used to calculate ion-current analogies
of the equilibrium constants for various fluorine-exchange reactions. The
equilibria studied are listed in Table III. Here again, the choice of a
method for evaluating the reaction enthalpies from the experimental re-
sults was limited to the second-law procedure because of the lack of
experimental data needed for calculating the thermal functions required
in a third-law treatment.

Table III. Equilibrium Reactions in Ba—Nd—F System

T avg. AHOT AHo’gs
Reaction (°K.) kcal. mole? kcal. mole™

(1) Ba(g) + NdF(g) =

BaF(g) + Nd(g) 1428  —196 085  —4.0% 10
(2) 2BaF(g) + Nd(g) =

2 Ba(g) + NdF,(g) 1428 -3.0 £ 0.9 —45* 12
(3) 3BaF(g) + Nd(g) =

3Ba(g) + NdFs(g) 1428  —433+50  —463 %50
(4) Ba(g) + NdF,(g) =

BaF(g) + NdF(g) 1428 5.8 £ 1.7 8.2 20
(5) 2BaF(g) =Ba(g) +

BaF,(s) 1428 —91.5 = 3.6 —101.5 = 3.6
(6) 3NdF(g) =2Nd(g) -

NdF;(s) 1455 —126.6 £ 5.1 —142.8 £ 5.1
(7) NdF3(g) +2Nd(g) =

3 NdF (g) 1455 34.0 = 2.5 434 % 3.0
(8) 2NdF;(g) + Nd(g) =

3 NdF,(g) 1455 417 £ 2.8 45.2 = 3.0

The plots of log K; vs. 1/T for the reactions studied are presented
in Figures 7, 8, and 9.

The heats of reaction obtained from the slopes of the curves are
listed in Table III. Literature data for the heat capacities of Ba(g),
BaF(g), BaF2(g), and Nd(g) (19), and estimated values for NdF(g),
NdF,(g), and NdF;(g) were employed to calculate the enthalpy incre-
ments, (Hr-Hzggox). The results, corrected to 298°K., are shown in the
last column of Table III.

By combining the heat of Reaction 1, Table III, with the dissociation
energy of BaF(g), D°s9s(BaF) — 134.3 = 2 kcal. mole;™ (10) one ob-
tains D °y95( NdF) = 130.3 == 3 kcal. mole? (5.65 == 0.13 e.v.). Use of the
same procedure with other data from Table III give AH,¢om [NdF2(g)] =
273.1 = 5 kcal. mole? and AH,on [NdF3(g)] = 437.4 + 10 kcal. mole™.

Scandium and Yttrium Subfluorides. In the experiments for deter-
mining the stabilities of Sc- and Y- subfluorides, these metals were
heated with CaF, in the tantalum Knudsen cell. The appearance poten-
tial curves revealed the presence of Sc, ScF, ScF», ScF3, and Ca and CaF
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Figure 7. Second-law plots of data for Reactions 1, 3, and 4 (Table 11I)
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Figure 8. Second-law plots of data for Reactions 2, 7, and 8 (Table 111)
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Figure 9. Second-law plots of data for Reactions 5 and 6
(Table 111)

in the gas phase over the Sc—CaF, mixture, and of YF, YFs, YF;, and Ca
and CaF over the Y-CaF, mixture (40).
In the Ca—Sc—F system, three simple fluorine-exchange reactions of
the type
nCaF(g) + Sc(g) = nCa(g) + ScF,(g) (5)

where (n = 1,2,3) were considered. The heats of dissociation of scandium

fluorides, AH,om [ScF.(g)], were derived from the reaction enthalpies,
AH®,, and the known dissociation energy of CaF, 125.0 = 2 kcal. mole™

(6):
AHatom(SCFn) = _AHOM.298 + nD°298 (CaF) (6)

Second-law plots for various equilibria in the Ca—Sc-F system are
presented in Figure 10, and reaction enthalpies are listed in Table IV.

From the values of AH,, D°ss(CaF) and by employing the Reac-
tion 6, the atomization energies of the scandium fluorides are obtained:

D°504(ScF) = 140.8 = 3.2 keal. molet
AH,on [ScF.(g)] = 281.1 = 6 kcal. mole™?
AH o [ScF3(g)] = 438.1 = 6 kcal. mole™
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The lack of clear evidence for the existence of Y(g) species in the
effusing vapors over Y-CaF, mixtures made impossible a determination
of the dissociation energies of yttrium fluorides from direct exchange
reactions. As an alternative, use was made of data from fluorine bomb
calorimetry which establish AH®,[YF;(s)] = —410.7 = 0.4 kcal. mole™
(28) and of equilibria which do not include yttrium atoms as reactants.
The reactions studied and their enthalpies are given under numbers (d)
and (e) in Table IV. The second-law plots of the equilibrium constants
are shown in Figure 11.

6.0
55} 1
3CaF (g) +Sclg)=3Calg) +ScF3(g)
50t 1
4.5+
=
(L] —
3 7
30! 2CaFlg) +Sclg)=2Calg) +ScFplg)
2.5¢ 7
# A
15r CaF(g)+Sc(g)=Calg) +ScF(g) ]
10

66 68 10 72 14 16
104/T(°K™")
Journal of Chemical Physics

Figure 10. Second-law plots for data on the Sc-Ca-F
System
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Table IV. Heats of Reactions in Sc—=Ca—F and Y-—Ca—F Systems

Avg.
Temp. AH°p AH® 444
Number (°C.) Reaction (kcal. mole?)  (kcal. mole™)
(a) 1410  CaF(g) +Sc(g)= -—158*12 —-158=%2
Ca(g) + ScF(g)
(b) 1410  2CaF(g) + Sc(g) = —289+26 —3L1+%3
2Ca(g) + ScFy(g)
(c) 1410  3CaF(g) + Sc(g) = —-603=17 —63.1%2
3Ca(g) + ScF3(g)
(d) 1337  YF(g) + 2CaF(g) = —573=30 —597%50
YF3(g) + 2Ca(g)
(e) 1337  YF,(g) + CaF(g) = —385%3.0 —413%50
YF3(g) + Ca(g)
0% :
YF (g) +2CaF g)= YF3(g) +Calg) )
o Y J
=
03 :
]
I02 1 1 1 L 1 1 1

70 71 72 73 74 15 16 17 18
1047 (k™)
Journal of Chemical Physics

Figure 11. Second-law plots of data for Y-Ca-F System
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From the measured heat of Reaction d, Table IV, and available data
for D°.5(CaF) (31), AH®,(YF,) (28), AH®,(YFs) (20), AH,(Y) (I3),
and D°.s(F2) (31), one obtains D°.4(YF) = 143.6 = 5 kcal. mole™
(6.2 = 0.2 e.v.). Similarly, one obtains from Reaction e the atomization
energy of YFs(g), AHpeom[YF2(g)] = 287.0 = 7.0 kcal. mole™.

103

| | | | | |

3HoF(g)=2Ho(g)+HoF3(s)

: -
108 -
1076 ] L ] | ] ]

7.0 7. 72 73 74 75 7.6 7.7

10%7(e k")

Journal of Physical Chemistry

Figure 12. Second-Law Plot of the Mass Spectral Data for the
Heterogeneous Reaction 3HoF(g) = 2Ho(g) + HoF (s)

Table V. Equilibria in Ho~HoF; System

Avg. T AH®p AH® 444
No. (°K.) Reaction (kcal. mole™) (kcal. mole™)

(1) 1369 3HoF(g) =2Ho(g) + HoF4(s) —127.6% 2.0 —141.8 * 5.0
(2) 1369 3HoF(g) =2Ho(g) + HoF,(g) —21.0*41 —312* 6.0
(3) 1369 3HoF,(g) =2 HoF,(g) +Ho(g) 17.0+23 220 =*59
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Sm, Eu, Gd, Dy, Ho, and Er Subfluorides. The known heat of for-
mation of HoFs (29) and the relatively high volatility of Ho-metal were
crucial in designing experiments to determine the stabilities of Sm, Eu,
Gd, Dy, Ho, and Er subfluorides (38, 39).

In the first experiment of this group, HoF; was evaporated in the
Knudsen cell in the presence of Ho-metal, and the Ho, HoF, HoF,, and

10°

3HoF, (g)= 2HoF3(g)+Holg) -

3HoF (g)= 2Ho(g) +HoF;(g)
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Figure 13. Second-Law Plots of Data for Equilibria Involving the
Subfluorides of Holmium

In Mass Spectrometry in Inorganic Chemistry; Margrave, J.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1968.



Publication Date: June 1, 1968 | doi: 10.1021/ba-1968-0072.ch019

19. ZMBOV AND MARGRAVE Rare-Earth Fluorides 283

HoF; species were identified in the vapor through the appearance poten-
tial curves for the various ions. The equilibria among various gaseous
species which were considered are listed in Table V. The second-law
plots of the equilibrium constants are shown on Figures 12 and 13.

The heats of the various reactions and the available data for the
AH°;(HoF;) — —405.8 =+ 4 kcal. mole? (29), AH,,(Ho) = 70.6 kcal.
mole™? (13), AHu,(HoF3) = 116.2 = 3 keal. mole™ (5), and D°p93(F)
= 37.7 = 0.3 kcal. mole® (31), yielded D°295( HoF) = 129.6 = 3 kcal.
mole® (5.62 = 0.13 e.v.) and AHgom[HoF2(g)] = 265.4 = 8.0 kcal.
mole™.

The dissociation energies of Sm, Eu, Gd, Dy, and Er subfluorides
were determined from the study of fluorine-exchange reactions of these
compounds with holmium:

MF, (g) + Ho(g) = M(g) + HoF,(g) (7)

The heats of these reactions actually represent the differences in the
dissociation energies of the subfluorides of Ho and the corresponding
element:

AI{u = AHatom(MFn) - AHawm(HOFn) (8)

Figures 14, 15, and 16 show the second-law plots of data for various
equilibrium reactions, and Tables VI and VII give the heats of reactions.
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Figure 14. Second-law plots of data for exchange reactions between
the subfluorides of Ho, Dy, and Er
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Figure 15. Second-law plots of data for various equilibria involving sub-
uorides of Sm, Eu, and Gd

Conclusions

This mass spectrometric study of the mono-, di-, and trifluorides of
scandium, yttrium, lanthanum, and the rare-earth metals illustrates an
experimental approach for providing an essentially complete energetic
picture of several related systems. Ionization potentials, bond energies,
atomization energies, heats of sublimation, and heats of formation are
derived from the data and allow one to establish periodic effects across
the rare-earth series as successive 4f-electrons are added.

