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F O R E W O R D 

A D V A N C E S I N C H E M I S T R Y S E R I E S was founded i n 1949 b y the 
A m e r i c a n C h e m i c a l Society as a n outlet for sympos ia a n d co l 
lections of d a t a i n special areas of top i ca l interest tha t could 
not be accommodated i n the Society 's journals . I t provides a 
m e d i u m for symposia that w o u l d otherwise be fragmented, 
their papers d i s t r ibuted a m o n g several journals or not p u b 
l ished a t a l l . Papers are refereed c r i t i ca l l y according to A C S 
edi tor ia l standards a n d receive the careful a t tent ion a n d proc 
essing characteristic of A C S publ icat ions . Papers publ ished 
i n A D V A N C E S I N C H E M I S T R Y S E R I E S are or ig inal contr ibut ions 
not publ ished elsewhere i n whole or major par t a n d include 
reports of research as wel l as reviews since symposia m a y e m 
brace b o t h types of presentation. 
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PREFACE 

he mass spectrometer has c lear ly become a basic too l for chemica l 
·*· manipulat ions a n d has discont inuously increased i n importance f r om 

the days w h e n it was regarded p r i m a r i l y as an ana ly t i ca l instrument. 
N e w techniques for mass analysis, n e w designs for sampl ing , a n d n e w 
electronic accessories have a l l he lped raise the mass spectrometer to a 
pos i t ion of p r i m e importance i n chemica l research. M o r e important than 
a l l of these tangible improvements has been a modi f i cat ion of the basic 
ph i l osophy of chemists t o w a r d mass spectrometers. A t one t ime a mass 
spectrometer w o u l d on ly see a sample after i t h a d been g iven the u l t imate 
chemica l puri f i cat ion a n d ana ly t i ca l treatments. T h e chemist was more 
w o r r i e d about the mass spectrometer than about his sample. I n the m o d 
ern w o r l d the mass spectrometer has become an expensive but rather 
convent ional moni tor avai lable to the chemist at any stage i n a research 
p r o b l e m to he lp establish w h a t is go ing on i n a chemica l process, bo th 
quant i tat ive ly a n d qual i tat ive ly . W a t e r vapor , fluorine compounds , boron 
hydr ides , sul fur compounds, transit ion meta l chelates, a n d m a n y other 
react ive a n d unusual materials are n o w be ing rout ine ly in t roduced into 
mass spectrometers for study. 

A s one m i g h t have pred i c ted , the contributions to chemica l k n o w l 
edge b y the art of mass spectrometry are d i rec t ly related to h o w m a n y 
different k inds of chemica l systems are examined a n d h o w m a n y different 
k inds of studies one can per form on these systems. Gas chromatograph-
mass spectrometric units , fast-response systems, h i g h temperature sys
tems, a n d h i g h prec is ion electronic c ircuits are on ly a f e w of the m a n y 
n e w developments w h i c h have contr ibuted to the current popu lar i ty of 
mass spectrometers i n chemica l laboratories. 

I w i s h to acknowledge the promptness a n d cooperative att itude of 
the various part ic ipants i n the o r ig ina l sympos ium a n d especial ly the 
cooperation of those authors w h o were able to prepare the papers for 
this vo lume. A n u m b e r of papers w h i c h concerned specific topics were 
submit ted for p u b l i c a t i o n i n various spec ia l ized journals. 

T h e A m e r i c a n C h e m i c a l Society staff of the Advances i n C h e m i s t r y 
Series under the d i rec t ion of Rober t F . G o u l d has been most cooperative 

v i i 
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i n h a n d l i n g the ed i tor ia l matters re lated to this book. I n add i t i on , I 
w i s h to acknowledge the contributions of N a n c y N a o m i C r a i g a n d Β. K . 
M i c k l i t z i n p r e p a r i n g mater ia l for pub l i ca t i on . 

JOHN L. MARGRAVE 

H o u s t o n , Texas 
March 1967 
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1 

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 A r * + N2 --> ArN2+ + 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 10-9 cc./molecule/sec. In some instances 
several excited states are known to take part in the reaction. 

' " p h e occurrence of d ia tomic ions of the rare gases has been noted b y 
several experimenters (29, 30,43), but for a number of years the exact 

nature of the processes l ead ing to their format ion was not understood. 
I n 1951, H o r n b e c k a n d M o l n a r (18) measured the appearance potentials 
of the homonuc lear d iatomic ions for a l l of the rare gases. T h e i r mass 
spectrometer was not idea l ly suited to studies of mass spectra of gases at 
e levated pressures. T h e instrument h a d re lat ive ly poor reso lv ing power 
w i t h the result that their appearance potentials were not precise. N e v e r 
theless, they demonstrated that the appearance potentials of the d ia tomic 
ions were i n a l l cases 0.7 to 1.5 e. v. be l ow the i on izat ion potentials of the 
corresponding rare gas atoms. T h e pressure dependence i n each case 
was f o u n d to be second order. B o t h of these results show that the reac
t i o n d i d not invo lve atomic ions, a n d H o r n b e c k a n d M o l n a r conc luded 
that the react ion i n v o l v e d attack of a n excited atom u p o n a n a tom i n the 
g r o u n d state—i.e. 

X * + X - > X 2
+ + e (1) 

where the asterisk signifies electronic excitation. React ions of this k i n d , 
i n w h i c h an i o n is f o rmed b y the react ion of t w o or more neutra l entities, 
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2 M A S S S P E C T R O M E T R Y I N I N O R G A N I C C H E M I S T R Y 

Table I. Appearance Potentials of 

Excited 
Atom, 

X * 

Lowest 
Excitation 

Energy 

Appearance 
Ionization 
Potential He 

H e 19.8 24.6 23.2 (18) 
23.3 (35) 
23.4 (22) 

N e 16.8 21.6 

A r 11.5 15.8 

K r 9.9 14.7 b 

14.0" 

X e 8.3 13.4 h 

12.1 e 

2 P 3 / 2 state. 

is ca l l ed chemionizat ion . F o l l o w i n g the studies of H o r n b e c k a n d M o l n a r 
(18), various workers have s tudied mixtures of certain of the rare gases 
i n a n effort to ascertain whether heteronuclear d ia tomic ions c o u l d be 
formed. T h u s , P a h l a n d W e i m e r (36, 37) observed H e N e + i n a g low 
discharge but fa i l ed to find H e A r + or N e A r + i n mixtures of those gases. 
F u c h s a n d K a u l (13) s tudied N e A r + a n d A r K r + , a n d the latter was exam
i n e d i n greater deta i l b y K a u l , L a u t e r b a c h , a n d F u c h s (21). K a u l a n d 
T a u b e r t (22) reported A r X e + a n d K r X e + . M u n s o n , F r a n k l i n , a n d F i e l d 
made a rather complete s tudy of the d ia tomic ions of the rare gases taken 
alone a n d i n combinat ion (35). T h e y f o u n d that a l l of the possible rare 
gas d iatomic gas ions are formed, a n d they measured appearance poten
tials of a l l except H e X e + , w h i c h was f ormed i n such s m a l l amounts that 
a n appearance potent ia l c o u l d not be determined satisfactorily. T a b l e I 
gives a l l of the results of these studies as w e l l as of the appearance poten
tials measured for the rare gas d ia tomic ions f rom the l i terature. I t is 
surpr is ing that, consider ing the re lat ive ly smal l intensities of these ions, 
there has been such good agreement among the measured appearance 
potentials . 

Before discussing these measurements it w o u l d be of interest to note 
the shape of a t y p i c a l i on izat ion efficiency curve for a rare gas d ia tomic 
i o n ( F i g u r e 1 ) . T h i s curve is reminiscent of the excitation curve for 
opt i ca l ly f o rb idden transitions b y electron impact a n d is qui te different 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

96
8 

| d
oi

: 1
0.

10
21

/b
a-

19
68

-0
07

2.
ch

00
1

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



1. F R A N K L I N 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) 
22.6 (22) 

17.9 (35) 
19.9 (35) 

19.9 (35) 

20.9 (18, 35) 16.8 (35) 
16.5 (13) 

16.6 (35) 16.0 (35) 

14.7 (35) 
15.1 (18, 20) 

14.0 (35) 

13.0 (35) 
13.2 (18,22) 

13.5 (22, 35) 

12.2 (22) 
12.3 (35) 

11.2 (35) 
11.6 (22) 

» 2 P i / 2 state. 

f rom the typ i ca l ionizat ion efficiency curve for the format ion of m o n a -
tomic ions b y electrons, also shown i n F i g u r e 1 for comparison. A s w i l l 
be discussed i n more deta i l later, the d iatomic ions i n a l l cases were 
second order i n pressure. F u r t h e r , the molecu lar - i on format ion was 
independent of field strength, a n d thus the poss ib i l i ty of their format ion 
b y ion-molecule reactions is e l iminated . T h u s , w e conc lude that H o r n 
beck a n d Mo lnar ' s (18) interpretat ion of the ir observations appl ies 
broad ly a n d that the heteronuclear d iatomic ions are f o rmed b y the f o l 
l o w i n g general ized react ion : 

X * + Y - » X Y + + e (2) 

It w i l l be of interest to note the appearance potentials of the hetero
nuclear ions i n T a b l e I. I n each case the appearance potent ia l is greater 
than the ion izat ion potent ia l of the constituent atom of lowest i on izat ion 
potent ia l so that the react ion must a lways invo lve an excited state of the 
atom of highest i on izat ion potent ia l . Possible exceptions to this w o u l d 
be A r K r + , A r X e + , a n d K r X e + . I n the case of K r X e + a n d A r K r + the appear
ance potent ia l is close to the lower (2P^/2) state of xenon a n d k r y p t o n , 
respectively. F o r A r X e + the appearance potent ia l is qui te close to the 
h igher ( 2 P i / 2 ) state of xenon. If indeed , a state of the atom of l ower 
i on izat ion potent ia l is invo lved , it must be an ion ic state i f the appearance 
potentials are correct. Since the react ion of an i on w i t h a neutra l atom 
w o u l d be t h i r d order i n pressure a n d these reactions are second order, it 
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4 M A S S S P E C T R O M E T R Y I N I N O R G A N I C C H E M I S T R Y 

E L E C T R O N V O L T A G E 

Figure 1. Ionization efficiency curves 

seems certain that the reactions l ead ing to the formation of A r K r + a n d 
A r X e + are reactions of the excited argon, a n d that for the format ion of 
K r X e + involves excited krypton . 

I n a l l of the heteronuclear molecular rare gas ions the energy at 
w h i c h the i on appears is greater than one of its possible decomposit ion 
asymptotes. There is thus a p rob l em of understanding w h y such a 
molecular i o n should be stable. There seems no doubt that they are, a n d 
we th ink that F i g u r e 2 w i l l i l lustrate the reason. Cons ider the case of 
H e N e + . Presumably , the interact ion of N e + w i t h h e l i u m is repuls ive , 
whereas that of H e + w i t h N e is attractive. H o w e v e r , the noncrossing 
ru le , as i l lustrated i n F i g u r e 2, results i n a m i n i m u m i n the potent ia l 
energy curve w h i c h enables the i on to exist i n spite of its energy. 

I n T a b l e I the H e A r + i on has two appearance potentials. T h e upper 
one at 19.9 e. v. corresponds closely to the energy of the h e l i u m metastable 
atom. T h e i on izat ion efficiency curve shows a sharp change i n slope at 
this point . There is, however , a rather long t a i l to the curve w h i c h has a 
lower appearance potent ia l at a round 17.9 e. v. T h i s occurs i n an energy 
range for w h i c h there are no k n o w n states for either argon or h e l i u m , 
a n d it is diff icult to understand h o w an ion w i t h this appearance potent ia l 
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1. F R A N K L I N Studies of Chemionization 5 

is formed. T h i s was, however , a reproduc ib le value a n d presumably 
represented a rea l phenomenon. There has been some evidence b y mass 
spectrometrists employ ing electron beams of narrow energy spread w h i c h 
suggest that there are indeed states of argon i n the i on izat ion cont inuum, 
a n d one of these has been identi f ied i n the ne ighborhood of 18 e. v . ( 8 ) . 
Perhaps it is this state that is responsible for the lower appearance poten
t i a l of H e A r + . A s imi lar result is f ound w i t h N e X e + , whose appearance 
potent ia l at 16.0 volts is w e l l above the i on izat ion potent ia l of xenon a n d 
def initely be l ow the lowest state of neon. Presumably , s imi lar considera
tions w o u l d app ly , but there have been no excited states of xenon reported 
to our knowledge . 

T h e f o l l ow ing reactions thus appear to account for the various rare 
gas d iatomic ions : 

H e * + H e - » H e 2
+ + e (3) 

H e * + N e - » HeNe* + e (4) 

H e (2s»S) + A r - » H e A r + + e (5) 

A r * + H e -> HeAr* + e (?) (6) 

He(2s3S) + K r -> H e K r * + e (7) 

Ne* + Ne -> N e 2 * + e (8) 

Ne(3s»P) + A r -> N e A r + + e (9) 

Νβ(3ί»Ρ) + K r - » NeKr* + e (10) 

Xe* + Ne - » NeXe* + e (?) ( H ) 

A r * + A r -*• A r 2 * + e (12) 

A r * + K r -> A r K r * + e (13) 

A r * + X e ->· A r X e + + e (14) 

K r * + K r - » K r 2 * + e (15) 

K r * + X e - » K r X e + + e (16) 

Xe* + Xe - » X e 2
+ + β (17) 

T h e strength of the b o n d i n H e 2
+ has been estimated i n various ways 

w i t h results v a r y i n g f r om 0.05 e. v. to 2.2 e. v. Recent ly , Regan , B r o w n e , 
a n d M a t s e n (38) made a care ful a n d apparent ly def init ive ca l cu lat ion 
w h i c h shows D ( H e 2

+ ) to be at least 2.2 e. v. T h i s b o n d strength, i f 
correct, w o u l d suggest that the appearance potent ia l of H e 2

+ should be 
about 22.4 e. v. I n fact, as is seen i n T a b l e I , the appearance potent ia l is 
about 23.2 e. v., a n d the quest ion arises as to w h y the potent ia l is not 
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6 M A S S S P E C T R O M E T R Y I N I N O R G A N I C C H E M I S T R Y 

l ower a n d nearer to 22.4 e. v. T h e f o l l o w i n g relevant states of h e l i u m 
atom a n d their energies ( i n e. v . ) are k n o w n ( 3 3 ) : 

2*P, 21.22; 3»S, 22.72; 3 ^ , 22.92; 3*P, 23.01; 3*P, 23.09. 

A t least four of these have, sufficient energy to contr ibute to the 
format ion of the d iatomic ion . Recent ly , St. John et al. (39) have s tudied 
the cross-section for excitation of various electronic states of h e l i u m b y 
electron impact . T h e y find that a l l of the relevant states except 1 P states 
d r o p p e d to vanish ing ly smal l values at about the i on izat ion potent ia l of 
h e l i u m . T h e 1 P states show apprec iable cross sections at voltages con
s iderably be l ow the i on izat ion potent ia l ; hence, one concludes that i n a l l 
p r o b a b i l i t y it is the large cross section for excitation of the X P states that 
determine the appearance potent ia l of the d iatomic ion . T h u s , the 3 3 P , 
the 3*S a n d 3 3 S, w h i l e b e i n g energetical ly capable of react ion, are present 
at l o w energies i n such smal l amounts as to be undetectable . T h e 2 1 P 
state is of too l o w an energy to f o rm the d iatomic i on a n d thus, the 
appearance potent ia l is l i m i t e d to the 3*P state whose energy of 23.09 e. v. 
above the ground state corresponds closely to the average appearance 
potent ia l determined b y various mass spectrometrists for the d ia tomic ion. 
States of h igher energy m a y contr ibute but w o u l d not be detected at 
onset. 