Table VIII lists the ionization potentials of the various atoms, mono-
and difluorides. The values of the ionization potentials of the atoms (41)
obtained in this work agree within the uncertainty of the experimental
measurements with the surface-ionization data (I, 18) and with new
spectroscopic data (27, 32).

There have not been any previous data on the ionization potentials
of these mono- and difluorides, except for a qualitative indication of low
values for the ionization potentials of NdF and NdF: as revealed by the
formation of NdF* and NdF,' ions on heated tungsten surface (24).
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Probably the most interesting observation about the data in Table VIII
is that the ionization potentials of these monofluorides and difluorides
are so low—comparable with the free metal atoms. Apparently, the bond-
ing of either one or two fluorines to scandium, yttrium, lanthanum, or a
rare-earth leaves outer electrons in orbitals similar to the outer orbitals
of alkali or alkaline-earth atoms. A similar phenomenon was reported
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Figure 16. Second-law plots for hetero§eneous equilibria between
fluorides of Sm, Eu, and Ho (Upper scale for Sm-data; lower scale
for Eu and Ho-data)
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previously (6, 9) for the alkaline-earth monofluorides (MgF, CaF, SrF,
and BaF) where only one of the easily ionized electrons is used for
bonding and an ionic model, (M*F-), yields calculated binding energies
in excellent agreement with experimental data. One predicts that solid
rare-earth subfluorides will be most active chemical reducing agents when
they are isolated. Also, a high degree of ionic character is predicted for
both the gaseous and condensed subfluorides.

Table IX summarizes the bond strengths for gaseous rare-earth
fluorides as calculated from the equilibrium data. One can also calculate
these bond energies, in principle, from the appearance potentials, but one
must be cautious unless extreme care has been exerted to identify proc-
esses that use excess energy to produce excited products or species with
kinetic energy. For ground-state species, for example,

MFa(g) +e= MF2*(g) + F(g) + 2e API(MFg*/MFa)
MFz(g) +e= MF2*(g) + 2e AP2(MF2+/MF2)
MF;(g) = MF,(g) + F(g) D(F;M-F) = AP, — AP,

Table VI. Heats of Reactions Involving Subfluorides of Ho, Dy, and Er

AH®p
No. Avg.T(°K.) Reaction kcal. mole™?
(1) 1446 Ho(g) + DyF(g) =HoF(g) + Dy(g) -27*12
(2) 1446 Ho(g) + ErF(g) =HoF(g) + Er(g) 6.0 £ 1.0
(3) 1446 Ho(g) + ErF,(g) =HoF,(g) + Er(g) 46 =14

(4) 1446 Ho(g) + ErF,(g) = HoF3(g) + Er(g) 52*1.6

Table VII. Heats of Reactions Involving Subfluorides of
Sm, Eu, Gd, and Ho

Avg. T AH®p AH®494

No. (°K.) Reaction kecal. mole?  kcal. mole™®

(1) 1401  Ho(g) + SmF(g) = —27+14 -27%*14
HoF(g) + Sm(g)

(2) 1321  Ho(g) + EuF(g) = -35+11 -35%11
HoF(g) + Eu(g)

(3) 1401 3HoF(g) = -126.2 = 2
2Ho(g) + HoFj(s)

(4) 1187 3SmF(g) = —1334 =3
2Sm(g) + SmF;(s)

(5) 1321 3EuF (g) = ~1156 %3
Eu(g) + EuF;(s)

(8) 1428 2HoF(g) + GAF =  —326=2 —418*32
2Ho(g) + GdF;(g)

(7) 1428  GdF,(g) + HoF(g) = —221%*4 —300%6
GdF;(g) + Ho(g)

(8) 1428  GdF(g) + HoFs(g) = —61%11 —61%*2

GdF,(g) + HoF(g)
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Figure 17. Variation of the dissociation energies of rare-earth mono-
fluorides and monoxides and heats of sublimation of the metals with
atomic number

From the available data in Tables I, VII, and IX, one finds several
cases where the equilibrium heats and appearance potentials agree within
experimental error. When there are discrepancies, one should regard the
equilibrium studies as definitive and recognize the possibility of large
errors ( > 1 e.v.) in reaction enthalpies calculated from appearance po-
tential differences.

The variation of the dissociation energies of the rare-earth mono-
fluorides (MF) as a function of atomic number is shown in Figure 17.
D(MF) values are contrasted with the dissociation energies of the rare-
earth monoxides and the heats of sublimation of the rare-earth metals.
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Table VIII. Ionization Potentials of the Rare-Earth Metals,
Monofluorides and Difluorides”

Ionization Potentials (in electron volts), = 0.3 e.v.

Element M MF MF,
Sc 6.7 6.5 7.0
Y 6.4 6.3 7.0
La 5.7 6.3 6.8
Ce 6.0 6.5 6.0
Pr 5.6 (6.0 £0.5) (6.3 £ 0.5)
Nd 6.0 5.5 6.5
Pm (5.8 £0.5) (5.6 = 0.5) (6.5 £ 0.5)
Sm 5.6 5.7 (6.5 £ 0.5)
Eu 54 5.9 (6.5 £ 0.5)
Gd 6.0 6.2 6.5
Tb 6.0 (6.1 £0.5) (6.6 = 0.5)
Dy 5.8 6.0 = 6.7
Ho 5.9 6.1 6.9
Er 6.1 63 % 7.0
Tm 59 (6.5 £ 1.0) (7x1)
Yb 5.9 (6.5 = 1.0) (7+1)
Lu .52 (6.5 = 1.0) (7£1)

* The values in parentheses are estimated.

Table IX. Bond Dissociation Energies of Rare-Earth Fluorides®

Bond Dissociation Energy (e.v.)

Element D°,,s(M-F) D(FM-F) D(F,M-F)
Sc 6.1 6.2 6.5
Y 8.3 6.5 72
La (62 = 0.5) (6.3 = 0.5) (7.1 £ 0.5)
Ce (6.0 = 0.5) (6.3 £ 0.5) (7.1 £ 0.5)
Pr (6.0 = 0.5) (682 % 0.5) (7.1 £ 0.5)
Nd 5.7 6.2 7.1
Pm (5.6 = 0.5) (6.1 = 0.5) (7.0 £ 05)
Sm 55 (6.0 = 0.5) 6.8
Eu 5.5 (6.0 = 0.5) 6.4
Gd 6.1 6.2 6.9
Tb (5.8 = 0.5) (6.0 = 0.5) (6.7 £ 0.5)
Dy 5.5 5.8 6.5
Ho 5.7 5.8 6.5
Er 5.9 5.8 6.5
Tm (5.9 = 0.5) (5.9 = 0.5) (65 = 0.5)
Yb (5.9 = 0.5) (5.9 % 0.5) (65 * 0.5)
Lu (5.9 = 05) (5.9 = 05) (65 * 0.5)

“ The values in parentheses are estimated.
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As one can see from the figure, there is a similar trend in all three quanti-
ties, but with much smaller differences among the extreme values of
D(MF). Thus, while the differences between the maximum and mini-
mum values in the cases of AH°,(M) and D°,(MO) range up to 3 e.v., it
is lower than 0.8 e.v. for D°ys( MF).
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The "Mass” Effect of Electron Multipliers in
High Temperature Mass Spectrometric
Applications

KARL A. GINGERICH

Battelle Memorial Institute, Columbus Laboratories, Columbus, Ohio

The electron multiplier gains of P*, As*, Sb*, Bi*, Co',
Pr*, and U* have been measured relative to that of Ag' at
constant ion energy under conditions commonly applied in
high temperature mass spectrometry. With the exception
of the results for P*, the relative multiplier gains can be
best described as being independent of mass. The deviations
from the usually applied “inverse square root of mass”
dependence of the multiplier gains are discussed using avail-
able literature data and the results of this investigation.

The application of mass spectrometry to high temperature chemistry

has developed during the past decade into one of the most important
research techniques for studying the composition of vapors from con-
densed phases and the corresponding homogeneous and heterogeneous
chemical reactions involving the vapor components (12).

For most of the thermochemical calculations, the ion intensities
recorded by the mass spectrometer must be correlated with the respective
absolute partial pressures. For this purpose it is necessary to calibrate
the mass spectrometer to determine the proportionality constant that
relates the measured ion current intensities to the corresponding partial
pressures. A commonly used method for calibration is to vaporize a
known amount of a standard material—e.g., silver (6, 13) that is not
reactive with the sample under investigation or with the container and
effusion cell material. In such an experiment the calibration constant k; —
(I'T):/P;, which relates effective partial P; pressure inside the Knudsen
cell and the measured ion intensity I, at the experimental temperature
T;, is determined by integrating the ion current with time in the usual
way. This method requires knowledge of the relative ionization cross
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sections and of the relative gain of the secondary electron multiplier that
is commonly used as a detector for the resolved ion beam.

The relation between the known partial pressure P; of the calibrating
substance i and the partial pressure P, of the vapor species x measured
is given by (13)

& — (I'T), (na")’)m (1)
P.z' (PT)x (no")’)i

where I' is the measured ion current, T the absolute temperature, n the
isotopic abundance correction factor, o the relative ionization cross sec-
tion, and y the relative multiplier gain for the mass number of the ionic
species measured. This relation shows that an uncertainty in the knowl-
edge of the relative ionization cross section or multiplier efficiency results
in a proportionate uncertainty of the corresponding partial pressure.

A set of calculated relative ionization cross sections at 75 e.v. has
been given by Otvos and Stevenson (19) for most of the elements. In
accounting for relative multiplier gains of monatomic ions, the variation
with the mass of the primary ion at the experimental acceleration voltage
is frequently estimated according to the suggestions given by Inghram
and co-workers (14, 15), which were based on experimental data from
alkali jons. The data suggests that at constant ion energy the multiplier
gain is inversely proportional to the square root of mass of the isotope
investigated. This relation appears to hold specifically for higher masses
(> 100 a.m.u.) and lower ion energies (2000-3000 e.v.), where the gain
is a linear function of the ion energy. Higatsberger et al. (11) found
that for the noble gas ions, except helium, the secondary electron emission
by impact of ions, which is proportional to the electron multiplier gain,
also varied approximately with the inverse square root of mass over the
ion energy of 20006000 e.v. studied.

Ploch (20), as well as Ploch and Walcher (21) have shown experi-
mentally that for the isotopic pairs °Li-"Li, *'Ne-**Ne and #*K-*'K the
secondary electron emission at ion energies between 600-6000 e.v. is
within 1% proportional to the velocities of the isotopic ions—i.e., in-
versely proportional to the square root of mass at constant ion energy.
Higatsberger et al. (11) found an inverse square root of mass dependence
at constant ion energy for the *'Ne-**Ne pair and the isotopic pair
36Ar-*°Ar. The data for the krypton, xenon, and mercury isotopes by
Higatsberger et al. also suggest the validity of the inverse square root of
mass relation. In a study of the multiplier gains of the isotopic pairs
WTAg 10Ag 185Re-1¥"Re, and 2*3T1-2%°T1, McKinney (18) also finds that
at ion energies of 7000 e.v. the inverse square root of mass dependence
applies within the experimental error.
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In connection with high temperature mass spectrometric applications
Ackerman et al. (1, 2) have measured the relative multiplier gains for Ne”,
Ar', Kr*, Cu’, Ag’, and Au’ at ion energies of 4500 e.v. The results for
these ions agree fairly well with the suggested inverse square root of
mass dependence. From these results they constructed a calibration
curve for the “mass dependence” of the multiplier gain. In subsequent
publications, Drowart and co-workers have used this calibration curve
extensively to estimate the multiplier gains of monatomic ions for which
the gain was not measured. De Maria, Goldfinger, Malaspina, and
Piacente (7) measured the relative multiplier gains for the ions Zn*, Cd",
Ag*, Te*, Hg', and Pb* and found them to be nearly constant.

The present investigation is concerned with the combined mass effect
and effect of electronic configuration (often simply referred to as “mass”
effect) on the multiplier gain for several singly charged monatomic
species. The measurements were made relative to 1°"Ag at constant ion
energy. The experimental results are compared with measured and pre-
dicted literature data. The principal purpose of this contribution is to
draw, by using the limited data available, attention to the fact that the
“mass” effect in multiplier gain phenomena is not really understood and
to stimulate further work on this matter.

Experimental Method and Results

The mass spectrometers used were 60° sector, 12-inch radius, direc-
tional focusing instruments built by Nuclide Analysis Associates that are
similar to the one described by Inghram and co-workers (6, 22). The
measurements correspond to conditions generally employed in high tem-
perature mass spectrometric investigations in which Equation 1 is applied.

The grid collector and Faraday cup collector, respectively, in the two
instruments used for the multiplier gain measurements, as well as the
angle of incidence of the ion beam on the first dynode of the electron
multiplier were used as supplied by the manufacturer. No attempt was
made to study the many factors that enter the multiplier gain phenomena
(14, 15). By keeping all experimental conditions constant and by relating
the multiplier gain measured for a certain ion directly to that of the 1°"Ag"
ion measured in the same experiment, all these factors previously dis-
cussed (14, 15) except the contribution of the combined mass-effect and
effect of electronic configuration are assumed to cancel out.

The multiplier gains were measured in connection with the study of
the vaporization behavior of solids. The silver and the solid to be studied
were contained in a Knudsen effusion cell. The silver was evaporated at
the beginning of an experimental series, followed by the vaporization of
the solid. Experimental details not pertinent to the measurement of the
multiplier gain were similar to those previously described (10). Each
series for which multiplier gains are presented was taken over a time
period of no more than three days. Both instruments were equipped
with a 16-stage pie-type electron multiplier that is magnetically shielded
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(16, 17). It is similar to the one used by Inghram and co-workers (14, 15)
but has Cu-Be dynodes with approximately 2% Be instead of Ag-Mg
dynodes with 1.7% Mg. In one instrument used, the relative multiplier
gain was measured with a grid-type dual collector similar to that de-
scribed by Stevens and Inghram (23, 24). Advantages of this method are
that grid and multiplier signals are recorded simultaneously, thus avoiding
corrections for a drift in the ion intensity, and that a large number of
measurements can be made conveniently. Multiplier gain measurements
in Knudsen cell mass spectrometric applications, using a grid collector,
have been described previously by Berkowitz and Chupka (3).

Table I. Multiplier Gains at Ion Energies of 7.0 kv. for P*, As’, Sb’,
Bi', and U* Relative to Ag" Using a Grid Collector

Deviation
Factor
Ion No.of Average ,
Substance Meas- Measure-  Gain yi X M %
Studied ured  ments y X107  S.D. vyi/ya," ya, X Ma*
Ag + PrSB Ag’ 2 9.95 0.18
Sb* 10 9.93 1.26 1.00 1.06
Ag + TaP Ag* 5 9.02 0.33
P+ 7 13.10 0.95 1.45 0.78
Ag+ UP + UO, Ag 7 9.11 0.48
P+ 22 12.70 0.62 1.39 0.75
U+ 7 9.13 0.27 1.00 1.49
Ag + PrAs Ag’ 6 9.06 0.46
As* 17 10.35 0.88 1.14 0.95
Ag + PrBi Ag’ 9 8.55 0.12
Bi* 23 7.49 0.27 0.88 1.22

In Table I the average values for the multiplier gains of Ag" and the
monatomic ions investigated in the same experimental series are given
together with the number of measurements taﬁcen, on which the weighed
average was based, and the standard deviation for the average values.
The kinetic energy of the ions impinging on the conversion dynode was
7000 e.v. The gains refer to the most abundant isotope of the element
measured and have been corrected for the contribution of the other
isotopes to the grid current. In the grid correction the mass effect on the
multiplier gain for isotopes of the same element was neglected. For Ag*
measured in connection with the study of PrSb, the error term represents
the deviation of the two values from the mean value.

The multiplier gain was found to be constant within the standard
deviation. For Ag' and P* in connection with the UP 4 UO, study, a
decrease in multiplier gain with increasing multiplier output contributed
significantly to the standard deviation. For Sb*, a decrease in gain that
was a function of increase in ion current and of time contributed most to
the standard deviation.
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The accuracy of the measurement of the relative multiplier gains, v:/
vas" listed in Table I, is estimated to be within 10% for Bi* and U*, 15%
tor P* and As*, and 20% for Sb*. In this estimate a possible mass effect
on the grid current, that may be caused by the constant setting for the
suppressor potentials, was assumed to be small. The product of the
multiplier gains with the square root of mass should be constant, if the
inverse proportionality of gain with the square root of mass would be
valid. These products y;M;* divided by ya,'M,,* are listed in Table I
as “deviation factors.”

In another instrument the multiplier gains were measured similarly
to the approach used by Ackerman et al. (1, 2) and De Maria et al. (7).
Instead of measuring the ion current at the transmission grid, a Faraday
cup collector was interposed between the final collimating slit and the
electron multiplier. This way the current measured at the Faraday cup
collector corresponds only to the isotope on which the multiplier is
focused. There is, however, no direct record of the multiplier signal
while the ion current is measured with the Faraday cup collector and the
corresponding multiplier current must be obtained by interpolation,
which may introduce an error in case of a drift in ion current during the
measurement. In view of the high rate of evaporation at which multiplier
gains must be measured, the time required for a single measurement also
limits the number of measurements to a few determinations, and thus
limits the accuracy obtained.

Table II. Multiplier Gains at Ion Energies of 5.5 kv. for P* and Co’
Relative to Ag* Using a Faraday Cup Collector

Deviation
Factor
Ion No. of )
Substance ~ Meas- Measure-  Average Gain yi X Mg
Studied ured  ments y X 107 vi/Yag" yagt X Myg”
Ag + PrP Ag' 4 3.74 * 0.05
P 5 10.95 + 0.75 2.93 1.57
Ag + Mo-Co Agt 3 3.04 £ 0.06
Co* 3 2.97 = 0.07 0.98 0.72

The results for Ag*, P*, and Co* are presented in Table II. The error
term for the average values of the multiplier gains represents the maxi-
mum deviation from the mean value observed. For P* a decrease in multi-
plier gain similar to that for the data obtained for P* over UO, + UP by
the grid method, was observed and accounted for approximately half of
the uncertainty. The accuracy of the relative multiplier gain for Co" is
estimated to be better than 10%, that of P* better than 20%. In this
estimate the deviation of characteristics of the Faraday cup of the com-
mercial instrument from those of an absolute collector was assumed to
have a negligible effect on the relative multiplier gain measured.

For the type of multiplier used, the mass effect of stray magnetic
fields on the multiplier gain has been found to be considerably less than
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1% for the mass range 232-238 (5) and was in this investigation assumed
to be negligible within the error indicated by the standard deviation. The
angle of incidence and the position at which the ions impinge on the con-
version dynode were kept constant for each instrument. Observations of
declining gain with increasing ion current may have been in part caused
by changes in surface conditions of the conversion dynode during the
measurement. The observed time dependence of multiplier gain for Sb*
is most likely caused by such an effect.

The observed difference in the relative multiplier gains for P* is
possibly attributed to the difference in the conditions in the different
instruments used, but no explanation can be given for its large size. It
should be noted that a similar difference was observed for the P,* gains
relative to Ag' in measurements that were performed simultaneously with
that for P* reported in Tables I and II. The P,* values derived from
Faraday cup measurements in connection with the study of AlP (8),
which were obtained with the same instrument that was used by De Maria
et al. (7) but with a reactivated multiplier, agreed with the values for P,
obtained with an instrument having the grid-collector. This agreement
for the P,* gains would support the values for P* obtained in this investi-
gation with the grid-collector.