U n t i l n o w the discussion has been l i m i t e d to rare gases. A l t h o u g h 
they have indeed p l a y e d a large part i n the development of this field, 
several other reactions have been reported i n v o l v i n g the rare gases w i t h 
other materials a n d indeed , invo lv ing atoms a n d molecules, exclusive of 
the rare gases. C e r m a k a n d H e r m a n (6 ) a n d C e r m a k (4) have reported 
several reactions of the rare gases w i t h mercury a n d of excited mercury 
atoms w i t h ammonia , methane, acetylene, a n d methanol , as w e l l as a 
react ion w i t h nitrogen i n w h i c h i t c o u l d not be determined w h i c h re -
actant was the excited entity. T y p i c a l reactions i n v o l v i n g mercury are 
l i s ted be low. 

Xe* + H g - » X e H g + + e 

K r * + H g K r H g + + e 

A r * + H g -> A r H g + + e 

(18) 

(19) 

(20) 

H g * + H 2 0 - » H g H 2 0 + + e 

H g * + N H * -> H g N H 3
+ + e 

(21) 

(22) 

H g * + C H 4 -> H g C H 4
+ + e (23) 

H g * + C 2 H 2 -> H g C 2 H 2 + e (24) 

H g * + C H 3 O H - » H g C H 4 0 + + e (25) 
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1. F R A N K L I N Studies of Chemionization 7 

M o r e recently H e r m a n a n d C e r m a k (17) have f ound that the react ion of 
argon a n d mercury (Reac t i on 20) involves the metastable state of argon. 

M u n s o n , F i e l d , a n d F r a n k l i n (34) have s tudied reactions of certain 
rare gases w i t h n i trogen a n d carbon monoxide , a n d F i e l d a n d F r a n k l i n 
(11) have s tudied reactions of the rare gases w i t h methane, acetylene, 
a n d other s imple gases. T h e latter observed the formation, b y chemion i 
zat ion reactions, of compounds of xenon w i t h methane, acetylene, oxygen, 
a n d water . T h e former reported reactions of argon, k r y p t o n , a n d xenon 
w i t h ni trogen a n d carbon monoxide . I n each case i t appeared to be the 
excited rare gas atom that attacked, a l though this conc lus ion is somewhat 
speculative. 

E Î 

Figure 2. Schematic representation for non-crossing rule 
for states of R ^ R / 

Perhaps the earliest studies of chemionizat ion were those of M o h l e r 
et al. (31, 32) of C s 2

+ a n d R b 2
+ . In these studies monochromat ic rad ia t i on 

f rom l ine spectra were passed into the vapor of C s or R b , a n d i on izat ion 
was detected at energies definitely be l ow the i on izat ion potent ia l of the 
a l k a l i atom i n question. S imi lar studies e m p l o y i n g rad ia t i on have recently 
been made b y L e e a n d M a h a n ( 2 7 ) , w h o conf irmed the results of M o h l e r 
et al. a n d also observed the formation of K 2

+ b y chemionizat ion . 
I n further studies M u n s o n , F i e l d , a n d F r a n k l i n (34) observed N 4

+ 

a n d C 2 0 2
+ respect ively i n nitrogen a n d carbon monoxide. B o t h exhib i ted 

ion izat ion efficiency curves h a v i n g the characterist ic sharp m a x i m u m a 
f e w volts above the onset for f o rming the product ion . F r o m the shape 
of the curve i t was suspected that an excitat ion process was i n v o l v e d a n d 
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8 M A S S S P E C T R O M E T R Y I N I N O R G A N I C C H E M I S T R Y 

thus that the ions resulted f rom a chemionizat ion reaction. These ions 
exhib i ted second-order dependence on pressure, a n d their intensities were 
independent of field strength; hence, they are c lear ly f o rmed b y a 
chemionizat ion reaction. T h e N 4

+ a n d C 2 0 2
+ ions were present i n rather 

smal l intensities even at 300 microns pressure. W h e n the pressure was re
d u c e d to 70 -80 microns, they cou ld no longer be detected. If, at this pres
sure of n i trogen, argon was then added i n approximate ly equa l amounts, 
N 4

+ reappeared a n d along w i t h i t A r N 2
+ was observed. A pressure study 

showed that A r N 2
+ depended on the first power of the pressure of each 

reactant a n d that N 4
+ depended on bo th the first power of the argon 

pressure a n d second power of ni trogen pressure. F u r t h e r , N 4
+ f ormat ion 

depended u p o n field strength, suggesting that an ion-molecule react ion 
was invo lved . C l e a r l y then, the N 4

+ appears to have been f ormed f rom 
the A r N 2

+ i on . T h e appearance potentials a l l correspond to that of A r 2
+ , 

a n d indeed the A r 2
+ i on is reduced as the ni trogen pressure increases. 

T h u s , i t is evident that the same states w h i c h lead to A r 2
+ l e a d also to 

A r N 2
+ . T h e sequence of reactions w o u l d then appear to be as fo l lows : 

A r * + A r -> A r 2
+ + e (26) 

A r * + N 2 -> A r N 2
+ + e (27) 

A r N 2
+ + N 2 -> A r + N 4

+ (28) 

S i m i l a r considerations a p p l y to reactions of k r y p t o n a n d C O . 
A l o n g s imi lar l ines C e r m a k (5) has reported the format ion of N 3 0 + 

i on b y a chemionizat ion process i n v o l v i n g react ion of excited N 2 w i t h 
N O accord ing to React ion 29. 

N 2 * + N O - » N 8 0 + + e (29) 

T h e i on izat ion efficiency curve showed the same general shape as that 
for N 4

+ , reported b y M u n s o n , F i e l d a n d F r a n k l i n (34). H e r m a n a n d 
C e r m a k (17) have also reported the react ion of excited C O w i t h sod ium 
a n d potassium vapors to give the ions C O N a + or C O K + b y chemionizat ion . 
Recent ly K e e n a n a n d C l a r k e (23) have reported Reac t i on 30. 

H 2 * + H 2 ^ H / + H + e (30) 

T h i s was a qui te surpr is ing result since the format ion of H 8
+ h a d p r e v i 

ously been considered to arise on ly f rom the react ion : 

H 2
+ + H 2 - » H 3

+ + H 

S i m i l a r l y , K o y a n o et al. ( 2 5 ) , us ing photoexcitat ion have observed the 
format ion i n acetylene of C 4 H ^ + a n d C 4 H 2

+ b y chemionizat ion at energies 
w e l l be l ow the ion izat ion potent ia l of acetylene. These ions h a d p r e v i 
ously been observed on ly i n ion-molecule reactions between C 2 H 2

+ a n d 
C 2 H 2 . 
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1. F R A N K L I N Studies of Chemionization 9 

Rates of Chemionization Reactions 

I n studies of ion-molecule reactions it is re lat ive ly s imple to obta in 
expl ic i t determinations of react ion rate because the mass spectrometer 
c lear ly identifies a n d provides quant i tat ive analysis for b o t h reactant a n d 
product ions. Unfor tunate ly , i n chemionizat ion processes the reactant is 
not charged a n d , hence, cannot be observed d irect ly . T h e reactant must 
be in ferred f rom other observations, a n d its quant i tat ive measurement 
must be obta ined ind irec t ly . T h e most obvious approach is to relate the 
intensity of the d ia tomic i o n to that of the monatomic i o n w h i c h cannot 
undergo react ion at moderate pressures. D a h l e r et al. (10) employed 
this device i n s tudy ing the rates of chemionizat ion reactions of h e l i u m , 
neon, a n d argon to f o rm the d iatomic ions. T h e y considered the react ion 
mechanism to be is fol lows. 

κ 

A r + e - > A r * + e (31) 

A r + e - » A r + + 2e (32) 

A r * -> U A r + h v 

(33) 

Κ 
A r * + A r - » A r 2

+ + e (34) 

A s s u m i n g the steady state to a p p l y to A r * w e find 

< ^ > = ί £ τ $ £ ) ( 3 5 ) 

W h e r e L refers to electron current 

« £ 2 _ W A , ) (36 , 

d ( A r ' ) 
dt 

= * & ( A r ) (37) 

D i v i d i n g (36) b y (35) a n d reca l l ing that jr = — where σ is cross-section, 

w e find 

d(Ar+ 

d(Av2
+ 

Since ( A r + ) a n d ( A r 2
+ ) are independent of each other, w e can wr i t e 

( A r 2
+ ) σ.|_ W A r ) J ' A r 2 * v 
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10 M A S S S P E C T R O M E T R Y I N I N O R G A N I C C H E M I S T R Y 

where w e assume the observed i on intensities are proport iona l to concen
trat ion a n d w i t h the same constant of proport ional i ty . 

7 A r + 

F r o m E q u a t i o n 39 it w i l l be observed that a plot of 7 - r — - against the 

rec iproca l of pressure shou ld give a straight l ine whose intercept is — 

a n d whose slope is — . Plots of experimental data d i d indeed give 
straight l ines, a n d i n T a b l e I I the results of D a h l e r et al. (10) for b o t h 
the rat io of cross sections and . the product of krrn are reported. F r o m 
these results, however , there is no w a y to determine rn a n d kr separately. 
Reasonable values of tu w o u l d be i n the range of 10" 6 to 10" 8 seconds so 
that kr w o u l d necessarily be i n the range of 10" 1 0 to 10" 8 c c . /mo lecu le sec. 
S u c h rate constants w o u l d be comparable to those for ion-molecule reac
tions or at the upper l i m i t w o u l d exceed b y 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 σ^/σι k r T „ Χ 1016 

H e 0.06 0.58 
Ne 0.01 11. 
A r 0.055 3.6 

I n the studies of D a h l e r et al. (10) there was no w a y to v a r y the 
t ime of react ion, a n d this necessarily l i m i t e d the in format ion that c o u l d 
be obta ined concerning rates. L a m p e a n d Hess (26) a n d later Becker 
a n d L a m p e ( J , 2) extended the study of argon b y us ing a t ime-of- f l ight 
mass spectrometer capable of pu l s ing the electron b e a m a n d i on draw-out 
potent ia l . I n this study they cou ld , at various pressures, de lay the d r a w -
out pulse a n d hence vary react ion t ime i n the i on izat ion chamber. A s a 
result they c o u l d obta in expl ic i t measurements of react ion rates. T h e 
f o l l o w i n g equations deve loped this re lat ionship , based u p o n the m e c h a 
n i s m of D a h l e r et al. (10) ( E q u a t i o n s 31-34) . Since the electron pulse 
is of short durat ion , it can reasonably be assumed that excited atoms are 
f o rmed w i t h o u t react ion a n d then decay b y Reactions 33 a n d 34. W e can 
then w r i t e 

~ d ^ r > ) = [ * « - | - * r ( A r ) ] ( A r * ) (40) 

w h i c h integrates to 

(Ar*) = (Ar* )o exp [ - [ * „ + M A r ) ] f ] 

d ( A r 2
+ ) = f e r ( A r * ) 

(41) 

(42) 
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1. F R A N K L I N Studies of Chemionization 11 

subst i tut ing E q u a t i o n 41 into E q u a t i o n 42 a n d integrat ing 

(Ar 2+) = *jg£jt2^ [1 - exp [*. + * r ( A r ) ] f ] (43) 

( A r * ) 0 = ^ ( A r - ) 0 = ^ ( A r * ) (44) 
Kl σι 

A r + b e i n g incapable of react ion at the l o w pressures employed . F i n a l l y , 
then 

^ = i ^ 0 B ^ n l l ^ l k " + l A M m ( 4 5 ) 

( Ar<>+ ) 
O b v i o u s l y , studies of ^ r + ) ( A r ) against t ime at various pressures w i l l 

permit separation of ku ^ a n d kr. L a m p e a n d Hess (26) emp loyed 

the va lue of σ Γ /σ* D a h l e r et al (10) obta ined b y the steady-state method , 
together w i t h their o w n results to obta in values of kr = 4.3 Χ 10" 1 0 cc. 
molecule" 1 cm. " 1 a n d ru = 4.76 ± 0.45 Χ 10" 7 sec. T h e product is i n 
reasonable agreement w i t h that of D a h l e r et al (10). C e r m a k a n d H e r 
m a n ( 7 ) , us ing a b e a m of excited rare gas atoms f ound apprec iable n u m 
bers of l ong l i v e d ( ^ 1 0 * sec.) excited atoms w i t h states approach ing 
i n energy to the ion izat ion potent ia l . Q u a l i t a t i v e l y this supports the ob 
servations of L a m p e (1, 2, 26). 

Table III. Rate Constants for Various States Leading to A r 2
+ 

Electron k r Χ 109 τ„, σ<» χ iQ2 
Energy, e.υ. cc/molecule/sec. micro sec. 

18 1.7 ± 0.2 0.77 ± 0.07 3.0 ± 0.6 
28 2.0 ± 0.1 0.55 ± 0.03 0.55 ± 0.15 
65 1.3 ± 0.2 0.33 ± 0.05 0.34 ± 0.4 

Several investigators have recently reported evidence for the p a r t i c i 
pat i on of several excited states i n f o rming d iatomic ions of the rare gases. 
K a u l (19) observed three states of argon l ead ing to A r 2

+ , Comes (8) 
reported two peaks i n the ion izat ion efficiency curve for A r 2

+ , a n d M e l t o n 
a n d H a m i l l (28), e m p l o y i n g an R P D method , f ound three states of argon 
a n d of k r y p t o n l ead ing to their respective d iatomic ions. Becker a n d 
L a m p e (1, 2) obta ined ion izat ion efficiency curves for A r 2

+ at several 
de lay times. T h e y f o und three m a x i m a i n each c u r v e — a sharp one at 
18 e. v., a somewhat broader one at about 28 e. v., a n d a very b r o a d one 
at about 65 e. v. These m a x i m a suggest that three states (or sets of 
states ) are contr ibut ing to the format ion of A r 2

+ . F u r t h e r , w i t h increasing 
de lay ( react ion) t ime the peaks var i ed i n re lat ive intensity , the 18 e. v . 
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12 M A S S S P E C T R O M E T R Y I N I N O R G A N I C C H E M I S T R Y 

one becoming increasingly prominent a n d the 65 e. v. one becoming p r o 
gressively smaller. T h e contributions of the various states were not c o m 
plete ly separable, but a p p l y i n g a rate treatment s imi lar to that of L a m p e 
a n d Hess ( E q u a t i o n s 40-45) gave reasonable results for the l i fetimes a n d 
react ion rate constants of the three states invo lved . T h e i r results are 
g iven i n T a b l e I I I . 

Ions in Flames 

F l a m e s f ormed b y combust ion of hydrocarbons w i t h a ir or oxygen 
contain an abundance of ions, whereas hydrogen-oxygen flames have few 
ions, i f any. I n neither case is the temperature sufficiently h i g h to b r i n g 
about ion izat ion thermal ly , a n d so one must conc lude that i on izat ion 
results f rom chemica l reaction— i .e . , f r om chemionizat ion . T h e exact 
nature of the reaction has not been established, but i n m a n y cases free 
radicals f ormed f rom hydrocarbons seem to be invo lved . T h i s suspic ion 
is strengthened b y the fact that a d d i n g a smal l amount of hydrocarbon 
to a hydrogen-oxygen flame brings about a great increase i n ion izat ion . 

I n a l l flames i n v o l v i n g hydrogen or hydrocarbons the most abundant 
i o n is H 3 0 + f o l l owed b y N O + w h e n nitrogen or n i trogen-containing fuels 
are present. I n add i t i on , m a n y hydrocarbon ions are usual ly present, one 
of the most interesting be ing 0 3 Η 3

+ , w h i c h is suspected of h a v i n g a cyc l i c 
structure. T h e subject of ions i n flames has been extensively s tudied (24, 
40, 42) a n d w i l l not be rev i ewed here. H o w e v e r , most scientists c on 
cerned w i t h the prob lem now th ink that chemionizat ion produces the 
i n i t i a l ions a n d that these then react w i t h various neutra l molecules a n d 
free radicals present to produce various ionic species. 