N

Multiplier Gain Y, Relative to Zﬁa*g'

Mass Number

Figure 1. Multiplier gains vy, relative to y,," equal to unity, vs. mass number of
various unipositive ions i of different elements

Inverse square root of mass relation

A ----Data by Ackerman et al. (1, 2)
0 Data by De Maria et al. (7)
R Data from this investigation
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In Figure 1 the relative multiplier gains measured in this investigation
are compared with those obtained by Ackerman et al. (1, 2) and De Maria
et al. (7). For comparison all values were normalized with respect to
vag'- In the normalization the effect of ion energy on the relative multi-
plier gains has been neglected. Assuming analogy with the results for
alkali ions, this would introduce the larger errors for the lowest mass
numbers because of their larger deviation from linearity of the multiplier
gain with ion energy in the region investigated (14, 15).

The values by Ackerman et al. have been reproduced from a graph,
which introduced additional uncertainties. It was also assumed that the
gains measured by Ackerman et al. and by De Maria et al. correspond to
the most abundant isotope of the respective element. The ion energy used
by De Maria et al. (7) is assumed to be similar to that used for the A1P
study (8)—i.e., constant somewhere between 5000 and 6000 e.v. The
solid curve of Figure 1 corresponds to the calculated M values relative
to the value for 17Ag equal to one; the dotted line represents the “calibra-
tion curve” by Ackerman et al.

The multiplier used by Ackerman et al. (1, 2) had Ag-Mg dynodes
similar to the one used by Inghram and co-workers (14, 15). The multi-
plier used by De Maria et al. was of the same design, with Cu-Be dynodes,
as the one used in the present investigation.

Also included in Figure 1 is a single value for Pr* which was meas-
ured relative to Ag’* using a grid-collector in connection with the investi-
gation of PrAs (see Table I). By analogy with the data for As* its accu-
racy is estimated to be better than 30%.

Discussion

The results of this investigation show that with the exception of P*
the relative multiplier gains at constant ion energy are constant within
the accuracy of their determination. This is in agreement with the inde-
pendent findings of De Maria et al. (7) and offers no support for the
usually assumed inverse square root of mass dependence. The few values
for ions with higher mass number by Ackerman et al. on the other hand
indicate a somewhat stronger decrease in multiplier gain with increasing
mass than is expected from the inverse square root of mass relationship.
The deviation from the inverse square root of mass relationship is, how-
ever, smaller than 50% (with the exception of the high value for P*)
for all data which are represented in Figure 1.

Since the inverse square root of mass dependence of the multiplier
gain at constant ion energy or, more generally perhaps, the velocity
dependence at constant electronic configuration has been documented
for isotopic ions (11, 18, 20, 21), the effect of the difference in electronic
configuration on the multiplier gain may be related to the observed
deviation from the inverse square root of mass relation. Generally it may
be observed that this deviation appears to be towards larger gain values
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for larger masses and smaller values for smaller masses. While the avail-
able data are too limited for conclusive proof, this trend appears to be in
the direction of a proportionality of the multiplier gain with the ionic
volume as was first observed by Ploch for the alkali ions (20).

An influence of the material of the secondary emitting surface on the
mass effect is considered unlikely on the basis of studies by Ploch (20).
These studies have been performed with a variety of surfaces of different
materials. Ploch found that the secondary electron yield varies signifi-
cantly for different materials and for different states of activation of the
same material. No influence of the target material or its state of activation
could be detected on the mass effect for the yield of the secondary elec-
tron emission. Since the measurements by Ploch did not include exactly
the same materials for which results are presented in this paper, the
question of an influence of the dynode material on the mass effect of the
multiplier gain in mass spectrometric investigations may warrant addi-
tional investigation. In this connection, it is interesting to note that in
investigations where Ag-Mg dynodes were used as secondary emitting
surfaces (1, 2, 14, 15) the inverse square root of mass relationship appears
to be verified, whereas in the studies employing Cu-Be dynodes (Ref. 7,
this investigation) an independence of the multiplier gain on the mass is
indicated for higher mass numbers.

The trend toward lower multiplier gains than would be expected
from the inverse square root of mass dependence for monatomic ions
with low mass numbers is also apparent from other available data. De
Maria et al. (8) found the multiplier gains of Al' and Hg' relative to that
of Ag’ to be 1.12 and 0.58, for ion energies of 5300 e.v. Using a different
multiplier at the same ion energy, a gain value of 1.02 for Hg' relative to
that of Ag* was found in better agreement with that previously (7)
obtained. The low value for Al" is to be noted with respect to the devia-
tion from the square root of mass relationship, while different values for
Hg' probably reflect the influence of different multipliers used.

Limited data obtained by Efimenko (9) for the multiplier gains of
O, and Be" relative to that for Al' under the same conditions and with
the same instrument as correspond to the data in Table I are 1.64 and
1.13, respectively. Multiplier gain values calculated from the data by
Berkowitz and Chupka (4) for CI, Br*, and I’ relative to that of Mg’
are 0.96, 1.23, and 0.80, respectively. Other relative multiplier gains
involving singly charged monatomic ions have been measured by Trulson
and Goldstein (25) who found 1.43 and 1.25 for yg'/yas" and yz*/yas"
respectively, and by Wiedemeier and Gilles (26) who give a value of
1.00 for ys'/yam". Most of these values for the ions with masses smaller
than 100 mass units tend to be lower than would be expected from the
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inverse square root of mass dependence of the multiplier gain but higher
than the gains for heavier ions of constant energy.

The information presently available indicates that there is little justi-
fication for assuming an inverse square root of mass dependence of the
multiplier gain for the unipositive atoms of the various elements of con-
stant energy or for using a calibration curve based on the measurements
of a few elements. On the other hand, it appears that using either ap-
proach to estimate the relative multiplier gains for ions not measured will
rarely lead to an error exceeding 100% .

It is expected that further information on relative electron multiplier
gains will become available in the near future since many instruments are
equipped for such measurements. If all investigators would give the
conditions and the results under which they measure the multiplier gains
in the course of their studies, a wealth of experimental material related
to this property should become available soon for almost all elements,
and this material could serve as a basis for better understanding and
developing more accurate means of predicting the magnitude of second-
ary electron emission as a function of mass and electronic configuration.
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Application of Time Resolved Mass Spec-
trometry to Problems in High Temperature
Chemistry

R. T. MEYER and L. L. AMES!
Sandia Laboratory, Albuquerque, N. M.

Pulse heating and time resolved mass spectrometry were
applied to the Langmuir vaporization of Ag, Zr, ZrO, and
ZrO,N, at temperatures up to 2100°K. Numerical evaluation
of “action” integrals permitted temperature-time measure-
ments and identification of the « to B transition for Zr. Vapor
species identified were Ag, Zr, ZrO, ZrO;, N and N,. The
relative ion intensities for ZrO,* and ZrO* from air-oxidized
Zr suggest that the Langmuir coefficient for ZrO is lower
than for ZrOs. The mechanism of Zr combustion in N, + O,
mixtures was explored by analysis of picomole quantities of
gas contained in zirconia sacs, which are a product of the
reaction. Nitrogen was the only gas detected. A nitrogen-
release mechanism is suggested.

Time resolved mass spectrometry is becoming increasingly important
as a research probe of chemical and physical phenomena. It has been
widely applied to kinetic studies of shock wave initiated gaseous decom-
positions (6, 7, 9, 23, 33). Recently, it has been developed in our labora-
tory for the detection and analysis of fast gas phase reactions induced
by flash photolysis (18, 19). Several investigators are also developing the
technique for the study of flash and laser pyrolysis of elements (37, 39),
plastics (8), and celluloses (15). We are now expanding the technique
to studies of the high temperature chemistry of the refractory metals and
their binary and ternary alloys and compounds with oxygen and nitrogen.

! Permanent Address: Department of Chemistry, New Mexico State University,
Las Cruces, N. M.
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The applications include: (1) thermodynamic measurements at tempera-
tures greater than 2000°K., (2) vaporization kinetics, and (3) refractory
metal combustion studies. In their present form, the first two involve
vapor species identification and vapor pressure measurements in transient
high temperature experiments, in which vapor density, temperature, and
time are measured simultaneously. The third application involves the
analysis of picomole quantities of gas contained in thin-walled oxide sacs,
which are a product of flash heating metal droplets in oxidizing atmos-
pheres (21).

The purpose of this paper is to describe the experimental techniques
that are being developed and the preliminary results and implications.
The latter are necessarily qualitative since only exploratory experiments
have been performed. This is particularly true of the vaporization ther-
modynamics and kinetics research. The gas analyses for the refractory
metal combustion studies are more advanced since the present mass
spectrometry application has been preceded by several other directly
related investigations.

The following discussion is divided into two principal sections. The
first section (Vaporization Thermodynamics and Kinetics) combines the
procedures and results for applications (1) and (2). The second section
(Refractory Metal Combustion) describes application (3). The first two
applications actually make use of the time resolving capability of the
mass spectrometer during a transient high temperature experiment. The
third application relies upon the fast response of the spectrometer for ana-
lyzing small but kinetically stable samples of gas at ambient temperature.

Vaporization Thermodynamics and Kinetics

The principal advantages offered by time resolved mass spectrometry
and pulse heating techniques are as follows: (1) both pulsed resistive and
laser heating permit the attainment of temperatures greater than can be
practically achieved by steady-state methods such as electron bombard-
ment, direct current resistive, or radio-frequency induction; (2) reaction
of the sample substance with supporting or containing materials is mini-
mized or eliminated; (3) heat losses during heating are not appreciable;
(4) vapor densities can be recorded as a function of temperature during
a single transient experiment; and (5) the appearance of various vapor
species, such as monomers, dimers, etc., can be observed as a function
of time. Other special features of the pulse heating method have been
cited by Baxter (1), Parker (32), and Cezairliyan (2).

It should be possible to obtain information on both nonequilibrium
and equilibrium vaporization at temperatures appropriate to practical
problems in ablation and reentry heating. The kinetic studies may provide

In Mass Spectrometry in Inorganic Chemistry; Margrave, J.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1968.



Publication Date: June 1, 1968 | doi: 10.1021/ba-1968-0072.ch021

21. MEYER AND AMES Time Resolved Mass Spectrometry 303

fundamental data pertinent to a surface-diffusion-controlled vaporization
mechanism.

At present, our experimental efforts in high temperature chemistry
are directed toward the thermodynamics and kinetics of the refractory
metals, and their alloys with oxygen and nitrogen. The work to be de-
scribed herein consists of preliminary studies on the vaporization of Zr,
ZrOy, and ZrO,N,. Some qualitative observations on Ag are also reported.

Principles of Operation. Langmuir vaporization conditions, pulsed
resistive heating of wire samples, fast response temperature measurement,
and time resolved mass spectrometry have been employed in the present
investigation. The Langmuir vapor pressure Py, is given by

_ 1dW [ 24RT \12
PL‘W(T’) (1)

where dd—‘y is the steady-state rate of evaporation (weight loss) of a

species of molecular weight M into a vacuum from a surface area S at
temperature T. The Langmuir pressure is related to the equilibrium
vapor pressure P, through the Langmuir sublimation coefficient ay:

PL=aLPeq' (2)

Chupka and Inghram (3) have shown that the mass spectrometer ion
intensity I is related to the partial pressure of a vaporizing species by

KPy

I=T

(3)
where k is the calibration constant for the apparatus; further, a plot of
In (I' - T) vs. 1/T yields — AH»/R from the slope where AH, is the heat
of vaporization, if o, is independent of temperature. If oy, is temperature
dependent, the value of AH, obtained will be different from the true
thermodynamic equilibrium value:

AH, =AH, , + AH,* (4)

where AH,* is an activation enthalpy for vaporization. It can be shown
that the Langmuir coefficient is a function of both an enthalpy and an
entropy of activation:

AH* AS*?
apr=e¢ RT -e¢ R .

(5)

Temperature dependent studies of o, will provide values of AH* and
AS*, which should be useful in probing the mechanism of vaporization
from a surface.
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More direct information on vaporization kinetics may possibly be
obtained from time resolved measurements of the growth of the vaporiza-
tion rate to a steady state value. In principle this would be accomplished
by subjecting the sample to a rectangular temperature pulse and observ-
ing the vapor density n as a function of time to give:

dn

zi“k(T’ S,C), (6)
where k may be a function of temperature T, surface structure S, and
composition C.

Two methods of temperature measurement are being utilized: in-
tegration of the energy dissipated during the resistive heating pulse; and
fast response optical pyrometry. The former method involves evaluation
of experimental and theoretical “action” integrals, which are defined,
respectively, as:

t
G, = f 2dt, (7)
]

and

Tl T2
dA2 .C d-A?- AH dA2 [s-C
Gﬂ,=-°ﬂ";°f3_’) "-dT+( e ')T1+ 'ﬁ f 2t
T, T, (8)

where i = current, C, = heat capacity, p = resistivity, AH, — enthalpy
of isothermal transition, p; = averaged resistivity for transition state,
d, = density at initial temperature T, (usually 300°K.), A, = cross sec-
tional area at T,, § = thermal expansion correction factor = 1/1, (ratio
of linear dimension at T and T,), and M = molecular weight.

Tucker (36) and Cnare (5) have applied the action integrals suc-
cessfully to the analysis of exploding metal wires. If the heat capacity,
resistivity, and thermal expansion are known as a function of temperature,
one needs only to integrate Equation 8 numerically to obtain Gy, vs. T.
Then an experimental measurement of filament current as a function of
time provides G, vs. t. Correlation of equivalent values of G. and Gy,
gives the desired temperature vs. time dependence for the pulse heated
filament. Radiative, conductive, and vaporization heat losses are negli-
gible for energy pulses shorter than 1 msec. duration (I, 2, 32). The
calculated action integral Gy, is independent of the wire length but is
dependent upon the cross-sectional area. Therefore, a measurement of
the actual length of wire being heated is not required.
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The fast response pyrometry is based on multicolor ratio methods
reported by Mayfield (16) and Kottenstette (14). Planck’s radiation law
for monochromatic emissive power e, is

e , =e(A)Cia®[exp (—C,/AT) —1]7 (9)

where ¢()) is the spectral emissivity, C; = 4rc*h and C, = ch/k. For
AT products equal to or less than 4 X 10° u - °K., the above equation is
well approximated by Wien’s radiation formula:

ey = e(\)Ca exp (—Ca/AT). (10)

The ratio of power emitted at any two wavelengths is then given by

__3_)2_6()\-1)'/\25 ﬂ l__l_ 11
eny | €h2) AL e"p[ T\ /) (1)

or
lnR=%+ B. (12)

Calibration of the detectors against a blackbody source at known tem-
peratures provides a determination of the constants A and B, which in-
clude correction factors for the finite bandwidth and spectral responsivity
of the detectors. In the cases of a true blackbody or a greybody, e(A;) —
e(A2) which simplifies the analysis. In a practical situation, however, ()
will not be constant with wavelength or temperature. Multicolor ratio
pyrometry allows one to estimate this effect, since two or more ratio meas-
urements will yield different temperatures if ¢(A;) and e(A») are not ap-
proximately equal. The multicolor technique has the advantage that
neither the absolute magnitude nor the temperature dependence of e(A)
is required to obtain an estimate of temperature.

A one-color ratio method is useful for experiments in which tem-
perature varies rapidly with time, ¢. It is applicable if ¢(T) does not vary
significantly for the temperature range being monitored (e(T1) =< ¢(T:))
and if a temperature calibration point is available at some point in the
heating pulse. The one-color ratio is defined from Equation 10 as

€ry(t1) €(Tl) Cz( 1 1 )
r(t ,t = — = € — = - . 13
(f1f2) eryity  €(Ts) P AT, T, (18)
The calibration point may be any identifiable phase transition, such as
melting or a crystal structure change. In the event the emissive power
does not change significantly or detectably at the transition, a correlation

in time between the photodetector and action-detector records may
provide the location of the transition.
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Experimental Techniques. The time resolving mass spectrometer is
basically the same apparatus which has been described for our gas phase
flash photolysis experiments (18, 19). The operation will be briefly re-
viewed. The modifications required for the pulsed, resistive heating of
samples are added.

HIGH-VOLTAGE

TEKTRONIX
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Figure 1. Block diagram of synchronized pulsed filament and mass spec-
trometer apparatus

A block diagram is presented in Figure 1. A capacitor-discharge
energy source has been operated at 52.5 uf., 287 ph., and voltages up to
1.5 kv. This source provides a total discharge time of 385 usec. Current
viewing resistors ang voltage dividers provide an oscilloscope record of
the time-dependent filament current ang voltage pulses. A Bendix model
843A inlet probe provides the physical and electrical support for the fila-
ments and the means of locating the sample within 6 mm. of the ion
source electron beam (Figure 2). Pulsed heating of the filament gen-
erates a pulse of vapor which has a direct path to the ionization zone.

A Bendix model 14-101 time-of-flight mass spectrometer is utilized
(38). The essential components of the spectrometer are an electron gun
which ionizes the neutral molecules, an ion gun which focuses and ac-
celerates the ions, a drift tube which mass resolves the ions by means
of their time of flight, and an electron-multiplier detector which converts
the ion bunches into electrical signals. It is the pulsed operation of the
spectrometer at a 20-kHz frequency which provides the time resolving
capability of the apparatus. The electron gun is operated with a pulse
width of 1.4 psec. and produces a trap current in excess of 25 pA. at 70 ev.
The electron beam can be turned off to observe ijons produced at the
sample filament by surface ionization.

In Mass Spectrometry in Inorganic Chemistry; Margrave, J.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1968.



Publication Date: June 1, 1968 | doi: 10.1021/ba-1968-0072.ch021

21. MEYER AND AMES Time Resolved Mass Spectrometry 307

ADIATION VIEWING PORT

| BACKING _ACCELERATING
BOTH Z PLATE | l | GRIDS
PERPEN-[ ELECTRONBEAM-L,:: __IONS—~ )
DICULAR [ SAMPLE FILAMENT— il
TOPAGE P2 SUPPORT
Z TERMINAL
|
) g
(/U

VACUUM LOCK
ASSEMBLY

i
4 b

—

SAMPLE PROBE

Figure 2. Geometry of sample probe and Bendix TOF mass
spectrometer ion source

A Tektronix 517A oscilloscope displays the ion intensity vs. mass
coordinates of the mass-spectral analysis. Complete mass-spectral pat-
terns are displayed successively every 50 usec. before and after the single
capacitor-discharge energy pulse. A Beckman and Whitley model 364-2
oscillographic drum camera time-resolves these scope traces and perma-
nently records them on a strip of 35-mm. Agfa Isopan Record film (20).
Total writing time can be varied from 6 msec. to 50 msec.

In addition to the drum camera, a more convenient data recording
method involves Polaroid photographs of a number of superimposed
mass spectra displayed on a Tektronix 545 oscilloscope. The number of
traces displayed is controlled by the duration of the shuttering circuit
gate pulse. The time delay between the start of the heating pulse and the
first trace is varied by the time-delay generator. Normally, ten traces are
recorded starting at 300 usec. and ending at 800 psec., or starting at 1450
usec. and ending at 1950 psec.