A l t h o u g h the exact nature of the i n i t i a l react ion has not been estab
l i shed , there is some evidence a n d a considerable b o d y of op in ion that 
the i n i t i a l react ion is (3, 12, 41) 

C H + Ο - » C H O + + e (46) 

T h e C H O + i on can react w i t h water as fo l lows 

C H O + + H 2 0 - » C O + H : i O + (47) 

a n d w i t h other hydrocarbons a n d oxygen conta in ing compounds i n a 
var iety of ways . 

Ion izat ion has also been observed in other types of flames or h i g h 
temperature environments. T h u s , G a t z et al. (15, 16) have f o u n d that 
ions are formed w h e n N O is added to the nitrogen afterglow a n d have 
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1. F R A N K L I N Studies of Chemionization 13 

at tr ibuted their format ion to chemionizat ion , p r o b a b l y to one of the 
f o l l o w i n g reactions: 

N 2 * + Ν + Ο -> N 2 + Ν Ο + + e (48) 

2 Ν + N O * - » N 2 + N O + + e (49) 

N 2 * + N O * - » N 2 + N O + + e (50) 

G a t z et al. (14) have also observed ces ium ions w h e n ces ium was present 
i n the nitrogen afterglow a n d attr ibute i t to React ion 51. 

2 N + Cs - » N 2 + C s + + e (51) 

I n this laboratory w e have f o und that i on izat ion occurs w h e n benzene is 
a d d e d to the nitrogen afterglow, but neither the ions nor the process of 
their format ion has been identi f ied. Ions also occur i n shock waves a n d 
p r o b a b l y are f o rmed b y chemionizat ion . H o w e v e r , the scope of this paper 
does not permit a discussion of these processes. 
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Ion-Molecule Reactions Involving 
Pentaborane 

G . R. HERTEL1 and W . S. KOSKI 

The Johns Hopkins University, Baltimore, M d . 

In attempting to rationalize some results obtained with rare 
gas sensitizing agents in the radiolysis of B5H9, some ion
-molecule reactions of D+, D2+, 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 D2+ 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. 

V V T h e n certain boron hydr ides are i rradiated , new products are f o rmed 
b y the c oup l ing of h y d r i d e fragments ( 3 ) . I r rad iat ion of penta -

borane-9, for example, leads to decaborane-16 apparent ly f rom the cou 
p l i n g of two B r , H 8 fragments. Studies of the effects of a scavenger ( i od ine ) 
a n d sensitizers ( the rare gases) have l e d to the proposal of a mechanism 
( 8 ) . T h e observed products are be l ieved to arise f r om the various free 
radicals a n d fragments p r o d u c e d as the f o l l ow ing scheme suggests: 

B H + B 5 H 9 = B H 2 + Β Γ ) Η 8 (1) 

B H 2 + B ; , H 9 = B H 3 + B 5 H 8 (2) 

2 B H 3 = B 2 H 6 (3) 

2Β Λ Η 8 = B 1 0 H l e (4) 

' Present address: Oak Ridge National Laboratory, Oak Ridge, Tenn. 
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16 M A S S S P E C T R O M E T R Y I N I N O R G A N I C C H E M I S T R Y 

W h e n an excess of a rare gas is added , the deuteron beam ionizes 
a n d excites the rare gas atoms w h i c h subsequently transfer energy to the 
pentaborane molecules via a variety of processes. A s the rare gas, a n d 
thus the energy avai lable to the pentaborane, is v a r i e d f rom xenon to 
h e l i u m , more fragmentat ion is expected to result w h i c h w i l l have a corre
sponding effect on the products . W i t h h e l i u m , the diborane y i e l d is at 
a m a x i m u m . T h e y i e l d decreases as the rare gas is changed to neon, 
argon, k rypton , a n d xenon. T h e decaborane-16 y i e l d experiences a b r o a d 
m i n i m u m at argon. W h e n H e , N e , a n d A r were used, smal l amounts of 
tetraborane-10 a n d hexaborane-10 were produced . I n add i t i on , hydrogen 
gas a n d so l id po lymer i c materials were produced i n a l l the radiolysis 
experiments. 

I n a complex radiolysis such as this , m u c h can be learned b y v a r y i n g 
the components of the reaction mixture a n d the condit ions under w h i c h 
the react ion takes place, but it w o u l d be of considerable interest to be 
able to isolate some of the specific reactions w h i c h m a y contr ibute to the 
produc t i on of the final products . I n this study, a two stage, or tandem 
mass spectrometer is used to study some possibly pert inent ion-molecule 
reactions i n v o l v i n g pentaborane. 

Experimental 

T h e instrument used i n the experiments has been descr ibed else
where (4, 10). It consists of two mass spectrometers i n tandem. T h e 
p r i m a r y beam of desired ions is p roduced a n d selected b y the first spec
trometer, accelerated or decelerated to the desired energy ( f r om 2 to 
200 e. v.) a n d focused into the react ion chamber conta in ing pentaborane-9. 
T h e ionic react ion products are extracted f rom the react ion chamber at 
an angle of 90° to the p r i m a r y b e a m d irec t ion a n d ana lyzed b y the second 
mass spectrometer. 

T h e rare gas ions, D + a n d D 2
+ , were used to b o m b a r d pentaborane-9 

i n the energy range 2-200 e. v. to see w h a t further in format ion c o u l d be 
learned about the radiolysis reactions of pentaborane. 

Results and Discussion 

T a b l e I lists the relat ive abundances of the ionic products observed 
w h e n pentaborane is b o m b a r d e d w i t h 10 e. v. rare gas ions. X e n o n is 
f o u n d to produce re lat ive ly l i t t le fragmentation, as expected, since the 
recombinat ion energies are l ow . T h e ionizat ion potent ia l of Β δ Η 9 is 
10.4 e. v., a n d the significant recombinat ion energies of X e + are 12.13 e. v. 
(2P:V-0 a n d 13.44 e. v. ( 2 F i / 2 ) . E n e r g y avai lable for the fragmentat ion 
of the B r ,Ho + i o n u p o n charge transfer, then, is 1.7 e. v. or 3.0 e. v. depend
i n g u p o n the i n i t i a l energy state of the X e + i on . K r y p t o n w i t h its h igher 
RE's of 14.00 e. v. a n d 14.67 e. v. changed the d i s t r ibut ion of ions t o w a r d 
more fragmented species. W i t h argon, the major product is B 4 H 4

+ , a n d 
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2. H E R T E L A N D KOSKi Pentaborane 17 

there is substantial fragmentation. N e o n a n d h e l i u m p r o d u c e d large 
amounts of h i g h l y fragmented species. 

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

Ion Xe Kr Ar Ne He 

B 5 H 7 73 
Br>Hc 2 1 
B 5 H 5 20 76 18 
B 5 H 4 8 11 7 

B5H3 <1 25 8 7 
B 5 H 2 24 23 
B 5 H 3 3 8 
B 5 

6 15 
B 4 H 6 3 <1 
B 4 H 5 <1 2 8 
B 4 H 4 2 20 31 3 
B 4 H 3 <1 19 11 

B4H0 <1 2 11 4 
B 4 H <1 1 13 
B 4 

1 3 
B 3 H 4 <1 2 
B 3 H 3 2 4 4 
B 3 H 2 <1 6 3 
B 3 H 2 
α Kinetic energy of rare gas ions = 10 e.v. 

Qual i ta t ive ly , the observed data can be reconc i led w i t h the proposed 
mechanism. W h e n l i t t le fragmentation of the pentaborane occurs, as i n 
the case of X e + i on bombardment , very few B H radicals are formed, a n d 
since B H is the key to formation of the diborane a n d decaborane-16 i n 
the proposed mechanism, the y i e l d of products is smal l . A s the rare gas 
is var i ed a n d the energy avai lable to the pentaborane increases, the p r o b a 
b i l i t y of B H r a d i c a l format ion rises, a n d the yie lds of d iborane a n d 
decaborane-16 reflect this increase. T h e extensive fragmentat ion noted 
can easily account for the large y i e l d of hydrogen observed i n the rad io ly 
sis experiments. O t h e r minor observations can be tentat ively expla ined 
f r o m the rare gas ion-pentaborane data , bu t other than not ing that the 
fragmentat ion was greater than pred ic ted i n a l l cases, the on ly conc lus ion 
to be d r a w n f rom the mass spectrometric data is that the proposed 
mechanism is a poss ib i l i ty , but the system is complex. 

O n l y the role of posit ive ions has been considered i n this study. It 
is k n o w n that pentaborane a n d other boron hydr ides f o rm negative ions. 
T h e role that such ions m a y p lay i n the radiolysis process is not k n o w n 
but c o u l d be significant. 
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T h e rare gas ion-pentaborane data taken over a n energy range of 
2 -200 e. v. a long w i t h the reported appearance potentials (5 ) of the 
various pentaborane fragments were used to construct b r e a k d o w n curves 
f o l l o w i n g the procedure used b y L i n d h o l m a n d his co-workers (1, 2, 6, 
9,11). 

A compl i cat ion of this scheme is the existence i n m a n y cases of more 
than one important recombinat ion energy. T h i s is unfortunately true for 
a l l of the rare gases w i t h the exception of h e l i u m . L i n d h o l m has s tudied 
this p rob l em extensively a n d has determined recombinat ion energies for 
m a n y ions. H e is often able to assign a specific i o n fragment product to 
a specific recombinat ion energy of the b o m b a r d i n g i on i n the course of 
construct ing b r e a k d o w n curves. Since w e were at tempt ing to use a 
l i m i t e d amout of data ( f rom on ly five p r i m a r y ions) to estimate the break
d o w n pattern of a rather pecul iar a n d l i t t le s tudied molecule , w e c o u l d 
not separate the effects of rare gas ions i n the 2 P » / 2 a n d 2 F i / 2 states. T o 
estimate the b r e a k d o w n curves, the two values for each i on were averaged. 
T h e on ly case i n w h i c h the difference is sizeable enough to create a 
p r o b l e m is that of xenon. T h e result ing curves do not reflect any anoma
lies caused b y the averaging procedure a l though, i n v i e w of the later 
results of D + a n d D 2

+ bombardment , it is unfortunate that a more rigorous 
representation of the b r e a k d o w n curves i n the energy range of 12 -14 e. v . 
is not avai lable . T h e result ing, admit ted ly rough, estimates are shown i n 
F i g u r e 1. D a t a were taken over a p r i m a r y i on energy range of 2—200 e. v., 
a n d i t was observed that the relat ive abundances of the pentaborane 
fragment ions var i ed s lowly w i t h the k inet i c energy of the p r i m a r y i o n 
b e a m (4). T h e so l id l ine segments i n F i g u r e 1 represent the exper imen
ta l l y determined points a n d i l lustrate the effects of the p r i m a r y i on energy 
range. 

F r o m these curves it is possible to predic t the relat ive yields of ions 
expected w h e n b o m b a r d i n g pentaborane w i t h other ions—e.g., D + a n d 
D 2

+ . D + has a recombinat ion energy of 13.5 e. v.; thus, the expected d i s t r i 
b u t i o n of ions w o u l d be no parent peak, l i t t le or no B r , H 7

+ , a large a n d 
r a p i d l y increasing amount of B 5 H 5

+ , less than 2 0 % B 4 H 4
+ , a n d smal l 

amounts of B 4 H e
+ a n d B 5 H< {

+ . Instead, one finds that the parent i on , 
B 5 H 9

+ , accounts for over 1 0 % of the products ; B 5 H 7
+ , over 1 6 % ; ΒδΗ.-,+, 

4 5 % ; B 4 H 4
+ , about 8 % ; smal l amounts of other ions are also present. T h e 

results at various inc ident i on energies are tabulated i n T a b l e I I , a n d 
the average results are shown i n F i g u r e 2a. O b v i o u s l y , D + does not 
transfer its f u l l increment of energy u p o n co l l is ion w i t h B 5 H 9 , i m p l y i n g 
that s imple charge exchange is not the only mechanism operating. W h a t 
are the processes w h i c h c o u l d be invo lved? It is diff icult to ascertain, 
but some possibi l it ies are (1 ) h y d r i d e i on transfer w i t h H D formation, 
( 2 ) D + - H exchange, (3 ) a n ion-molecule type reaction— i .e . , an int imate 
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Figure 1. Breakdown pattern of B5HU. The rehtive abundances 
of fragment ions are plotted as a function of the excitation energy. 
Solid line segments represent the experimentally determined 

points 

co l l i s ion , (4 ) charge transfer, as ment ioned, a n d w h i c h cannot exp la in 
the observed results i n v i e w of the rare gas i on results, a n d (5 ) field 
ion izat ion . 

Transfer of a h y d r i d e i on w o u l d leave an excited B 5 H 8
+ i on w h i c h 

c o u l d undergo extensive decomposit ion since the m a x i m u m energy a v a i l 
able f r o m such a process w o u l d be more than that avai lab le f r om s imple 
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charge transfer (—18 as opposed to 13.5 e. v . ) . T h i s c o u l d account for 
such ions as B 5 H 2

+ , B 5 H H
+ , a n d B r , H 4

+ , as w e l l as some of the B 4 H n
+ ions 

w h i c h require more energy than that avai lable f r om D + (note the K r 
results where none of these ions is f o r m e d ) . M o m e n t u m c o u l d be trans
ferred b y the H " a n d the energy avai lable to the pentaborane fragment 
reduced to give an even greater spread i n product ions. T h i s cannot 
account for f ormat ion of the parent i on i n any wa y , however . 

Table II. Relative Abundances of Product Ions from 
D + + B5H9 Reaction at Various D + Energies 

D+ Incident Ion Energy (e. υ.) 

Ion 140 100 40 10 2 

12.2 11.0 11.8 9.8 11.0 
B 5 H 7

+ 23.8 16.6 16.3 17.3 11.4 
B 5 I V 0.9 5.4 3.5 0.5 3.7 

B5IV 40.5 34.3 43.1 47.4 52.3 
B 5 H 4

+ 6.8 11.2 3.8 5.0 — 
B 5 H 3

+ 3.1 3.5 6.5 3.7 7.0 
B 5 H 2

+ 3.3 5.0 1.3 3.2 0.8 
B 5 H + 0.2 1.1 0.5 — 2.7 
B 5

+ — — 0.4 — — 
B 4 H 6

+ — — 2.0 tr — 
B 4 H 5

+ tr 2.8 1.3 2.6 4.9 
B 4 H 4

+ 8.7 6.3 7.6 8.5 6.5 
B 4 H 3

+ 1.0 1.8 1.1 1.3 — 
B 4 H 2

+ — 1.3 0.7 0.8 — 

A n exchange type react ion i n w h i c h the D + i on replaces an Η atom 
w o u l d lead to a parent i on w i t h a mass of 65. T h i s was not observed. T o 
account for the 64 peak, the D + w o u l d have to replace two hydrogen 
atoms, but this is just another w a y of saying that an ion-molecule react ion 
is t a k i n g place. T h e existence of such an i on as B 5 H 7 D + (mass 64) is 
diff icult to accept since the existence of a stable B 5 H 8

+ is questionable i n 
the electron spectrum a n d was not observed i n any of the rare gas i o n 
experiments. 

Next , consider the case of an int imate encounter i n w h i c h the d e u 
t e r i u m i on is neutra l i zed a n d leaves, apparent ly i n some cases, before 
any excess energy can be red is tr ibuted among the bonds of the B 5 H 9

+ . 
T h e deuter ium atom must necessarily carry off some of this excitat ion 
energy as k inet i c energy or else the parent ion w o u l d not be observed. 
Rosenstock (7 ) has noted that the fract ion of the energy go ing to the i o n 
depends on the mass of the product i on a n d the mass of the product 
neutra l ; hence, i f one assumed that the deuter ium i o n interacted w i t h 
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2. H E R T E L A N D KOSKi Pentaborane 21 

the entire mass of the B 5 H 9 molecule ( a n u n l i k e l y s i tuat ion) on n e u t r a l i 
zat ion , the deuter ium atom c o u l d depart w i t h as m u c h as 9 7 % of the 
avai lab le energy. T h e d i s t r ibut ion of products w o u l d then indicate the 
excess energy i m p a r t e d to the pentaborane. 