The partial vapor pressure sensitivity of the spectrometer for each
cycle of operation has not been measured directly for the sample filament
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and ion source geometry of Figure 2. It may be estimated, however, from
the known spectrometer relative sensitivity and from an assumed molec-
ular density distribution. From previous isotope abundance and ion in-
tensity statistical fluctuation measurements (19), it had been determined
that approximately 100,000 ions per cycle (every 50 usec.) could be pro-
duced, transmitted and detected. The relative sensitivity of 1 part per
100,000 was obtainable when an argon sample at 10.0 torr (300°K.) was
expanded through a 0.051-mm. diameter gold orifice, located 3.3 mm.
from the center of the ionizing electron beam. According to flow expan-
sion analyses provided by Sherman (35) and by Diesen (6), the molec-
ular density n, along the centerline of an expanding jet of monatomic gas
is given by the expression

n, = 0.15n, (D/x)? (14)

where x is the distance from the orifice to the ionization zone, D is the
diameter of the orifice and n, is the density on the high pressure side of
the orifice. Thus, the limiting sensitivity at the jonization zone was 1.1 X
10® atoms/cc. For the present situation of a vaporizing sample inside
the spectrometer ion source, it is necessary to estimate the minimum vapor
density required at the sample surface to produce a density of 10° mole-
cules/cm.? at the ionization zone. Three possible geometrical distribu-
tions for the molecular density with distance d can be considered, de-
pending upon the relative sizes of the sample surface and the effective
area of the ionization zone. The density will be proportional to 1/d?, 1/d
or 1/1, according to whether the sample resembles a point source, an
infinite wire, or an infinite plane, respectively. The size of the ionization
zone is about 1.5 mm. X 10 mm. In the present operation, a wire with
a typical radius of 0.125 mm. and a length of 10 mm. is located 6 mm.
from the ionization zone. The longer dimensions of the wire and the zone
are parallel. For this geometry, the density-distance dependence is prob-
ably intermediate between r¢/d? and r/d, where r is the wire radius.
Thus, the minimum vapor density required at the sample surface is be-
tween 2.6 X 10" and 5.5 X 10° molecules/cc. Since it is possible to
utilize metal ribbons for samples, whose dimensions are equal to or
greater than the ionization zone, we feel that the lower value is a valid
representation of the spectrometer sensitivity. For a vapor at 2000°K.,
this density corresponds to a vapor pressure sensitivity of 1 X 107 torr.
A demonstration of sensitivity is quoted later in this paper.

Sample Preparation. The samples consisted of 1-cm. lengths of wire
ranging in diameter from 0.125 to 0.50 mm. The wire was strung over
the sapphire insulators at the top of the stainless steel support terminals
of the Bendix model 843A probe and fastened with screws for electrical
contact. After mounting, the wire and support terminals were degreased
in CHCl; and CH;OH lg)aths and cleaned in an appropriate acid solution.
The zirconium was ultra-high purity, triple zone refined (MRC Manu-
facturing Corp.). The silver wire was 99.9% pure (Handy and Harmon).

Oxygen and nitrogen alloys of the zirconium were crudely prepared
by both d.c. and capacitor-discharge heating in an atmosphere of air.
The degree of oxidation and nitridation was estimated by measuring the
change in electrical resistance of the sample. Partial reaction corre-
sponded to a change from 0.14 ohm (pure Zr) to 0.3 to 0.5 ohm. More
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complete oxidation toward a ZrO, stoichiometry was recognized by an
actual burning of the sample and a resistance increase to 10 to 100 ohms.
Techniques for preparation of controlled compositions are presently being
developed.

Serious experimental complications have been encountered in the
studies. These are mentioned here for two reasons. First, it is hoped that
other individuals contemplating this line of research will benefit from
our early experience. Second, it will provide an understanding of why
the results reported herein are only qualitative.

Upon dissipating an energy pulse through a filament wire (Ag, Zr,
or W), a large vapor pulse of hydrocarbon contamination was released
from the filament surface and from surrounding surfaces. Time resolved
mass spectra revealed that the hydrocarbon vapor generated rgpidly as
the filament was heated and decayed as the filament cooled radiatively.
Neither organic solvent degreasing or acid cleaning of the wire sub-
stantially reduced the amount desorbed. Direct current heating of the
filament at high temperatures under vacuum (5 X 1078 torr) prior to the
capacitor-discharge showed some desorption but did not significantly
help. Rapid, consecutive capacitor-discharges within 30 seconds of each
other gave a substantial five-fold reduction in contamination between
the first and second discharges. Most of the results presented in this
paper were obtained in this way.

The high level of hydrocarbon contamination created two basic prob-
lems. The mass range below about 85 amu was completely masked,
preventing identification of other vapor species. Secon£ the large im-
purity vapor pulse reduced the effective spectrometer sensitivity. In some
cases, the vapor pulse was so large that arcing occurred between the ion
accelerating grids, and the spectrum was lost for many milliseconds.

It appears that the source of wire contamination was hydrocarbon
contamination (pump oil, etc.) in the spectrometer. The spectrometer pres-
sure (5 X 1078) was sufficiently high to allow surface equilibration with
the chemically cleaned or flash heated wire within a few seconds. Various
techniques are being explored to reduce this contamination interference.

Experimental Results and Discussion. TEMPERATURE MEASUREMENT.
The method of determining the temperature of a wire as a function of
time by calculation of the action integrals has been discussed. Figure 3
shows the voltage and current waveforms of a capacitor-discharge heating
pulse through a 0.25-mm. diameter Zr wire. It is noted that the current
waveform exhibits a smooth shape while the voltage waveform shows
a large step-like decrease in voltage at 175 psec. This abrupt decrease in
voltage is believed to be caused by the « to 8 transition of Zr metal, which
is accompanied by a relatively large decrease in electrical resistivity. The
ratio of resistance just before the transition to just after it, calculated
from the current and voltage waveforms, is 1.15; this compares favorably
with the value 1.17 obtained from the resistivities for the « and g phase
at the transition temperature tabulated by Goldsmith et al. (1I). The
reason the current waveform is unaffected by the transition is that the
resistance of the wire is small compared with the total impedance of the
discharge circuit.

Figure 4 shows the effect on the time position of the « to 8 transition
produced by a variation of the charging voltage while using a fixed
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Figure 3. Voltage and current waveforms
from a capacitor-discharge pulse through a
0.25-mm. diameter zirconium wire
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capacitance. The higher current caused by the larger voltage provided
energy to the wire at a greater rate; thus, the transition occurred at an
earlier point in time. By selecting the capacitance and charging voltage,
the heating rate and peak temperature are reproducibly controlled. The
amount of action G, measured at the observed time of transition for sev-
eral 0.25-mm. Zr wires, including one that melted during the pulse, was
constant within a few percent.

Table I. ‘Theoretical Action for Zirconium Wire

T Cp* P’ ohm g = Gu/Al
°K. Joule mole™ deg.™ c¢cm. X 108 8® Joule ohm™ cm."t X 1076
300 25.72 48 1.000 0.00
400 27.34 65 1.008 3.42
500 28.84 80 1.012 6.23
600 29.97 95 1.020 8.67
700 30.67 105 1.027 10.88
800 31.05 115 1.034 12.95
900 31.35 124 1.042 14.89

1000 31.80 131 1.050 16.73
1100 32.67 134 1.060 18.56
1143 () 33.04 136 1.064 19.39
1143 (B) 32.09 112 1.036 21.82
1200 32.26 114 1.044 22.95
1300 32.56 116 1.054 25.03
1400 32.85 118 1.063 27.14
1500 33.14 121 1.073 29.24
1600 3343 123 1.084 31.34
1700 33.73 125 1.093 33.44
1800 34.02 127 1.103 35.54
1900 34.31 129 1.113 37.65
2000 34.61 132 1.123 39.74
2100 34.91 134 1.133 41.86
2128 (m.p.) 34.99 135 1.136 42.45
2128 (melted) 53.25
“ Ref. 12.

*Ref. 11.

The values of the action integral Gy, corrected for thermal expan-
sion and the heat of the « to 8 transition, for a Zr wire as a function of
temperature are given in Table I. Given in Table II are the values of
the action integral G. as a function of time measured for a 0.25-mm. Zr
wire from the current waveform shown in Figure 3. From a comparison
of these two tables, a conversion of the data to a theoretical wire tem-
perature as a function of time was made (Figure 5). The « to 8 transition
is observed to occur at a calculated temperature of about 1240°K., as
compared with the known transition temperature of 1143 =+ 5°K. (12).
Although part of this apparent error may be caused by radiation, con-
duction and vaporization heat losses, calculations have shown that these
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losses are small (< <1% ). The observed transition does not initiate until
11 psec. later than the predicted time. Utilizing the action supply rate
near the « to g8 transition (from Table II) and the amount of action
required for the transition (from Table I), the time required for the
transition to occur is calculated to be 10 usec. From the original data
record corresponding to Figure 3, it is observed that the actual transition
required about 13 to 14 psec. for the 1-cm. length. When these factors
are considered in attempting to explain the high apparent transition tem-
perature, two explanations can be presented.

Table II. Experimental Action for Zirconium Wire

Time i 8. =G/ Aoz
psec amp Joule ohm™ cm.™ X 1076
0 0 —
16 30 0.04
36 73 0.32
56 110 1.14
76 143 2.66
96 171 5.02
116 193 8.24
136 211 12.17
156 221 16.64
166 223 19.00
176 225 21.40
186 224 23.80
196 223 26.19
216 217 30.84
236 203 35.08
256 186 38.74
276 163 41.67
296 137 43.84
316 107 45.29
336 75 46.09
356 45 46.44
383 0 46.53

First, the wire superheats and acquires all the energy of transition
before the transformation starts; the transformation then propagates
through the wire at a velocity of about 7.4 X 10* cm./sec. Evidence for
the occurrence of superheating does exist in the literature. Examples are
the overheating of the solid to liquid phase transition of ice crystals by
0.3°C. (13), the superheating of the « to y transition for whiskers of iron
(40) and the measurement of an activation energy (1.74 kcal./mole) for
the a to 8 transformation of a single crystal of p-dichlorobenzene (22).

Second, the temperature scale is high because of uncertainties in the
values of the heat capacity, resistivity, etc.; the transition actually does
initiate at 1143°K. and the degree of transformation is approximately
groportional to the energy supplied. The JANAF (12) heat capacity

ata for Zr are quoted to be uncertain by 10% and 15% for the « and B8
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phases, respectively. Parker (32) and Cezairliyan (2) have both demon-
strated that specific heat measurements from pulse heating experiments
are in general agreement with the steady-state values. Furthermore,
Parker has concluded, from studies on the o to 8 transition of Ti, that the
transition occurs in less than 200 usec. (5.5 cm. samples) and that the
percentage transformation is a linear function of energy input. He also
observed that the presence of small amounts of oxygen impurities re-
quired higher driving temperatures for phase change under rapid heating.

2500
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= (THIS WORK)
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) .
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Figure 5. Theoretical temperature as a function of time for a pulse heated
zirconium wire

The maximum calculated temperature is also seen in Figure 5 to
exceed the melting point (2128°K.) of Zr (12), although the wire did not
melt. Whereas the heat of fusion has been neglected in the temperature
calculation, the excess action available beyond that required to heat the
v(v%ebfo }n)elting point is far short of that required for complete melting

able I).

The light emitted from a pulse heated wire was monitored as a func-
tion of time with a 931 photomultiplier, which has a spectral response
of 3000 to 6000 A. and a maximum sensitivity near 4000 A. Two things
should be noted about the typical light vs. time curve for a Zr wire shown
in Figure 6. The first is the relatively fast rise time and the comparatively
long decay time. The long decay time verifies that the assumption of no
heat loss in the action calculation is reasonable. Second, this type of
heating cycle provides a relatively long time at high temperatures in
which to record data by time resolved mass spectrometry. A large num-
ber of mass spectra at small temperature intervals could possibly be
obtained from one heating pulse, giving the sublimation rate of a sub-
stance over a large temperature range from one experiment.
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Figure 6. Emitted liiht response of 931 photo-
multiplier from pulse heated zirconium wire as a
function of time

The adaptation of photodetectors to absolute temperature measure-
ment is in the early stages of development. Therefore, there are no multi-
color ratio results to report. Attempts are being made to establish cor-
respondence between the response of a single detector and the action
waveforms.
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Figure 7. Time resolved ion intensities of silver isotopes

from pulse heated silver wire; data obtained from drum

camera record. Estimated maximum temperature is
1150°K.

VarorizaTioN ExpPERIMENTS. Several 0.125-mm. silver wires were
pulse heated to obtain a calibration for the mass spectrometer. During
one such experiment, a time resolved mass spectrum of the vaporization
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of silver was recorded on the drum camera. The variation of ion intensi-
ties with time for both isotopes 107 and 109 is shown in FiFure 7. Ttis
seen that the growth and decay for the two isotopes is similar and is in
approximate agreement with the heating pulse. The two curves peak at
about 400 usec., while the energy input pulse terminated at 385 usec. It
is estimated that the peak temperature achieved was about 1150°K.; this
value is based upon the utilization of an input energy just below that
required to melt (m.p. 1234°K.) the silver wire. It is observed from
Figure 7 that the apparent vapor density of Ag falls off to about one-fifth
of its peak value within 800 psec. Using the known heat of vaporization
for Ag (68.1 kcal./mole (31)), the temperature decrease corresponding
to the five-fold vapor density decrease is calculated to be about 60°K.
However, calculations of heat losses caused by radiation, axial and radial
conduction and vaporization show that the sum of these losses are much
less than required for a 60°K. temperature decrease within 800 usec. It
would appear, therefore, that the spectrometer sensitivity is varying
rapidly with time. This is not unreasonable in view of the high and vari-
able level of desorbed contaminates, which has been observed in almost
every experiment. For the Ag vaporization experiments, the radiation
intensity was too low to be monitored by the phototube employed (not
the 931-photomultiplier).

ION INTENSITY

MASS NUMBER (amu)

Figure 8. Mass spectral chart record of d.c. heated zirconium
wire at about 2000°K. Solid line: heated wire; dashed line: back-
ground spectrum

To obtain the precise mass spectral position of Zr vapor by isotopic
identification and to measure the sensitivity of the mass spectrometer for
vapors from a hot wire, several Zr wires were heated continuously with a
d.c. power supply. The solid line in Figure 8 shows an analog chart re-
corder trace of the mass spectral region of interest with a Zr wire heated
to about 2000°K. (Pz = 107 torr), while the dashed line gives the back-
ground over the same region about a minute after power termination.
The relative amplitudes of the 90, 91, 92, and 94 mass peaks are in good
agreement with the accepted isotopic abundances. The Cd vapor seen
in the mass spectrum came from a Cd-plated screw used to hold the Zr
wire to the probe support terminal. Since this screw was heated only
by the thermal conduction of heat from the hot Zr wire, it was found
that the Cd grew in at a much slower rate than did the Zr. The Hg*
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spectrum is attributed to residual mercury in the ion source. Chemical
cleanings of the ion source and the vacuum chamber completely elimi-
nated it. Replacement of the Cd-plated screw with a stainless steel screw
removed the Cd contamination.

Ion species detected by the superimposed oscilloscope-trace method
consist of Zr* from a pure Zr wire, Zr* and ZrO* from a slightly oxidized
Zr wire, and ZrO* and ZrO.' from a highly oxidized wire. The Zr* peaks
were observed when two strands of 0.25 mm. Zr wire were heated to
about 2100°K. The time delay in this case was 300 usec. Because of the
associated large hydrocarbon vapor pulse, the spectrometer sensitivity
was limited to Zr vapor detection only near the melting point. The liter-
ature value for the equilibrium vapor pressure of Zr at 2100°K. is 1.1 X
107 torr (12). Thus, the spectrometer sensitivity must be at least 5 X
10'° molecules/cc.

90 Known Rel. Abund.
20 r Zr Isotopes
P Mass Abund.
Z18 2% 9 100
S 6} 91 218
: B
.g “r 92 _ 94 % 54
2 r Zr
812+ 9l
> Zr 9%
S10F Zro
& 8
B gt
= 6L ng6
=z
o
4} BACK-
GROUND
ol INTENS-
ITY
0

86 88 90 92 94 9% 98 100 102 104 106 108 110 112 114
MASS NUMBER (amu)

Figure 9.; Mass spectral bar graph obtained from pulse heating a slightly air-
oxidized zirconium wire (0.3 to 0.5-ohm resistance)

The spectrum in which Zr* and ZrO* peaks were observed is repro-
duced in Figure 9 (time delay 1450 usec.). Since the Zr* peaks are greater
than the ZrO" peaks, it can be assumed that both are parent ions. The
relative abundance of these two species is reasonable, since the slightly
oxidized wire from which these species were vaporized is a more oxygen
deficient system than the Zr(s) + ZrO.(s) mixture from which Chupka,
Berkowitz, and Inghram (4) reported ZrO* to be the major peak.

_The intensity of ZrO," observed from the pulse heating of a highly
oxidized Zr wire was about twice that of ZrO". Since this mass spectrum
was obtained using 70-volt ionizing electrons, it is possible that a sig-
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nificant portion of the ZrO* intensity is caused by fragmentation of
Zr0,(g). The predominance of ZrO," over ZrO* is opposite to the results
of Chupka, Berkowitz, and Inghram (4) and of Nakata, McKisson, and
Pollock (24). Both groups reported ZrO* to be about six times greater
than ZrO," when ZrO,(s) was vaporized under equilibrium conditions.
Because of the method used for t]ﬂe oxidation of the Zr wires, uniform
oxidation to stoichiometric ZrO,(s) could not be expected. In the highly
oxidized wires, a center core of Zr, possibly alloyed with oxygen and
nitrogen, must have provided the means for electrical conduction. In
fact, some wires that were even more completely oxidized, as indicated
by a high resistance, could not be heated effectively. Another pos-
sible explanation for the intensity difference is that the Langmuir vapori-
zation coefficient for ZrO.(g) may be considerably larger than that for
ZrO(g) vaporized from ZrO.(s). Shchukarev and Semenov (34)
observed the ZrO,* ion intensity to exceed the ZrO" intensity for an interval
of time prior to the establishment of equilibrium with ZrO,(s) at 2470°C.
The in/itial ratio (ZrO,"/ZrO*) was 3/2, whereas the steady-state value
was 1/4.

A significant increase in masses 14 and 28 was observed in the case
of a highly oxidized Zr wire. The signals appeared on a drum camera
record at about 300 usec. after the initiation of the heating pulse and at
an estimated temperature of 1600 to 2000°K. By approximately 400 psec.,
the vapor pulse had become so great that complete mass spectrometer
interference occurred. However, it is significant that no hydrocarbon
contamination was observed in this experiment to mask the low mass
range. Furthermore, since there was no corresponding increases at masses
16 and 32 as would be expected from an outgassing of air, it appears
that both atomic and molecular nitrogen may have been released from
the heated sample. Atomic nitrogen is considered because the 14:28
ratio was several times larger than that normally attributed to N, frag-
mentation. Inasmuch as the Zr wire was oxidized by pulse heating above
the ignition temperature in air, it is possible that a ZrOyN, type oxynitride
compound was formed. Gilles (10) reported both the preparation of
zirconium oxynitrides and their thermal decomposition by the elimination
of nitrogen. The decomposition pressure of N. over pure ZrN(s) at
2000°K. (12), calculated according to the reaction

ZrN(s) = Zr(s) + 1/2 N,(g)

is 1 ) 107 torr, which is detectable in the present operation. Nelson (29)
also reported that nitrogen is released during the latter stages of the com-
bustion of freely falling zirconium droplets in mixtures of oxygen and
nitrogen. This work will be referred to again later in this paper. The
above evidence suggests that the observed nitrogen was released in the
thermal decomposition of the sample.

Summary of Vaporization Studies. The implications of the semi-
quantitative temperature measurement and qualitative vaporization re-
sults reported above are considered to be as follows. First, the good
agreement (within 10% ) between the temperature calculated from the
action integral and the known temperatures of the « to B transition in
zirconium indicates it is possible to calculate reasonable temperature
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values as a function of time for pulse heated wires. This is only true for
samples for which the heat capacity, electrical resistivity, and linear ex-
pansion are known accurately as a function of temperature. However,
by determining temperature independently, as by fast response optical
pyrometry (2) and by controlling and measuring the energy discharged
(32), it should be possible to measure heat capacities, resistivities, or
C,/p ratios by this method for nonstoichiometric conducting materials.