UJ 
u 
ζ 
< 
Û 
ζ 
D 
ω 
< 
Lu 
> 

< 
-I 
Ld 
cr 

5 0 

4 0 

3 0 

2 0 

10 

0 

4 0 

3 0 

2 0 

I 0 

0 

3 0 
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I 0 

- ( α ) 

- D + I O N B O M B A R D M E N T 

Ί 1 ι 1 • . . . 1 . . 

6 3 

— 

- c b ) 

-
D+ I O N B O M B A R D M E N T 

1 1 1 ι 1 . . . . ι 1 . . 

( C ) 

7 0 v . E L E C T R O N 

B O M B A R D M E N T 

I I I I I · 
5 9 5 7 5 5 5 0 4 8 

+++ 
4 6 j 4 4 

6 4 6 2 6 0 5 8 5 6 

M A S S 

4 9 4 7 4 5 

Figure 2. Monoisotopic mass spectra of B5H9 produced 
by D+, D / and 70 e.v. electron bombardment 

A n o t h e r possible mechanism w h i c h c o u l d expla in the preponderance 
of parent i on w h e n the b o m b a r d i n g projecti le is a smal l i o n is field i o n i z a 
t ion . I n int imate encounters of molecules w i t h smal l ions, the electric 
field close to such an i on can be large enough to cause field i on izat ion of 
the molecule b y a q u a n t u m mechanica l tunne l l ing process. I n the pres
ence of such fields, i on izat ion results w i t h predominant ly the parent ions 
w i t h f ew fragment ions. T h i s phenomenon appears to be at least q u a l i 
tat ive ly compat ib le w i t h the results observed w i t h D + i n this study. 
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Table III. Relative Abundances of Product Ions from 
D 2

+ + B5H9 Reaction at Various D 2
+ Energies 

D2
+ Incident Ion Energy (e. v.) 

Ion 200 100 40 10 2 
B 5 H 9

+ 15.3 13.3 13.4 15.5 14.9 
B 5 H 8

+ 0.9 5 1.1 1.8 0.4, 1.6 
B 5 H 7

+ 19.8 17.6 16.4 16.3 14.8 

B5IV 1.7 3.3 3.2 3.7 4.3 
32.5 35.2 38.2 37.8 37.3 

B 5 H 4
+ 3.8 3.5 2.4 4.9 3.9 

ΒδΗ 3
+ 5.8 6.6 8.3 6.1 6.0 

B 5 H 2
+ 2.1 1.7 o . i 8 

0.3 χ 1.0 
Β δ Η + 0.95 0.5 6 0.3, 0.8, — 
B 5

+
 + 1.8 1.3 0.5 0.00 0.6 

B 4 H 6
+ 1.0 1.3 1.0 1.1 1.5 

B 4 H 5
+ 1.3 1.3 1.9 1.8 3.1 

B 4 H 4
+ 8.1 8.8 9.3 9.5 8.4 

B 4 H 3
+ 0.64 1.2 1.2 0.37 1.3 

B 4 H 2
+ 1.6 0.9 e 0.34 0.78 0.5! 

B 4 H + — 0.3 6 0.2., 0.17 0.1 2 

B 4
+
 + 0.5 0.08 0.27 0.0 ! — 

B 3 H 6
+ 0.2 0.21 0.20 0.06 0.10 

B 3 H 5
+ 0.18 0.10 0.08 0.09 0.16 

B 3 H 4
+ 0.17 0.29 0.21 0.09 0.08 

B 3 H 3
+ 0.72 0.37 0.27 0.13 0.28 

B 3 H 2
+ 0.23 0.44 0.16 0.06 — 

B 3 H +
+ 0.17 — 0.02 — — 

B 2 H 6
+ 0.28 0.16 0.19 0.07 0.13 

B 2 H 5
+ 0.03 0.10 0.08 0.03 0.07 

B 2 H 4
+ 0.08 0.02 0.05 0.02 0.03 

B 2 U 3
+ 0.10 0.07 0.02 0.01 — 

B 2 H 2
+ 0.06 0.05 0.03 — — 

T h e react ion was also r u n us ing D 2
+ ions, a n d s imi lar results were 

obta ined ( T a b l e I I a n d F i g u r e 2 b ) . I n this case, there was a n even 
greater d i s t r ibut ion of products , but an explanat ion is m u c h more read i ly 
avai lable . A c c o r d i n g to L i n d h o l m ( 2 ) , the recombinat ion energy of H 2

+ 

is ac tual ly a c o n t i n u u m beg inn ing at the normal ly accepted va lue for the 
i on izat ion potent ia l of 15.44 e. v. a n d extending upwards several e. v. 
w i t h a b road m a x i m u m probab i l i t y for transitions between 16.4 a n d 17.1 
e. v. There also exist recombinat ion energies of importance between 13 
a n d 14 e. v. a n d around 11 e. v. (11). S u c h a variety of avai lable energies 
m a y w e l l account for the d i s t r ibut ion of products i n the D 2

+ b o m b a r d 
ments. 

T h e spectra obta ined i n these deuter ium i on reactions are compared 
to the electron spectrum (5 ) i n F i g u r e 2. It is obvious that the energy 
impar ted to the pentaborane i n the D + a n d D 2

+ reactions does not have 
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2. H E R T E L A N D KOSKi Pentaborane 23 

the same w i d e d i s t r ibut ion that the electron spectrum impl ies . Rather , 
the distr ibut ions appear to peak more sharply i n the Β δ Η δ

+ region. 
These results w i t h deuter ium ions suggest that one should perhaps 

reconsider the H e data where the mass is also l ow. It is possible that the 
h e l i u m data are " m i s p l a c e d " on the b r e a k d o w n curves a n d that the ac tua l 
energy impar ted to the pentaborane varies over a w i d e r range t h a n that 
shown. Since the recombinat ion energy of H e + is so h i g h a n d fragmenta
t i on is so extensive, any evidence of such behavior is obscured a n d cannot 
be detected i n the rough estimate of the b r e a k d o w n pattern i n F i g u r e 1. 

T h e data i n T a b l e I indicate that fragmentat ion of Β δ Η 9 does not 
v a r y smoothly as one proceeds through the rare gases. C o n t r a r y to w h a t 
one m a y expect solely on the basis of the magnitudes of the energy 
defects, neon produces more extensive fragmentat ion than h e l i u m . T h i s 
c o u l d be expla ined on the basis of the foregoing discussion that a field 
i on izat ion mechanism is operat ing i n this case and , consequently, less 
extensive fragmentat ion of the B 5 H <) occurs. 

W h a t e v e r the mechanism invo lved , i t appears that the procedure of 
construct ing b r e a k d o w n patterns f rom posit ive i on bombardment data 
must be approached w i t h caut ion . 
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3 
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+ = NH4+, H3O+, Na+ and S = NH3 and 
H2O are described. The comparative solvation of Cl-, BCl-, 
and B2Cl- by water is described. In a study of the competi
tive solvation of CH3OH2+ 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. 

Ο tudies of ion-solvent molecule interactions i n solut ion date back to the 
^ beg inn ing of phys i ca l chemistry a n d represent a major field i n c h e m i 
c a l research. I n contrast, the systematic study of ion-solvent molecule 
interactions i n the gas phase is on ly a f ew years o l d (10, 12). I n this 
paper we hope to show that a great w e a l t h of significant in format ion on 
ion-solvent molecule interactions can be obta ined f rom the study of 
ion-solvent molecule clusters A + · nS or B " * nS i n the gas phase. A + or B " 
is any posit ive or negative i o n , a n d S is a solvent molecule— i .e . , a mole 
cule w i t h a h i g h d ipo le moment . 

T h e mass spectrometric gas phase studies are based on measurement 
of the relat ive concentrations of the c lustered ion ic species: A + · nS, 
A + * ( n + l ) S etc. T h e measurement of the re lat ive concentrations is 
ob ta ined b y b l eed ing a probe of the gas into an i o n mass analysis system 
—i.e., a v a c u u m chamber attached to a mass spectrometer. I n the v a c u u m 

24 
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3. K E B A R L E Gas Phase 25 

chamber the gas is p u m p e d out w h i l e the ions are captured b y electric 
fields, accelerated, focused, a n d mass ana lyzed b y some convent ional 
means ( magnet ic separation, quadrupo le filter, etc. ). A f t e r mass analysis, 
the i o n b e a m intensities are detected as e lectr ica l currents. 

Several types of solvation studies can be undertaken i f the relat ive 
concentrations of the ion ic species are k n o w n . 

Solvation Enthalpies and Entropies of Individual Solvent Molecule 
Additions Steps. Cons ider the i on A + p roduced i n the gas phase b y some 
f o rm of i o n i z i n g rad ia t i on or thermal means. I f the atmosphere surround
i n g the i on contains the vapor of a polar molecule (solvent S ) , a n u m b e r 
of c luster ing reactions w i l l occur. 

A + + S - * A + - S (0,1) 

A + · S + S —> A + · 2S (1,2) 

A + · (n - 1)S + S - » A + · nS (η - l , n ) 

A t e q u i l i b r i u m the f o l l ow ing relations w i l l h o l d 

A F V = A F V + A F \ 2 + . . . + A F V i . » (I) 

Δ Ρ % . M = -RT In = —RT In Kn. 1 § l l (II) 
tA .(n-l)S rS 

where Px is the p a r t i a l pressure of X . 
T h u s , knowledge of the e q u i l i b r i u m concentrations of the c lustered 

species A + · nS obta ined f rom experiments at different pressures of S 
w i l l a l l ow determinat ion of K,, . - , , , , and ΔΡ,,.ι,,,. Such measurements done 
at different temperatures w i l l l ead to the evaluat ion of ΔΗ„_ι . „ a n d 
AS„_i,„. T h e ava i lab i l i t y of such deta i led in format ion w i l l , for instance, 
revea l the shel l structure since a discontinuous change of the ΔΗ» . ι , « 
a n d A S ° „ . i ) N values w i l l occur whenever a shel l is completed . F i n a l l y , the 
total heat of solvation of the i on can also be obta ined f r om E q u a t i o n I I I , 
w i t h 

DO 

Δ Η 8 0 1 ν . = 2 [ Δ Η Μ . Μ - A H ^ S ) ] (III) 
n = 0 

equations of the same form h o l d i n g for the free energy a n d entropy 
change of solvation. 

It is evident f rom E q u a t i o n I I , that on ly the relat ive concentrations 
of the i on i c species are requ i red . T h u s , Δ Ρ ° „ - ι , „ a n d Kp can be obta ined 
f r o m E q u a t i o n I I b y assuming that the mass spectrometr ica l ly measured 
i o n intensities are propor t i ona l to the e q u i l i b r i u m p a r t i a l pressures of the 
ions i n the i on source. T h e solvat ion of N H 4

+ b y N H 3 a n d H 3 0 + b y HoO, 
are examples of this type of study. 
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Comparative Solvation of Two Different Ions b y the Same Solvent. 
T h e r e are three variants of this type of study. 

C O M P A R A T I V E S O L V A T I O N O F I O N S A + , C + B Y S O L V E N T S. T h e two ions 

are p r o d u c e d i n the same system w h i c h also contains vapor of the solvent 
S. I n general , depend ing on the effective radius a n d structure of the i on , 
the relative concentration of clusters A + · nS w i l l be different f r om that of 
C + · mS . T h u s , for example , i n the average η m a y be larger b y one or t w o 
units than m . T h i s w i l l reveal a stronger interact ion of A + w i t h S. C o m 
par ison of η a n d m can be done at different temperatures a n d pressures 
of S i n order to compare the interactions i n the inner shel l or i n the outer 
shells. A n example of this type of study is the system H 3 0 \ N H 4

+ , a n d 
N a + i n H 2 0 vapor , w h i c h is descr ibed i n the subsequent text. 

C O M P A R A T I V E S O L V A T I O N O F I O N S A + A N D B " B Y S O L V E N T S. A n ex

ample of this type of s tudy w o u l d be the system K + a n d C I " w i t h H 2 0 . 
Since the orientat ion of the water dipoles is reversed i n the solvation of 
posit ive a n d negative ions, such a comparat ive study is of great interest, 
p a r t i c u l a r l y for isoelectronic pairs as the one quoted above. W e have not 
yet per formed studies on such isoelectronic pairs . H o w e v e r , such studies 
are perfect ly possible. T h e p a i r K + a n d C I " c o u l d be p r o d u c e d i n water 
vapor . B y revers ing the mass spectrometer controls, the posit ive and 
negative ions i n the system c o u l d be measured w i t h i n minutes of each 
other. 

C O M P A R A T I V E S O L V A T I O N O F T w o N E G A T I V E I O N S B Y S. A n example 

of this type of s tudy for C l " , B C 1 " a n d B 2 C 1 ~ b y H 2 0 is g iven i n the sub
sequent text. 

Competitive Solvation of Ion A + (or B") b y Solvent Molecules of 
Solvents Sk and S e. A compar ison of the so lvat ing p o w e r of t w o different 
solvents can be obta ined b y measur ing the composit ion of i o n clusters 
w h e n two different solvents are present at k n o w n p a r t i a l pressures. A n 
example of this type of s tudy is the compet i t ive solvat ion of N H 4

+ b y H 2 0 
a n d N H 3 a n d the solvation of C H 3 O H 2

+ b y C H 3 O H a n d H 2 0 . A dis 
cussion of experiments dea l ing w i t h these two systems is g iven later i n 
the text. 

Apparatus and Method 

T h e mass spectrometric study of ion-solvent molecule interactions 
requires mass spectrometric apparatus w h i c h can sample ions or ig inat ing 
at re lat ive ly h i g h pressures. Three somewhat different arrangements are 
presently i n use i n this laboratory. 

Alpha Particle Mass Spectrometer (11). A recent vers ion of this 
apparatus is shown i n F i g u r e 1. T h e gas, supp l i ed f r om a convent ional 
gas h a n d l i n g system, w h i c h can be b a c k e d to 1 7 0 ° C , is i r rad ia ted i n the 
ion izat ion chamber . T h e rad iat ion is s u p p l i e d f rom an enclosed 200-mc. 
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3. K E B A R L E Gas Phase 27 

p o l o n i u m a lpha source. T h e p o l o n i u m is deposited on a c i r cu lar area of 
about 1 /8 i n c h d iameter on the side fac ing the i on source. T o prevent 
spreading of the p o l o n i u m , a double container is used. T h e r a d i a t i o n 
reaches the i on source through two 10~ 4 -inch stainless steel foi ls . T o 
prevent early rupture of the foils, two stainless porous plugs are used, 
a l l o w i n g p u m p - o u t of the a l p h a source. T h e i r rad ia ted gas bleeds 
through a leak into the evacuated electrode chamber . T h e r e the ions 
carr i ed b y the gas are captured b y the electric fields w h i l e the gas is 
p u m p e d away. T h e ions are focused, accelerated, a n d then subjected to 
mass analysis a n d electron m u l t i p l i e r detect ion i n a 90° sector field 
analyzer tube. 

I n "s tat ic " runs, gas is supp l i ed to the i on source on ly at a rate 
sufficient to compensate the outf low through the leak (0.5 cc . /sec . for a ir , 
e q u a l to conductance of l e a k ) . T h e gas mixtures were prepared i n t w o 
2-l iter storage flasks of the gas h a n d l i n g system. F l o w runs can be made 
b y pass ing gas through the i on source. 

I n the n o r m a l runs, one irradiates the total vo lume over the leak. 
Provis ions are also made for p l a c i n g a c o l l imat ing sl it between the leak 
a n d the a lpha source. T h e co l l imat ing slit was cut i n a turret of 6 -mm. 
diameter , w h i c h screwed onto a l eak-carry ing cone p r o v i d e d w i t h threads. 
T h e s l i t was elevated over the p lane of the leak b y u n w i n d i n g the turret 
a certa in n u m b e r of revolutions. 