Second, the conclusion that superheating may have been observed
for pulse heated Zr, both at the « to 8 transition and at the melting point,
suggests that it may be possible to measure vapor pressures for super-
heated states by time resolved mass spectrometry.

Third, the observed initial increase in vapor density for the two Ag
isotopes confirms that the rate of vaporization can be followed for heating
pulses of millisecond to microsecond duration.

Fourth, the preliminary results on pure Zr reflect both the ease of
detecting vapor densities in the 10'® molecules/cc. range and the ability
to achieve temperatures of 2000°K. or greater by d.c. heating and by
capacitor-discharge pulses.

Fifth, the detection of Zr, ZrO, and ZrO, vapors from air-oxidized
Zr wires presents the motivation to explore the vapor species for both
stoichiometric and nonstoichiometric substances.

Finally, it appears that the freedom from sample reactions with con-
tainers at high temperatures offered by the Langmuir geometry has been
realized.

Refractory Metal Combustion

The high temperature research effort, described in the first section of
this paper, was motivated by established studies on the combustion and
explosion of refractory metal droplets in atmospheres of oxygen and
nitrogen and by the absence of thermodynamic data on the metal-oxygen-
nitrogen alloys at high temperatures. We now describe how mass spec-
trometry has been applied directly to the mechanism of the refractory
metal combustion phenomenon.

Nelson (25, 28, 29) demonstrated that the burning of submillimeter
droplets of zirconium in pure oxygen produces dense spheres of ZrO..
However, when small amounts of nitrogen are added to the oxygen
atmosphere, the burning droplet explodes or forms a single thin-walled
sac of ZrO,. He reasoned that the explosion and sac formation are gas
driven and the gas is probably N, although no direct confirmation of
gaseous N, formation within the liquid oxide droplet has been obtained.

If the explosions really are gas driven, the identification of the gas
is essential to the interpretation of the reaction mechanism for Zr burning
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at high temperature in a mixed N, and O, atmosphere. The gas analysis
technique must be sensitive enough to detect the small quantities of gas
(10% molecules) expected to be encapsulated by the unexploded zirconia
sacs. The fast response capability of the time-of-flight mass spectrometer
offers the advantages of complete mass range coverage and many spectral
analyses within one pass of the gas sample through the ionization zone.
An analysis can be performed before the gas pulse expands into the
spectrometer volume and is pumped away. This technique has been suc-
cessfully adapted to the quantitative identification of gases contained
in the zirconia sacs and in prepared capillaries, both containing 10** to
105 molecules. Nitrogen is the only gas observed in the sacs. The ex-
perimental technique and the implications of the nitrogen detection on
the reaction mechanism are reviewed in the following paragraphs. A de-
tailed report of this work is being published separately (21).

BENDIX l. -
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Figure 10. Sample holder and inlet system for zirconia sacs and
gas calibration capillaries

Sac Preparation and Analysis Procedures. The apparatus used for
observing the zirconium droplet explosions and for generating the unex-
ploded zirconia sacs has been previously described (28, 30). A square
of pure Zr foil is dropped through a flash lamp in a 625-torr atmosphere
of N, and O,, for which the N,/O, ratio can be varied. When N»/O.
equals or exceeds 0.04, the droplet explodes. Under a controlled thresh-
old N./O; ratio of 0.025, the metal becomes molten, burns, and inflates,
but does not explode. The average sac diameter and volume are 1.0 mm.
(range: 0.7 to 1.5 mm.) and 0.5 X 103 cc., respectively. The total time
involved in the inflation and/or explosion is 150 milliseconds (25, 30).
From separate experiments, it has)ql))een established that the explosions
occur at temperatures around 3000°K. to 3500°K. (26, 27, 28).

Figure 10 shows the sample holder and inlet system. One or more
sacs are loaded into the vertical arm of the thin wall stainless steel tub-
ing, along with a quartz capillary which contains an inert gas such as
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argon. The sacs and capillary are crushed simultaneously by hand to re-
lease the gases to the ion source. The sample holder volume is kept
small, approximately 1 cc., to provide a short-duration, high-pressure
pulse of gas. The inert gas generates a mass signal trigger pulse which
synchronizes oscilloscope display circuitry. Capillaries containing known
amounts of various gases are crushed in the horizontal arm of the holder
to provide absolute calibrations.

Two methods of mass spectrum and ion intensity recording are used.
One is to set the spectrometer analog circuits on two mass peaks and
record the ion intensities as a function of time on a fast writing chart
recorder. The other consists of displaying the complete mass spectrum
on an oscilloscope for an interval of time at the peak intensity of the input
pulse of gas. In the latter case, one mass selector analog is set on the
inert gas and triggers a time delay generator upon the initial appearance
of inert gas at the ion source. Thus, the 20-kHz trigger input to the
oscilloscope is withheld and gated on for a typical duration of 25 msec.
at the maximum of the gas pulse. The spectrum is photographed with
a Polaroid camera,

| 1 TORR CAPILLARY ('--101:‘I Molecules)
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Figure 11. Analog chart recorder response of argon intensity vs.
time for a 1-torr capillary

Figure 11 shows the recorder response of ion intensity versus time
for a 1-torr capillary of argon which corresponds to approximately 10
atoms. The near peak of intensity is reached at 110 msec., and the signal
persists beyond 1 sec. It is estimated that several orders of magnitude
improvement in sensitivity could be achieved if the gas pulse were com-
pressed in time from the 1.5-sec. duration of this analysis to a spike syn-
chronized to one cycle of the spectrometer operation. The oscilloscope
sensitivity presently is 3 X 10! atoms; this value was ascertained from
the oscilloscope detection of the 3¢Ar isotope in a 10-torr argon capillary.
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Quantitative Identification of Sac Gases. The zirconia sacs have been
analyzed both as single units and as several crushed simultaneously. Only
one such analysis is presented here. Figure 12 shows bar graph reproduc-
tions of Polaroid film records of the mass spectra of eight zirconia sacs
and of a 100-torr nitrogen calibration capillary. The top trace shows the
spectrometer background gases, with masses 14, 16, 17, 18, 28, 32, and
44 readily recognizable. The argon trigger signal at mass 40 is absent
from the oscilloscope record by virtue of its being gated out by the mass
selector analog. The spectrum of the zirconia sacs, displayed in the
middle trace, shows large increases in masses 14 and 28, but no other
signal increases above background. The 100-torr N, and Ar calibration
capillaries (bottom trace) show ion intensities for masses 14 and 28
which are about 0.8 times those recorded for the zirconia sacs. Masses
20 and 44 are caused by Ar (doubly ionized) and CO. (a capillary im-
purity). The maximum total volume of the eight zirconia sacs was 7.8
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times the volume of the 100-torr N, capillary. Therefore, the average
pressure per sac is equal to or greater than 16 torr. This value is a
minimum because some of the sacs may have been prematurely broken
during loading.

Altogether, 17 separate analyses have been performed on the zirconia
sacs; four analyses utilized multiple numbers of sac, and the remainder
utilized single sacs. Of this total, 11 analyses provided a positive detec-
tion of N, and a total absence of any other gases. One single sac analysis
showed a N, pressure of approximately 100 torr, whereas most of the
others were 10 torr or less. Although the sensitivity limit for O. was about
1 torr (N, was somewhat better than 1 torr), no O, was detected which
could be attributed to the sac content. This distribution of values can-
not be interpreted as a statistical distribution for several reasons, which
are outlined in the detailed report (21). The principal factor is that very
few of the individual sac preparations provide intact sacs; the majority
of the preparations result in ruptured sacs or in dense spheres.

Implications on Combustion Mechanism. The positive identification
of nitrogen and the absence of other gases support the hypothesis that
the explosions are gas-driven and that the driving gas is nitrogen. Two
facts suggest that the nitrogen is released at high temperature during the
oxidation reaction. First, the absolute partial pressure measurements at
300°K. indicate that the sac pressure at 3000° to 3500°K. could be as
high as 100 to 1000 torr; the higher values would approach the pressures
required for an explosive rupture. Second, the detected N to O. ratio
within the sac was at least 100 to 1, whereas the N,/O, ratio for the reac-
tant environment was 0.025. Thus, diffusion of gases from the atmosphere
into a hollow sac cannot account for the presence or amount of nitrogen.

A nitrogen release mechanism was previously suggested by Nelson
to describe sac formation and explosion. This model is based upon sev-
eral independent observations: (1) the degree of explosion can be varied
by changing the percentage of N, in O, (29); (2) no explosion occurs
in pure O; or pure Ar (25, 29); and (3) there appears to be a high sta-
bility of ZrO, against a permanent reaction with N, (17). The present
result, however, is the first direct evidence for the existence of N, as the
driving gas.

The chemical processes that occur during the burning of the zir-
conium droplets are still obscure, but they may involve temperature and
composition changes in the zirconium-oxygen-nitrogen system. At the
present time, it is speculated that the reaction scheme might be repre-
sented as follows:

02’N2 02
Zr(l) — ZrO,Ny(l) — ZrO,N,(1) + Nj(g),
explosion
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where 0 < a < x < 2and b > y (both b and y being small). It is sug-
gested that liquid zirconium reacts with oxygen and nitrogen to form
intermediate oxygen-nitrogen alloys. As these alloys react further with
oxygen, however, a critical set of temperature and composition conditions
are attained, followed by the rapid release of nitrogen gas.

Other observations that seem to support this mechanism are as fol-
lows. It has been found that explosions occur if the zirconium metal is
slightly nitrified first and then burned in a pure oxygen environment (29).
The existence of intermediate oxynitride phases in quenched droplets
was demonstrated by x-ray diffraction studies (25, 28). Further, the dis-
tinct possibility that a supersaturated phase is momentarily established
is suggested by supercooling effects which have been identified in the
reaction of zirconium droplets with pure oxygen (26).

The application of the techniques described here to the combustion
of zirconium droplets suggests additional experiments for probing the
reaction mechanism. For example, we plan to analyze sacs prepared from
zirconium droplets of varied sizes and of controlled nitrogen alloying. In
this way we hope to explore in detail the temperature and composition
conditions for sac formation and explosion.
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