T h e i o n source is n o r m a l l y at room temperature. H o w e v e r , the t e m 
perature can be v a r i e d u p to a m a x i m u m of 200°C. b y heaters m o u n t e d 
i n the heater wal l s . These are used either for bake-out or runs at e levated 
temperatures. 

T h e t ime for react ion avai lable to the average i on is of the order of a 
f e w mil l iseconds w h e n the unco l l imated a l p h a b e a m is used ( I I ) . T h i s 
t ime can be increased b y us ing the c o l l imat ing slit to screen off a por t i on 
immed ia te ly above the leak f rom i r rad ia t i on . 

Electron Beam Mass Spectrometer (6). I n a more recent apparatus 
an electron b e a m is used as i o n i z i n g m e d i u m . T h e i on source is i dent i ca l 
to that of F i g u r e 1 except that the former a l p h a source port contains on ly 
one t h i n n i c k e l f o i l ( 10"r> i n c h ) w i n d o w through w h i c h the electrons enter 
the source. T h e electrons are created b y an ord inary electron g u n housed 
i n a s idearm of the v a c u u m chamber opposite the n i c k e l w i n d o w . T h e 
electron filament is kept at ca. —25000 volts w h i l e the i on source is near 
g round potent ia l . Absence of radioact ive contaminat ion , h i g h intensity 
(— 10 mic roamps ) a n d possibi l it ies for p u l s i n g ( for de termin ing ion ic 
l i fet imes ) are some of the advantages of the electron b e a m source. T h e 
greater scattering of electrons at h i g h i on source pressures causes a d i s 
advantage w h i c h makes beam co l l imat ion a prob lem. A quadrupo le mass 
analyzer is used w i t h this instrument. 

Proton Beam Mass Spectrometer ( 5 ) . A 100-kev. proton b e a m ob
ta ined f rom a W a l t o n - C o c k r o f t accelerator is used as the i o n i z i n g m e d i u m . 
T h e i on source is not l ike that of F i g u r e 1 but is of the convent ional 
design—i .e. , a rectangular box w i t h repel ler a n d n a r r o w e d - d o w n i on exit 
sl it . T h e proton b e a m enters a n d exits the i on source through t h i n n i c k e l 
f o i l w i n d o w s (10" 5 i n c h ) . T h e ion optics are of the conventional N i e r 
type , a n d magnet ic analysis is used. A proton b e a m (pre ferab ly of even 
h igher energy than used b y us ) seems to be the most convenient i o n i z i n g 
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m e d i u m for h i g h i on source pressures since i t provides h i g h intensity , 
poss ib i l i ty for pu l s ing , a n d l i t t le scattering at h i g h pressure. T h e pro ton 
b e a m can also be deflected electrostatical ly before enter ing the i on source. 

TO MASS ANALYSIS 
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T h i s permits var iat ion of the proton beam-exit sl it distance i n the i o n 
source. T h e cost of W a l t o n - C o c k r o f t accelerators is re lat ive ly l ow . 

A h i g h pressure mass spectrometer us ing m.e.v. protons f r om a V a n 
de Graaf f accelerator has been descr ibed b y W e x l e r (14). 

Conditions for Meaningful Measurements and Tests for Equilibrium. 
I n the discussion g iven i n subsequent sections it is assumed that the 
measured relat ive i on intensities represent at least the approximate r e l a 
t ive i on i c concentrations i n the i on source. It is further assumed that i o n 
cluster e q u i l i b r i u m was achieved i n the i on source. T h e v a l i d i t y of these 
assumptions has been examined i n previous publ icat ions . I t was po in ted 
out that a n o n e q u i l i b r i u m growth of the clusters might occur i f coo l ing 
occurs because of adiabat ic expansion past the sampl ing orifice. T o 
g u a r d against this, one must either have molecular flow i n the sampl ing 
leak ( sma l l d iameter of leaks ) or keep the p a r t i a l pressure of the cluster
i n g gas l o w so that the mean free pa th for c luster ing reactions is m u c h 
larger than the diameter of the sampl ing leak. A d d i n g an inert gas under 
such condit ions should not change the observed relative i o n intensities. 

Checks for the presence of e q u i l i b r i u m can be made b y increasing 
the ion ic react ion t ime. I f the relat ive intensities r emain constant, one 
m a y assume that e q u i l i b r i u m or near e q u i l i b r i u m has been achieved since 
the c luster ing reactions p r o b a b l y proceed ( i n the f o r w a r d d irec t ion) 
r a p i d l y a n d w i t h o u t act ivat ion energy. T h e i on i c react ion times can be 
increased b y m o v i n g the i o n i z i n g beam away f rom the sampl ing leak or 
sl it a n d b y c los ing d o w n the leak or slit. T h e latter slows d o w n the mass 
flow to the sampl ing orifice a n d since the ions, at h igher pressures a n d 
i n the absence of electric fields, are carr ied b y mass flow to the orifice, 
increases the i on i c react ion times. 

Results and Discussion 

Heats and Entropies of Individual Steps, ( a ) N H t + * (n—1 )NH« + 
N H 3 = N H 4

+ · n N H 3 . Previous w o r k on a m m o n i a (9, 12) has shown 
that the p r i m a r y (pos i t ive ) ions produced b y the a lpha rad iat ion are 
r a p i d l y converted b y ion-molecule reactions to the most stable i on , w h i c h 

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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N H 4
+ - n N H 3 10 t o r r 2 3 ° C 

t o 

5 n 6 

10 torr 23°C 

I 
1 torr 23°C 

1 torr 100°C 

η 

Figure 2. Schematic representation of ion intensities for 
clustered NH,t

+ · nNH3 

Intensities are expressed as fractions of total ion current. Con
dition of 1 torr and 100° shows cluster of largest concentration 
to be NHf - 2NH.1. 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-μ 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 μ 

diameter 

is N H 4
+ . A t tachment of a m m o n i a molecules then leads to N H 4

+ * n N H 3 . 
A representation of some t y p i c a l relat ive i on intensities observed w i t h i n 
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the exper imental range used i n the measurements is g iven i n F i g u r e 2. 
T h e most abundant species at 100°C. a n d 1 torr a m m o n i a pressure is 
N H 4

+ * 2 N H 3 . A s the temperature is l owered to 23°C . a n d 1 torr pressure, 
the larger clusters η = 3 a n d η = 4 become more stable. Increasing the 
pressure at constant temperature also increases the cluster size as is e v i 
dent f rom the increase of the N H 4

+ * 4 N H 3 / N H 4
+ · 3 N H 3 rat io on go ing 

f rom 1 to 10 torr. T h e i on intensities g iven at the top of F i g u r e 2 i l l u s 
trate the effect of the sampl ing leak size. I n this case, a single leak of 
70/A d iameter was used. T h e appearance of clusters of h igher mass must 
be at tr ibuted to adiabat ic coo l ing caused b y the expansion of the gas jet. 

0 2 4 6 8 10 

PRESSURE (torr ) 

Figure 3. Flot of log K 3 J T 9 where K J t 4 = IU/Is^nh3> at con
stant temperatures and variable ammonia pressure (pressure 

expressed in torr) 

R e w r i t i n g E q u a t i o n I I for the a m m o n i a system w i t h the assumption 
that the relat ive i on intensities I„ = I ( N H 4

+ · n N H 3 ) represent ade
quate ly the e q u i l i b r i u m concentration ratios we obta in E q u a t i o n I V . 
Plots of l o g K 3 , 4 

RT log K N . 1)M = RT log 7 h=— <IV> 
/t - 1 ' r N H 3 

w i t h pressure at different constant temperatures are given i n F i g u r e 3. 
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These data show that E q u a t i o n I V is obeyed to a good approx imat ion 
for a pressure change b y a factor of 10. A plot of l og K2.x a n d K 3 . 4 vs. 
1/T is shown i n F i g u r e 4. T h e data used for K 2 .8 were of s imi lar appear
ance to those i n F i g u r e 3. Since there is a smal l var iat ion of l og Κ w i t h 
pressure, the values used for the enthalpy plots were taken at zero pres
sure. T h i s was done on ly for the sake of consistency. Va lues taken at 
5 torr pressure lead to s imi lar enthalpy data. 

Figure 4. Plots giving enthalpy changes for reaction NH,t
+ · 

n-lNH;i + NH:} = NHf; · nNHs where n - I , n is 2,3 and 3,4 
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T h e slopes l ead to Δ Η ο 3 = —17.8 a n d ΔΗ3.4 = —15.9 k c a l . / m o l e . 
N o data were obtained for the c luster ing Reactions 0,1 and 1,2 
w h i c h w o u l d be observable on ly at considerably higher temperatures. 
A K 4 5 c ou ld s t i l l be measured but only at the lowest temperature ( 25 °C . ) . 
It is of interest to po int out that the range covered even though insuffi
c ient for determining a w i d e r set of reactions is s t i l l quite extensive. 
T h u s , the measured ratio Ι 2 / / 4 increases i n the range (10 torr , 23 ° C . to 
1 torr, 100 ° C . ) b y a factor of 100,000. T h e thermodynamic data obta ined 
are s u m m a r i z e d i n T a b l e I. It can be shown that the enthalpies a n d 
entropies of T a b l e I agree w i t h estimates based on thermodynamic cycles 
a n d ca lculat ion . 

Table I. Thermodynamic Data on Clustering Reactions 

NHf; · (n - l)NHs(g) + NHs(g) - * NH,; · nNH3(g) 

AS° 
- i , ΔΗ, (298°K.), 
η (298°K.)" kcal./mole e.u. 

2,3 - 6 . 4 - 1 7 . 8 - 3 8 
3,4 - 3 . 8 - 1 5 . 9 - 4 0 . 5 
4,5 - 0 . 5 ( - 9 ) 6 ( - 3 3 ) c 

a Standard state of ammonia, 1 atm. 
b Obtained from AF° and the estimated entropy loss. 
c Estimated. 

F i g u r e 5 shows the enthalpies for the first five c luster ing reactions 
of N H 4

+ i n N H S . T h e values for Steps 2 - 5 are those f rom T a b l e I . T h e 
Steps 0,1 a n d 1,2 were estimated f rom the cycle shown i n F i g u r e 6a. 
F r o m this cyc le w e obta in E q u a t i o n V : 

Δ Η 0 > 4 = Δ Η Λ 1 Ώ η , ( Ν Η 4
+ ) - 4 Δ Η β ν β ρ . ( Ν Η 3 ) - AHamm ( N H 4 · 4 N H 3 ) (V ) 

Subst i tut ing : Δ Η β η ι 1 1 1 . ( N H 4 · 4 N H 3 ) = - 3 0 k c a l . / m o l e (9 ) 
Δ Η β ν β ρ . ( Ν Η 8 ) = —5 k c a l . / m o l e and &Hamm. ( N H 4

+ ) = —90 k c a l . / m o l e 
( 9 ) , one obtains Δ Η 0 > 4 = —80 k c a l . / m o l e . Subtract ing f rom this Δ Η 2 3 

a n d Δ Η 3 ι 4 ( f r om T a b l e I ) one obtains Δ Η ( ) > 2 = —46 k c a l . / m o l e . T h e 
magnitudes of ΔΗ 0 . ι a n d Δ / / 1 2 were selected as —25 a n d —21 k c a l . / m o l e 
w h i c h numbers give a continuous increase of Δ Η i n the d irect ion Δ Η 3 > 4 

to Δ Η 0 . 1 · W h i l e the procedure i n obta in ing F i g u r e 5 is somewhat a r b i 
trary , w e bel ieve that it does give a good qual i tat ive p ic ture of the 
enthalpy changes i n the i n d i v i d u a l solvation steps. 

( b ) H 3 0 + ( n - l ) H 2 0 + H 2 0 = H 3 0 + · n H . O . A system of greater 
importance than the a m m o n i u m ion descr ibed above is the water-c lustered 
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h y d r o n i u m ion , H 3 0 + * n H 2 0 . A n early, p r e l i m i n a r y study of this system 
has been p u b l i s h e d (12). I n that study K„ - i , „ was determined only at a 
single (constant) pressure of water , a n d Arrhen ius plots of these K's 
gave Δ # 3 > 4 = —20 ± 5 , AH4J} — —24 ± 5 , ΔΗΓ,.(> = —13 ± 5 k c a l . / m o l e . 

1.2 2.3 3.4 4.5 

Solvation Reaction 

Figure 5. Enthalpy changes for reactions: NHf)
+ · (n—l)NH3 + NHS 

= NH/t · nNH3 (n—l,n). Some of the data are based on estimates as 
described in the text 

O n l y rough estimates of the expected enthalpies can be made on the 
basis of avai lable thermodynamic data. T h e cycle shown i n F i g u r e 6b 
is of the same type as that used for a m m o n i a (k here is the as of yet 
unspeci f ied n u m b e r of inner shel l water molecules ) . F r o m F i g u r e 6b 
w e obta in E q u a t i o n V I . 

ΔΗ„,* = Δ Η ^ , ( Η 3 0 + ) - * Δ Η , ν η ρ . ( Η 2 0 ) - A H h y d r . ( H 8 0 * · * H 2 0 ) (VI ) 

T o evaluate AH()k, we need values for the heats of hydrat i on of H 3 0 + 

a n d H 3 0 + · kR20. Δ Η h y d r . ( H 3 0 + ) can be evaluated from the cycle of 
F i g u r e 6c. T h e requ i red proton affinity of water , P A ( H 2 0 ) , is p robab ly 
170 k c a l . / m o l e (3, 13). T a k i n g the heat of hydrat i on of the proton 
Δ # 1 ι ν ( 1 1 , ( Η + ) = - 2 8 3 k c a l . / m o l e : î and ΔΗ 4 . ν Λ Ι > . ( H 2 0 ) = 10.5, we obta in 
A J T I i y d P . ( H 8 0 + ) = —123.5 k c a l . / m o l e . A n estimate of Δ Η l i y d P . ( H a O + · 
ZcHoO) can be obta ined f rom the B o r n equations (4). ( E x a m p l e s of 
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calculations w i t h the B o r n equations are g iven b y Basolo a n d Pearson 
( 2 ) . T a k i n g 1.5 A . for the radius of H 3 0 + a n d 2.76 A . for the diameter 
of the water molecules (2 ) i n the first shel l , one has a total radius of the 
first shel l cluster equa l to 3.76 A . Subst i tut ing this va lue into the B o r n 
equations, one obtains the estimate A H h V ( l r . ( H 3 0 · fcH20) = —39 k c a l . / 
mole . Subst i tut ing into E q u a t i o n V I , w e then obta in : ΔΗ{)^ « —123.5 — 
10.5& + 39 = —84.5 — 10.5fc. T h i s yields for the average solvation step 
i n the first shel l ΔΗ„. ι „ = AHok — — (84.5/fc) —10.5 k c a l . / m o l e . F o r 

~~k~ 
different values of k we thus obta in i n k c a l . / m o l e Δ Η Μ . ι . « = —31.6 
(k = 4 ) , - 2 7 . 4 (k — 5 ) , - 2 4 . 6 (k = 6 ) , - 2 2 . 5 (k = 7 ) , a n d - 2 1 
(k = 8 ) . T h i s crude estimate shows that the data obta ined i n our earl ier 
s tudy are i n the r ight range. 

NH; ( f l ) + 4 Ν Η 3 ( β ) ^ V N H ; . 4 N H 3 ( e ) 

AHamm. (NH*)\ 

-4ΔΗβναρ . (ΝΗ 3 ) 

NHj (ammoniated) 

Δ H amm.(NH4'4NH3) 

ΔΗ 
W k H A . ) H 3 0 + k H 2 ° ( 9 ) 

Δ H hydr.iKjO*) \ / AHhydr^Hp+kHjO) 
-Ι(ΔΗβναμ(Ηρ) 

H3O (hydrated) or H+(hydrated) 

H (9) + ™2°A9) ^ H 3 ° (9) 

AHhydr.(H+) \ / AHhydr.(H30+) 
-Δ H evap(H20) 

H30+(hydrated) or Hi hydrated) 

Figure 6. Thermodynamic cycles 
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1 h 

I I I I I I I I I I I 

0.1 1.2 2.3 3.4 4.5 5.6 6.7 7.8 

(n-i #n) 

Figure 7. Plot of AF\_ltIl> at 298° K. (Standard state of water 1 atm.) 

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

Since the early study was only pre l iminary , a second, more extensive 
research on the hydron ium-water system was started i n this laboratory 
a year ago. T h e a lpha part i c le - and proton beam mass spectrometer are 
be ing used. These two instruments prov ide very different ionic react ion 
times, a n d their combinat ion al lows a good test for the presence of 
e q u i l i b r i u m . Unfor tunate ly this study is not yet completed . O n e result 
has appeared c lear ly f rom the data obtained. It is general ly assumed 
(JO) that i n aqueous solution the ion H 3 0 + * 3 H 2 0 has h i g h stabi l i ty . 
Regardless whether this assumption is correct or not, i n the gas phase 
this special s tabi l i ty need not a p p l y since the constraining influence of 
the surrounding l i q u i d lattice is absent. T h u s , the positions above a n d 
be l ow the presumably p lanar tr ihydrate are free, a n d since the interact ion 
is large ly a pure ly electrostatic one, the higher hydrates— i .e . , H ; i O + · 4 E U O 
etc. m a y have stabil it ies w h i c h are not too different. T h i s v i e w is sup
ported b y the plot i n F i g u r e 7. T h e standard free energies for the cluster
i n g Reactions ( n — l , n ) show a continuous change i n the range η = 2 
to η = 8. Some further in format ion on the H a O + · n H 2 0 system is g iven 
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i n the next section w h i c h deals w i t h the comparat ive hydrat i on of H 3 0 + , 
N H 4

+ , a n d Na\ 

Comparative Solvation of Different Ions by the Same Solvent. 
( a ) C O M P A R A T I V E H Y D R A T I O N O F N a + , H 3 0 + , A N D N H 4

+ . F i g u r e 8 shows 
ion intensity ratios for water c luster ing around N a + , H 3 0 + , and N H 4

+ . 
T h e ions H 3 0 + a n d N H 4

+ were produced simultaneously b y i r rad ia t ing 
water vapor (at pressures 1-5 torr ) conta in ing several parts per m i l l i o n 
N H 3 . U n d e r these condit ions, the a m m o n i u m ion must be produced b y 
proton transfer f rom hydrated h y d r o n i u m ions (see React ion 1 ) . H i g h e r 
concentrat ion of a m m o n i a leads to the complete disappearance of 
H 3 0 + · n H 2 0 . 

H , 0 + · W H 2 0 + N H 3 - » N H 4
+ · n * H , 0 + (w + 1 - η*) H 2 0 (1) 

I n React ion 1 we have ind i cated that after a d d i n g a m m o n i a to the h y d r o 
n i u m cluster ( a n d proton transfer ) , some water molecules w i l l be " b o i l e d " 
off. T h i s effect is to be expected since the proton affinity of a m m o n i a is 
some 35 kca l . h igher than that of water. T h e a m m o n i u m hydrate 
N H 4

+ · n * H 2 0 created b y React ion 1 must engage i n further coll isions 
w i t h water molecules before reaching its e q u i l i b r i u m composi t ion 
N H 4

+ · n H 2 0 . 
T h e sod ium ions were not introduced intent ional ly . T h e i r presence 

was inferred f rom ion intensities at mass 59, 77, 95, etc. w h i c h are of 
the same mass as N a + · 2 H 2 0 , N a + · 3 H 2 0 , N a + · 4 H 2 0 , etc. W e at t r ib 
ute this ion series to some sod ium conta in ing i m p u r i t y w h i c h i n 
some manner leads to the formation of sod ium ions. A s po inted out i n 
previous work , ions of l o w ionizat ion potent ia l or ig inat ing f rom trace 
impur i t i es often represent an apprec iable fract ion of the total intensity. 

T h e d is tr ibut ion of the hydrates g iven i n F i g u r e 8 is for a water pres
sure of 1 torr. D a t a were obta ined at pressures f rom 1-6 torr. T h e e q u i 
l i b r i u m constants for the three ions ca lculated f rom E q u a t i o n I I r e m a i n e d 
constant i n this pressure range. T h e distributions of h y d r o n i u m a n d 
sod ium clusters ( F i g u r e 8) are s imi lar , the average cluster conta in ing 
five water molecules. T h e average ammonia cluster contains on ly four 
water molecules. Exper iments were also per formed at h igher tempera
tures where the average a m m o n i u m cluster is N H 4

+ · 3 H 2 0 . T h e water 
a n d sod ium clusters were again higher b y one unit— i .e . , H 3 0 + * 4 H 2 0 
a n d N a + · 4 H 2 0 . A l l water molecules i n the a m m o n i u m t r i - a n d tetra-
hydrate are almost certainly " inner s h e i r molecules. Since the N a + a n d 
H 3 0 + under the same conditions h o l d one more water molecule , we m a y 
conclude that the fourth a n d fifth molecules i n the sod ium a n d h y d r o 
n i u m hydrates are h e l d very strongly a n d are thus probab ly inner shel l 
molecules. C o n c e r n i n g the H 3 0 + , this conclusion is i n agreement w i t h 
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NH^nHp 1 torr H20 
23° C 

1 . 

\ ι \ 5 
1 1 
6 7 

Η3θ+·ηΗ2θ 

1 , 
1 
3 i 1 i 

Γ Γ 
> 6 7 

Να+·ηΗ20 

f 
Figure 8. Comparative solvation of NH,t

+, Η ν Ο + , and Na+ by 
H20 

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

the direct H 3 0 + * wH20 measurements ment ioned i n the preceding sec
t ion . F r o m the data of F i g u r e 8 a n d those at h igher temperatures, i t 
fo l lows that for the hydrat ions 

- A F ° 4 . 5 ( N a + ) « - A F \ ; , ( H 3 0 + ) > - A F \ 5 ( N H 4
+ ) 

a n d 
- A F \ 4 ( N a + ) « - A F \ 4 ( H 3 0 + ) > - A F ° 3 . 4 ( N H 4

+ ) 
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A s s u m i n g that these differences reflect ΔΗ,,.ι.,, differences w e w o u l d 
expect: - Δ Η 4 . Β ( Ν α + ) « - Δ # 4 5 ( Η 3 0 + ) > - Δ Η 4 . 5 ( Ν Η 4

+ ) a n d 
- A t f 3 , 4 ( N a + ) « - Δ Η 3 4 ( Η 3 0 ) > - Δ / / 3 . 4 ( Ν Η 4

+ ) . These data can be 
compared w i t h the total heats of hydrat i on obta ined f rom thermodynamic 
cycles - A f f I i y d l , ( N a + ) « 100°, - A H , i y d r . ( H 8 0 + ) « 130 (see preced -
i n g section) a n d — Δ Η 1 ι ν ( 1 1 . ( N H 4

+ ) « 70 k c a l . / m o l e . T h e difference 
between the total hydrat i on of N H 4

+ a n d H 3 0 + , N a + is reflected i n our 
data b u t the difference between H 3 0 + a n d N a + is not. F u r t h e r mass 
spectrometric w o r k on this system is r equ i red before more meaning fu l 
comparisons can be made. 

C O M P A R A T I V E S O L V A T I O N O F C l " , BC1" , A N D B 2 C 1 " B Y H 2 0 . F i g u r e 9 
shows the h y d r a t e d negative ions C l " , BC1" , a n d B 2 C 1 " . T h e or ig ina l 
intent ion h a d been to study only the hydra t i on of CI " . F o r this purpose a 
mixture of a chlor ine-containing c o m p o u n d ( C C 1 4 a n d C l 2 ) , water , a n d 
excess of N 2 were admit ted to the ion source. I n add i t i on to C I " * n H 2 0 , 
two other groups of ions were observed. These ions were identi f ied as 
B C 1 - · n H 2 0 a n d B 2 C 1 " · n H 2 0 on the basis of the t y p i c a l 1 0 B , n B a n d 
3 3 C 1 , 3 7 C 1 isotope ratios. T h e two boron ions obv ious ly arise f rom some 
i m p u r i t y present i n the ion source ( possibly solder flux ). T h e i r presence 
persisted over m a n y months. 

A t the l o w water pressure ( F i g u r e 9 ) the dominant species are 
C I " · H 2 0 ( w i t h some C I " · 2 H 2 0 ) , BC1" · 2 H 2 0 a n d B 2 C 1 " · 4 H 2 0 . T h i s 
difference i n water content can be understood i f i t is assumed that a l l 
three ions h o l d about one water molecule as a h y d r a t i n g species (i .e. , 
w i t h hydrogens t o w a r d the negative ion ) a n d B C 1 " a n d B 2 C 1 " h o l d respec
t ive ly one a n d three water molecules i n a dat ive b o n d i n v o l v i n g the 
oxygen lone pair . T h e corresponding electronic structures of the boron 
ions are g iven i n F i g u r e 10. W h e n the water pressure is increased ( F i g u r e 
9 ) C I " · H 2 0 grows to C I " · 4 H 2 0 a n d C I " · 5 H 2 0 but the B C 1 " a n d 
B 2 C 1 " hydrates grow only b y two and one water molecules w h i c h c o u l d 
be expected consider ing that these ions are m u c h bu lk ie r . 

Competitive Solvation of a Given Ion by Two Different Solvents, 
a. C O M P E T I T I V E S O L V A T I O N O F C H 3 O H 2

+ B Y W A T E R A N D M E T H A N O L . A 
study of the ions i n methanol vapor i n the pressure range 1-10 torr 
showed that most of the ions be longed to the series C H 3 O H 2

+ * n C H 3 O H . 
T h i s suggested the poss ib i l i ty of observing the competi t ive solvation of 
C H 3 O H 2

+ b y water a n d methanol molecules. F i g u r e 11 shows the relative 
intensities of the m i x e d clusters obta ined w h e n i r r a d i a t i n g mixtures of 
5 % methanol , 9 5 % water a n d 2 0 % methanol , 8 0 % water bo th at 5 torr 
to ta l pressure a n d 50 ° C . i o n source temperature. I n the m i x e d methano l -
water clusters, the quest ion of the structural assignment arises. T h u s , 
the i on of mass 119 cou ld be assigned as H + · 2 C H 3 O H * 3 H 2 0 or 
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-10"3 torr H 2 0 500xlO" 3 torr H 2 0 

Cfn H.0 

BCI7n H 2 0 

L 

Figure 9. Comparative solvation of Cl~, BCl~, and B2Cl~ at two 
different water vapor pressures and room temperature 

Water pressure not accurately known. At lower water pressures BCl~ 
and BClr contain one and three water molecules more than Cl~. This 

excess is probably caused by dative bonds as shown in Figure 10 

C H 3 O H 2
+ · C H 3 O H · 3 H 2 0 or H 3 0 + · 2 C H 3 O H · 2 H 2 0 . W e have selected 

the notat ion C H ; J O H 2
+ · C H 8 O H · 3 H 2 0 (or C H 3 O H 2

+ · mM · wW, for 
the general cluster where M a n d W stand for C H 8 O H a n d H 2 0 a n d m 
a n d w for the number of methanol a n d water molecu les ) . T h e proton 
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was assigned to the methanol oxygen i o n since the proton affinity of 
methano l is some 10-20 k c a l . / m o l e (13) h igher than that of water . 

(H>OIBIGI) 

Figure 10. Electronic formulas of BCl~ - H20 and 
B2Cl~ - 3H20 suggested by water content of clusters 

shown in Figure 9 

T h e clusters obta ined w i t h 5 % methanol ( F i g u r e 11) contain , on the 
average, considerably more methano l than water even though the p a r t i a l 
pressure rat io of water to methano l is 19:1. T h u s , methanol is the stronger 
solvent i n the observed clusters—i .e. , clusters conta in ing u p to six solvent 
molecules. W e sha l l be able to understand the mean ing of this result 
better after a more deta i led treatment of the data. It can be shown that 
the d i s t r ibut ion of water a n d methanol i n the observed clusters fo l lows 
quite closely a p robab i l i t y d is tr ibut ion . C a l l i n g the probabi l i t ies for 
inc lus ion of water a n d methanol ω a n d μ, for a cluster w i t h a total of I 
solvent molecules the probab i l i t y d i s t r ibut ion w i l l be g iven b y the b i 
n o m i a l expansion of the term (ω -f- μ.)1. F o r example, i f a p r o b a b i l i t y 
d i s t r ibut ion is f o l l owed , the cluster conta in ing three so lvat ing molecules 
C H 3 O H 2

+ * mM · wW, where I = m + w = 3, should show the f o l l o w i n g 
re lat ive intensities: C H 3 O H 2

+ · 3 W : C H 8 O H 2
+ • 2 W M : C H 3 O H 2

+ · 
W 2 M : C H 3 O H 2

+ • 3 M = or : 3ω-> : 3ωμ!2 : /Λ W e have obta ined values 
for o) a n d μ b y fitting b i n o m i a l expansions to the exper imental ly observed 
d is t r ibut ion . T h e ca lculated intensities shown i n F i g u r e 11 demonstrate 
that a re lat ive ly good fit of the exper imental data can be obtained. I n 
order to express the preference for inc lus ion of methano l a n d water per 

IP 
uni t methano l a n d water pressure w e define ν = /τ>

Μ as the factor for 
preferent ia l take u p of methanol , PM a n d Pw b e ing the p a r t i a l pressures 
of methano l a n d water present i n the i on source. T h e y s ca lculated i n 
this manner are g iven i n F i g u r e 11. T h e results at 5 % a n d 2 0 % methano l 
show that the y s for a cluster of a fixed size (i.e., I = cont.) are approx i 
mate ly independent of the methanol -water pressure ratio . T h i s i n d e 
pendence was conf irmed i n a number of other runs w i t h 2, 4, 5, 8, 20, 5 0 % 
methano l at 2 a n d 5 torr total pressure. T h e y s are f o u n d to decrease as 
I increases. T h u s , methanol is taken u p preferent ia l ly b y a factor of 55, 

u J O 
( >DIBIBIQl)~ 

,01 
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21, a n d 8 for clusters conta in ing three, four, a n d five solvent molecules. 
F i g u r e 12 shows a l og γ p lot vs. the n u m b e r of so lvat ing molecules. T h e 
p lo t is almost l inear a n d al lows an extrapolation to l og y = 0 or y = 1. 
T h i s occurs w h e n the cluster contains seven solvat ing molecules. F o r 
I > 7, y becomes less than unity— i . e . , water begins to take precedence. 
F i g u r e 13 also shows results obta ined w i t h the proton beam mass spec
trometer. T h e total pressure i n these runs was m u c h lower (0.6 t o r r ) , 
a n d the react ion t ime was m u c h shorter (several microseconds vs. a f ew 
mil l iseconds i n the a l p h a part i c le i on source ) . O n e m i g h t suspect that 
under these condit ions c luster ing e q u i l i b r i u m might not be achieved. 
H o w e v e r , the results are qui te s imi lar to those obta ined w i t h the a l p h a 
i on source. T h i s might be taken to mean that c luster ing e q u i l i b r i u m 
establishes r a p i d l y a n d that the proton beam results approach e q u i l i b r i u m . 

I n interpret ing the present results considerable he lp can be obta ined 
f r om the "electrostatic theory" for metal - ion coordinat ion complexes ( 2 ) . 
T h i s theory, us ing s imple electrostatic concepts, al lows one to calculate 
the b i n d i n g energies of meta l complexes i n the gas phase. T h e results of 
such calculations have been i n m a n y cases successful. I n general , the 
potent ia l energy of a complex i on is b u i l t u p of four terms. These are 
at tr ibuted to the attract ion between the i on a n d the permanent a n d 
i n d u c e d d ipo le of the l igands , the m u t u a l repuls ion of the dipoles , the 
energy r e q u i r e d to f o rm the i n d u c e d dipoles a n d the van der W a a l s 
repulsions between the l igands a n d the central i on . C o m p a r i n g the poten
t i a l energies of an i on h a v i n g water or methanol molecules as l igands , i t 
is f o u n d that the first term is the decisive one. It contains the sum of the 
permanent d ipo le a n d the po lar i zab i l i ty . T h e d ipo le moments of water 
a n d methano l are 1.85 a n d 1.69 D w h i l e the po lar izabi l i t ies are 1.48 a n d 
3.23 Α Λ T h e potent ia l energy of an ion d ipo le interact ion varies inversely 
w i t h the square of the distance w h i l e the po lar i zab i l i t y interact ion de
pends on the f our th power . Therefore , the methano l molecules, w i t h 
their s l ight ly lower d ipo le but considerably higher po lar i zab i l i ty , w i l l be 
more strongly so lvat ing than water at close range to the ion . T h e exper i 
menta l ly observed preference for methanol is thus to be understood as 
resul t ing f rom the h igher methano l po lar i zab i l i ty . 

It can be shown that the poss ib i l i ty of fitting the observed clusters 
w i t h a g iven I b y a p r o b a b i l i t y d i s t r ibut ion suggests that for I < 6 a l l 
solvent molecules be long to an inner solvation shel l . Suppose that for I = 
5 some of the molecules went into an inner shel l ( f u l l y o ccup ied ) a n d 
the rest into an outer shel l . T h e preference for methanol over water i n 
the inner shel l w i l l be different f rom that i n the outer shel l . It m i g h t 
even be expected that water w i l l be preferent ia l ly taken u p i n the outer 
shel l . It fo l lows that the water -methanol d i s t r ibut ion i n a cluster con
t a i n i n g inner a n d outer shel l molecules c o u l d not be fitted b y a single 
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Figure 11. Mixed water and methanol content in CH3OH2
+ 

mCH3OH - wH20 clusters. Ion source temperature 50°C. 

p r o b a b i l i t y d i s t r ibut ion of the type (ω + μ)1 bu t that the inner a n d outer 
shel l w o u l d have to be fitted separately. Such a case is i n fact observed 
i n the competit ive solvation of N H 4

+ b y H 2 0 a n d N H 3 w h i c h is discussed 
i n the next section. Since the water -methanol clusters of I = 3, 4, 5 can 
each be fitted w i t h a p r o b a b i l i t y d i s t r ibut ion , w e can conc lude that these 
clusters do not contain molecules w h i c h occupy a dist inct outer s h e l l — 
i.e., that the inner shel l contains at least five solvent molecules. 
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Figure 12. Plot of hg y vs. number of solvating molecules 

y is factor for preferential take up of methanol over water into ion CH.tOH>+ · 
mCH:fOH - wH_,0, where m + w = 1. For low 1 methanol is taken up preferentially. 
As size of cluster increases preference for methanol decreases, y = 1 at 1 = 7 where 

water and methanol are taken up with equal preference 

T h e ab i l i ty to fit a cluster of constant I w i t h a p r o b a b i l i t y d i s t r i b u 
t i on is, to a certain extent, surpr is ing even i f a l l molecules be long to the 
same solvat ion shel l . A p r o b a b i l i t y d i s t r ibut ion means, for example, that 
i n the five cluster the preference for methano l over water is the same 
whether a l l the r e m a i n i n g four l igands are water or methano l or a mixture 
of them. O b v i o u s l y this can not be str ic t ly true. T h e meaning of the 
exper imental result must be that the nature of the other occupants is, 
i n the first approx imat ion , not important . 

W h i l e y remains approx imate ly constant for a cluster d i s t r ibut ion 
w i t h I = const., i t was observed that yt « const, decreases f rom I = 3 to 
Ζ — 5. T h i s can be understood i f one assumes that whenever I is increased 
b y one uni t , the effective radius of the ( inner ) shel l increases. T h i s 
causes the po lar i zab i l i t y to become less important a n d leads to a decrease 
of the preference for methanol . A n increase of the effective radius might 
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be expected because of the m u t u a l repuls ion at tr ibuted to d ipo le a n d 
van der Waa l ' s forces between the l igands. 

b. C O M P E T I T I V E I N N E R A N D O U T E R S H E L L S O L V A T I O N O F N H 4
+ B Y 

W A T E R A N D A M M O N I A M O L E C U L E S . T h e solvation of N H 4
+ b y N H 3 was 

descr ibed i n a previous section. W h e n water vapor was a d d e d to a m 
m o n i a , n e w ion peaks cou ld be observed w h i c h corresponded to the m i x e d 
clusters Ν Η 4

+ η Ν Η 3 ΐ ί / Ή 2 0 . D a t a of three representative runs are shown 
i n T a b l e I I . T h e first experiment is done at very l o w a m m o n i a pressure 
where the lower solvates (I = 2, 3, 4 ) are of highest abundance. It can 
be seen that these ions contain m a i n l y a m m o n i a molecules even though 
the water - to -ammonia pressure rat io is e q u a l to three. It is also evident 
that the m i x e d occupancy fo l lows quite near ly a p r o b a b i l i t y d is tr ibut ion . 
C a l l i n g the p r o b a b i l i t y for a m m o n i a inc lus ion α a n d that for water ω, 
the ca lcu lated probabi l i t ies for an I solvate w i l l be equa l to the b i n o m i a l 
expansion terms of ( a + ω ) 1 . T h u s , for the I = 2 group the intensities 
of the ions should be i n the ratios or : 2αω : or. T h e rat io α /ω shou ld be 
g iven b y the i on intensity ratios 27 5 2 / I r > 3 , I53/2I54 a n d (I^/h*)1'2- T a k i n g 
the values f rom the table w e calculate for α /ω the values 10.6, 7, a n d 8.6. 

l o g . / inner shell outer shell 

+2 

+ 1 

0 

- 2 θ 

2 Î 3 4 5 6 7 

I s number of solvating molecules 
8 

Figure 13. Plot of log y for different solvation shells of ion NHJt
+ 

y is a factor giving the observed probability for preferential take up 
of ammonia over water into ion: NHf · slNHS · wH^O, where a + 
w = 1. Ammonia is taken up with preference into inner shell (\ < 4), 

water is taken up with preference into outer shell 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

96
8 

| d
oi

: 1
0.

10
21

/b
a-

19
68

-0
07

2.
ch

00
3

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



46 M A S S S P E C T R O M E R T Y I N I N O R G A N I C C H E M I S T R Y 

Table II. Mass Spectra of Ammonia-Water Mixtures Showing the 
Competitive Solvation of the Ammonium Ion by Ammonia 

and Water Molecules 

p(NH3)(torr) 0.05 e 1.8 34 
p(H20)/p(NHs) 3 1.5 0.003 

Inten
Ion - Mass Intensityb c 

7 
sity • 15 » c 

y 
Intensityb

 y° 

N H 4
+ · 2 N H 3 52 11.1 32 

N H 4
+ N H 3 · H 2 0 53 2.1 21 

N H 4
+ · 2 H 2 0 54 .15 25 

N H 4
+ · 3 N H 3 69 104.0 23 

etc. 70 40.0 19 
71 6.3 
72 d 

N H 4
+ · 4 N H 3 86 5.1 7 11.5 15 100 

etc. 87 8.3 12 4.4 d 

88 3.2 11 
89 0.6 
90 d 

N H 4
+ · 4 N H 3 · 103 d d 335 0.027 

1 N H 3 etc. 104 9 360 1 N H 3 etc. 
105 3.2 d 

106 
107 

N H 4
+ · 4 N H 3 · 120 800 0.036 

2 N H 3 etc. 121 1300 0.047 2 N H 3 etc. 
122 380 

a Contains also 20 torr. xenon to make the signals detectable. 
* Arbitrary units. 
c Factor of preferential take up of ammonia to water ( see text ). 
d Low intensity, not measured accurately. 

I n order to express the preference for a m m o n i a per un i t pressure w e 
define, i n analogy w i t h the treatment of the methanol water clusters, a γ 

w h i c h is g iven b y the equat ion y — —- . T h e y s ca l cu lated i n this 
ω/ Γ Η 2 0 

w a y are g iven i n T a b l e I I . As I increases f rom 2-4 one observes a decrease 
of γ f rom about 25 to 10. T h i s change is s imi lar to that observed i n the 
water methano l system. I n clusters w i t h I = 5, 6, etc. a n e w phenomenon 
is observed not para l l e led b y the water methanol system. T h e a m m o n i a 
clusters w i t h I > 4 can not be fitted w i t h a s imple p r o b a b i l i t y d i s t r i b u 
t ion . T h i s is seen c lear ly f r om the results at 1.8 a n d 34 torr of a m m o n i a 
( T a b l e I I ) . A t 1.8 torr of a m m o n i a the ca lcu lated γ for the I = 4 group 
is close to that obta ined at the l o w pressure showing an a m m o n i a prefer
ence γ = 15. B u t the N H 4

+ · 5 N H 3 i on of mass 103 is essentially miss ing . 
T h e first i on of significant intensity is N H 4

+ 4 N H 3 H 2 0 (mass 104) . T h i s 
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result can be understood i f i t is assumed that an inner shel l of four 
molecules has been b u i l t u p a n d that water is taken u p preferent ia l ly i n 
the outer shel l . T h e preference for water i n the outer shel l can be mea 
sured f r om the result at 34 torr. T h e m u c h h igher ammonia-to -water 
rat io used i n this r u n leads to a f u l l y ammoniated inner shel l so that the 
ions of h igher mass are caused b y water presence i n the outer shel l only . 
T h e ca lcu lated y s for outer shel l occupancy are smaller b y a factor of 
near ly 1000. T h e results f r om a number of runs at different pressures 
a n d water - to -ammonia pressure ratios are s u m m a r i z e d i n F i g u r e 4, w h i c h 
gives a p lot of l og y for different I. T h e values for I < 4 represent inner 
shel l ys. T h e values for I > 4 were taken at h igher ammonia-to -water 
pressure ratios where the inner shel l was essentially complete ly made u p 
of ammonia . T h i s a l l owed the ca lculat ion of y s for outer shel l solvation. 
T h e drastic change f rom I = 4 to I = 5 is evident also f rom these results. 
T h e considerable scatter of the points is be l i eved to be m a i n l y at tr ibuted 
to the dif f iculty i n measur ing accurately the a m m o n i a a n d water pressures 
i n the i on source. T h e preferential take u p of a m m o n i a i n the inner shel l 
a n d of water i n the outer shel l can be understood on the basis of the 
po lar izab i l i t i es a n d d ipo le moments of water a n d ammonia . A m m o n i a 
has the h igher po lar i zab i l i t y but lower d ipo le ; therefore, i f i t can w i n 
over water, i t must do so i n the inner shel l . T h e result of an inner four 
shel l is i n agreement w i t h the ΔΗη. i f „ measurements w i t h pure a m m o n i a 
descr ibed i n the sect ion: "Heats a n d Entrop ies of I n d i v i d u a l Steps." 

Literature Cited 

(1) Altshuller, A. P., J. Am. Chem. Soc. 77, 3480 (1955). 
(2) Basolo, F., Pearson, R. G., "Mechanisms of Inorganic Reactions," p. 64, 

John Wiley & Sons, New York, 1958. 
(3) Bell, R. P., "The Proton in Chemistry," Cornell University Press, Ithaca, 

New York, 1959. 
(4) Born, M., Z. Physik 1, 45 ( 1920). 
(5) Collins, G. J., Kebarle, P. (to be published), 
(β) Durden, D. Α., Kebarle, P. (to be published). 
(7) Hamer, W. J., ed., "The Structure of Electrolytic Solutions," Chapter 5, 

John Wiley & Sons, New York, 1959. 
(8) Hogg, A. M., Kebarle, P., J. Chem. Phys. 43, 449 (1965). 
(9) Hogg, A. M., Haynes, R. M., Kebarle, P., J. Am. Chem. Soc. 80, 28 

(1965). 
(10) Kebarle, P., Godbole, E. W., J. Chem. Phys. 39, 1131 (1963). 
(11) Kebarle, P., Haynes, R. M., Searles, S. K., ADVAN. C H E M . SER. 58, 210 

(1966). 
( 12) Kebarle, P., Hogg, A. M., J. Chem. Phys: 42, 798 (1965). 
(13) Munson, M. S. B., J. Am. Chem. Soc. 87, 2332 (1965). 
(14) Wexler, S., ADVAN. C H E M . SER. 58, 193 (1966). 
RECEIVED October 11, 1966. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

96
8 

| d
oi

: 1
0.

10
21

/b
a-

19
68

-0
07

2.
ch

00
3

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



4
The Mass Spectrometer as a Radiolytic and 
a Catalytic Laboratory 

C H A R L E S E . M E L T O N 

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, NH2, and NH4+. By 
generalizing from the experimental data, the elementary 
steps of the reaction are specified. 

A n idea l study of a chemica l reaction i n d u c e d b y any mode of excitation 
involves a knowledge of ( 1 ) the p r i m a r y products w h i c h result f r om 

excitat ion of the electronic system of the i n d i v i d u a l reactant molecule , 
(2 ) transient species such as free radicals w h i c h are formed d u r i n g the 
course of the reaction, a n d (3 ) the react ion of such species i n tempora l 
sequence to give final react ion products . T h i s idea l has never been f u l l y 
rea l i zed a n d consequently the elementary steps of most chemica l reac
tions are uncertain . T h e advent of the h i g h pressure mass spectrometer 
(5, 9, 23, 43) offered the poss ibi l i ty of at ta in ing an approx imat ion to this 
i d e a l . A t first s ight there appears to be l i t t le connection between a mass 
spectrometer a n d an idea l s tudy of a chemica l react ion, but the ins tru 
ment can be su i tab ly modi f ied to obta in most of the in format ion necessary 
to understand a react ion proper ly . Since the mass spectrometer can be 
changed into a c ombined react ion chamber a n d ana ly t i ca l tool , transient 

48 
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species as w e l l as final products can be identi f ied a n d quant i tat ive ly 
measured d u r i n g the entire course of the react ion. 

T h e mass spectrometer has often been used to study rad io ly t i c (39, 
24) a n d catalyt ic reactions ( 1 , 1 9 ) . B u t , quanti tat ive studies of the entire 
react ion were not possible because of inherent l imitat ions on the i o n 
source. I n this paper w e show h o w the i on source can be suitably m o d i 
fied to study the complete react ion rather than one or two elementary 
steps. A m m o n i a was selected for the invest igat ion. M u c h w o r k has been 
carr ied out on the a m m o n i a system (4, 7,13, 15, 16,18, 22, 33, 35, 36, 38, 
41, 42), but the e lementary steps of the react ion are s t i l l obscure. I t is 
the purpose of this report to summarize brief ly our progress i n an ap 
proach to de termin ing the e lementary steps of the decomposit ion of 
a m m o n i a b y the absorption of i o n i z i n g rad iat ion a n d b y a hot P t surface. 

Experimental 

Radiolysis. O u r h i g h pressure mass spectrometer, w h i c h has been 
descr ibed prev ious ly (20 ) , was used for the experiments. T h e instrument 
is a 6- inch radius , 60° sector type of magnet ic deflection spectrometer. 
T h e source reg ion a n d analyzer region are evacuated separately b y H g 
dif fusion pumps . T h e i o n accelerat ing voltage is usual ly ma inta ined at 
a potent ia l of 5000 volts. 

Ions are detected b y a 14-stage electron m u l t i p l i e r c oup led to b o t h 
a v i b r a t i n g reed electrometer ( M o d e l 31) a n d a pulse counter. T h i s 
arrangement permits a simultaneous measurement of the n u m b e r of ions 
detected a n d the d.c. current p r o d u c e d b y each i o n beam. T h e m i n i m u m 
detect ion sensit ivity is about one i on per second w i t h a d y n a m i c range 
of 10 7 . E x p e r i m e n t a l tests ind i ca ted that the detect ion c i r cu i t ry was 
essentially 1 0 0 % efficient. T h i s conclusion was based on the fact that 
the count rate reached a p lateau w e l l be l ow the m a x i m u m gain of the 
m u l t i p l i e r a n d the n o r m a l energy of the i on beam. D a t a were taken w e l l 
above the onset of the plateaus (>~ 300 volts per stage a n d the 8000 e.v. 
energy ) . 

A wide-range radiolysis source, shown schematical ly i n F i g u r e 1, was 
used for the radiolysis experiments. T h e source consists of three separate 
compartments constructed of stainless steel, each w i t h an independent ly 
contro l led electron beam. I o n i z i n g electrons are emitted f rom the three 
external t h o r i a - i r i d i u m filaments a n d are co l l imated b y permanent m a g 
nets of about 500 gauss strength. T h e emission f r o m each filament is 
ma inta ined constant automat ica l ly a n d is n o r m a l l y of the order of 100 
/^amperes, a n d the co l l imated electron beams are of the order of 10 
/^amperes each. E l e c t r o n energies m a y be v a r i e d f rom essentially zero to 
100 e.v. a l though energies as h i g h as several h u n d r e d e.v. m a y be used. 
T h e first compartment contains two electrodes for a p p l y i n g a n electric 
field to the sample d u r i n g i r rad iat ion . T h e series geometry of the source 
used i n this s tudy is not necessarily the best geometry. Ions c o u l d just 
as easily be extracted at r ight angles to compartments 1 a n d 2. 
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Figure 1. Wide-range radiolysis source for mass spectrometer. Dimensions 
are given in mm. 

T h e pressure i n each compartment was determined us ing A r as a 
s tandard a n d the re lat ionship 

where M 0 is the number of neutra l molecules per c c , M + is the i on current , 
Ne is the electron current, σ is the i on izat ion cross section for electrons of 
a g iven energy, a n d I is the p a t h length of the electrons. 

I n operat ion a gas sample was in troduced into the source f r o m a 
3-liter gas reservoir through a molecular leak. B y energ iz ing certa in of 
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the electron beams ( E B ) , different in format ion about the steps of the 
react ion c o u l d be obta ined as discussed be low. T o a v o i d confusing the 
results w i t h thermal reactions, the electron filaments to be used were 
m a i n t a i n e d at a constant h i g h temperature at a l l t imes. T h e E B s were 
obta ined b y a p p l y i n g an accelerating potent ia l to the filament. 

P R O D U C T S , E N E R G E T I C S , A N D G V A L U E S ( E B ' S , 1 A N D 3 ) . T o obta in 
final products , the threshold energy a n d G values, E B ' s 1 a n d 3 were 
energized. W e define " threshold energy" as the m i n i m u m energy of the 
i o n i z i n g m e d i u m needed to produce a g iven neutra l product . I r rad ia t i on 
of the sample at h i g h pressure ( ~ 1 torr ) w i t h E B 1 i n compartment 
1 p r o d u c e d products w h i c h were subsequently i on i zed b y E B 3 i n 
compartment 3 for mass identi f icat ion. T h e threshold energy was ob 
ta ined b y gradual ly increasing the energy of E B 1 u n t i l the product 
appeared as determined b y mass analysis us ing E B 3 . Va lues of G ( - N H 3 ) 
were obta ined f rom measurements of the percentage decomposit ion, the 
ca l cu lated residence t ime for the gas i n the first compartment ( 3 5 s e c ) , 
the n u m b e r of absorbed electrons a n d the energy of the absorbed elec
trons. T h e assumption was made that a l l secondary a n d scattered elec
trons were absorbed i n the gas. G values of the products were obta ined 
f r om G ( - N H 3 ) a n d a mater ia l balance. T h e percent of each product 
f o rmed i n chamber 1 was determined i n compartment 3 b y E B 3 a n d 
n o r m a l mass spectrometric procedures. V a r i a t i o n of the pressure i n c o m 
partment 1 over the range f rom 1 0 " 4 to 1 torr gave the pressure dependence 
for each product . 

P E R C E N T O F P R O D U C T A T T R I B U T E D T O I O N - M O L E C U L E R E A C T I O N S ( E B ' S , 
1 A N D 3 , E L E C T R O D E S 1 A N D 2 ) . T h e percent of final neutra l products 
caused b y ion-molecule reactions was determined b y us ing E B ' s 1 a n d 3 
a n d electrodes 1 a n d 2 i n compartment 1. E B 1 is very close 1 m m . ) 
to electrode 1. Consequent ly , a smal l negative potent ia l a p p l i e d to 
electrode 1 w i t h respect to electrode 2 collects a l l of the posi t ive ions 
before they undergo a significant n u m b e r of ion-molecule reactions. O n 
the other h a n d , a posit ive potent ia l a p p l i e d to electrode 1 causes the 
posit ive p r i m a r y ions to dr i f t t o w a r d electrode 2 a n d to undergo i o n -
molecule reactions i n the gas phase. T h e difference i n the abundance of 
a g iven product—e.g. , H 2 , w i t h electrode 1 posit ive compared to the 
abundance w i t h electrode 1 negative was taken as the amount of that 
product p r o d u c e d b y posit ive ion-molecule reactions. 

C R O S S S E C T I O N S F O R P R I M A R Y R E A C T I O N S , I O N S ( E B 3 ) A N D F R E E 
R A D I C A L S ( E B ' S 2 A N D 3 ) . T h e values of the cross sections for the p r i m a r y 
reactions w h i c h invo lve produc t i on of posit ive ions, negative ions a n d free 
radicals b y electrons were determined b y us ing E B ' s 2 a n d 3 a n d E q u a 
t i on 1. Since count ing techniques were used for detect ion, the n u m b e r of 
posit ive a n d negative ions detected was independent of the ga in of the 
m u l t i p l i e r (assuming, of course, a ga in sufficiently h i g h to produce a count 
for each i o n that strikes the first dynode of the m u l t i p l i e r ) . F r o m the 
transmission efficiency of the source a n d E q u a t i o n 1, the cross section 
can be determined for posit ive a n d negative ions i n compartment 3 b y 
us ing E B 3 only. T o test the accuracy of the method , the cross section 
of each posit ive a n d negative i o n was determined separately, a n d then 
the sum was compared w i t h the total cross section obta ined w i t h o u t mass 
analysis— i .e . , co l lect ing a l l ions o n the i o n repel ler . Cross sections for 
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free radicals were determined b y us ing E B ' s 2 a n d 3. T h e procedure 
i n v o l v e d f o rmulat ing the mathemat i ca l relationships w h i c h govern the 
produc t i on of a species such as A + b y a sequence of reactions 

A + e - » A * + e (a) 

A * + e - » A + + 2e (b) 

where A is any atom or molecule a n d A * is an excited molecule or free 
rad i ca l . A c c o r d i n g to E q u a t i o n 1, the amount of A * produced b y Re a c 
t i on a is g iven b y 

A * = σ*ΑΝθΖ (2) 

a n d that p r o d u c e d b y Reac t i on b is g iven b y 

Α + = σ ^ 2 ν / Ζ ' (3) 

where σ* a n d σί are the cross sections for excitation a n d ion izat ion , η is 
the transmission coefficient for A * f r om compartment 1 a n d V * is the 
average ve loc i ty of A * . C o m b i n i n g E q u a t i o n 2 a n d 3, one obtains for 
the i o n current , A + 

A + = a ^ i [ A ] i V e N e ^ i (4) 

B y subst i tut ing reasonable values for the parameters ( σ * , σι = 10 " 1 β c m . 2 ; 
[ A ] = 3.5 χ 1 0 1 4 ; NM' = 1 0 1 0 e l e c t r o n s / s e c ; l,V = 1; η = ΙΟ" 2; V * — 
10 4 cm. / sec . ) i n E q u a t i o n 4, w e find that the intensity of A + p roduced 
b y consecutive reactions m a y be as h i g h as 10 8 i ons /sec . at a pressure of 
10 ' 2 torr i n chamber 2. 

T h e i on izat ion cross section for free radicals σχ was usual ly u n k n o w n 
a n d h a d to be determined ind i rec t ly b y ca l cu lat ing the cross section for 
a s imi lar molecule i n accordance w i t h the re lat ionship 

σ = σ „ ( Ε - Ζ ) (5) 

where σ is the cross section for a g iven va lue of electron energy, Ε; I is 
the i on izat ion potent ia l of the molecule , a n d σ 0 is a constant. F u r t h e r 
details of operat ing a d u a l electron b e a m i on source are g iven elsewhere 
(25). 

S E C O N D A R Y I O N S ( E B 2) A N D S E C O N D A R Y F R E E R A D I C A L S ( E B ' s 2 A N D 
3 ). T h e techniques for s tudy ing rate constants for posit ive a n d negative 
ion-molecule reactions at h i g h pressure have been reported b y a n u m b e r 
of workers (24, 31, 37, 39) a n d w i l l not be discussed here. W e used the 
same technique a n d E B 2 for such studies. Secondary free radicals were 
s tudied b y us ing E B ' s 2 a n d 3. T h e technique invo lved scanning the 
mass spectrum i n the mass range of interest ( 1 to 50 i n the present s tudy) 
first w i t h E B 2 off ( f i lament s t i l l ho t ) a n d again w i t h a potent ia l on E B 2 
sufficient to produce free radicals i n the sample. T h e i on repel ler was 
m a i n t a i n e d at a negative potent ia l w i t h respect to the chamber to col lect 
any posit ive ions f o rmed i n compartment 2. A n y change i n the intensity 
of a g iven i o n beam or the appearance of a n e w i o n b e a m was at t r ibuted 
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to the difference i n the potent ia l of E B 2 , a n d hence ind i ca ted the f o rma
t i o n of a neutra l species f r om the sample w h i c h underwent either r a d i c a l -
molecule or rad i ca l - rad i ca l reactions. 

-GAS INLET 

-LEAK 

DESORBED 
SPECIES 

( Products, Radicals, 
etc.) 

CATALYST 

ELECTRON 
BEAM 

ION BEAM 

Figure 2. Catalytic reaction chamber for mass spectrometer 

E N E R G E T I C S O F P R I M A R Y P R O C E S S E S . T h e energetics of p r i m a r y proc 
esses w h i c h inc lude appearance potentials for posit ive a n d negative ions 
a n d free radicals were determined b y convent ional techniques ( 2 1 , 2 6 ) . 

Catalysis. C a t a l y t i c reactions were s tud ied b y passing reactant gases 
over a P t catalyst i n the i on source as shown i n F i g u r e 2 . T h e catalyst 
was a sp i ra l of 0.5-mm. P t w i r e , 3 X 13 m m . w i t h a surface area of ~ 1 
c m . 2 . A n opt i ca l pyrometer was used to determine the temperature of the 
catalyst. Products evo lved f r om the catalyst a n d passed d i rec t ly into the 
electron beam where they were i on i zed a n d ident i f ied b y standard m e t h 
ods of mass analysis. D e s o r b e d free radicals were ident i f ied b y m a i n 
ta in ing the energy of the i on i z ing electrons be low that necessary for 
dissociative i on izat i on of the reactants to give inter fer ing fragment ions. 
F i n a l a n d intermediate products were s tudied as a funct ion of catalyst 
temperature, pressure, a n d concentrat ion of each reactant. Product ions 
f r o m ion-molecule reactions w h i c h might confuse the results were m i n i 
m i z e d b y m a i n t a i n i n g a 10-e.v. potent ia l , w i t h respect to the exit sl it , on 
the catalyst, thus decreasing the residence t ime for ions i n the ion izat ion 
chamber. Radica ls a n d intermediates w h i c h have a l i fe t ime less t h a n 
1 /Asec. were not observed because the transit t ime f rom the catalyst to 
the electron beam was of the order of 1 jusec. T o be observed b y the 
present method , radicals a n d intermediates must also be stable either to 
posit ive or negative ionizat ion . Fur thermore , the resultant i on h a d to be 
stable for the order of 1 //.sec. ( i on transit t ime f rom the electron b e a m to 
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the detector ) . T h e percent abundance of free radicals was determined 
f r o m the geometry of the reactor a n d the relationships g iven i n E q u a t i o n 1. 

Results 

Radiolysis. P R O D U C T S . Results f r o m a s tudy of the rad io ly t i c de
composi t ion products of N H 3 ( H 2 , N 2 , a n d N 2 H 4 ) , are summar i zed i n 
T a b l e I . T h e percent of each product was determined b y the n o r m a l 
ana ly t i ca l procedures of mass spectrometry. A photograph of actual 
scans for each of the products is shown i n F i g u r e 3 . "Potent ia l O n " i n d i 
cates a potent ia l of 1 0 0 volts a p p l i e d to E B 1, F i g u r e 1, a n d a potent ia l 
of — 3 0 volts ( f ie ld negat ive) a p p l i e d to electrode 1. " F i e l d Pos i t ive " 
indicates a potent ia l of + 1 5 volts a p p l i e d 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-Moleculea Other 
Product Abundance Reactions Reactions G 

H 2 74.9 54 46 8.8 
N 2 24.9 63 39 2.9 
N 2 H 4 0.2 20 80 .03 
N H 3 — — — - 6 . 1 

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

Figure 3. Effect of electric field on the production of H2, N2, and N2H,) from 
the radiolysis of NH3 at 0.1 torr pressure 
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Table II. Summary of G Values for the Decomposition of N H 3 in 
the Gas Phase Obtained by Various Workers 

Product G Value This Study 

TBPa Hb Sc sd 

H 2 6.2 10 6.3 8.8 
N 2 2 2.1 2.9 
N 2 H 4 0.03 

- N H S 4.1 (4-6) 6.1 
a Ref . 41. 
6 Ref. 15. 
c Ref. 34. 
d Ref . 33. 

2 4 6 8 10 12 14 
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 NHti 
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Table III. Primary Products Produced in the First Stage of the 

Positive Ions Neutral 

Ion 

H + 

H 2
+ 

N + 

N H + 

N H 2
+ 

N H 3
+ 

Total 

Relative 
Abundance 

2.96 
2.96 
3.02 
9.07 

82.17 
100 

Percent 

0.77 
0.76 
0.91 
2.67 

24.19 
29.44 
58.8 

Cross 
Section 

σ Χ 1016 

0.026 
0.026 
0.03 
0.09 
0.8 
1.0 
2.0 

Species 

• H 
• H 2 

•N 
• N H 

N H 2 

Relative 
Abundance 

100 
18 

1 
3 

19 

T o faci l i tate comparison of the G-values obta ined i n this s tudy w i t h 
other work , results f r om four other recent studies (15, 33, 34, 41) are 
tabulated i n T a b l e I I . A s can be seen, there are no serious disagreements 
between the various studies, a n d this agreement m i g h t appear surpr is ing 
since a l l of the i n i t i a l excitat ion i n this s tudy was produced b y 100 e.v. 
electrons, whereas that i n other studies was p r o d u c e d b y h i g h energy 
rad ia t i on ( i n the k.e.v. to m.e.v. range ) . H o w e v e r , it is w e l l k n o w n that 
secondary electrons i n the 100 e.v. energy range account for most of the 
c h e m i c a l change i n a l l radiolysis experiments. T h u s , the agreement is 
rea l ly not surpr is ing . 

T h e threshold energy a n d y i e l d curve for each product is shown i n 
F i g u r e 4. N o t e that the threshold energy of a l l of the products corre
sponds approx imate ly to the appearance potent ia l for H " a n d N H 2 " 
( ~ 4 e.v.) a n d N H 3

+ f r om N H 3 (10.5 e.v.) . It appears that these ions 
a n d associated radicals l ead to the final products . 

P R I M A R Y R E A C T I O N S . I t is w e l l k n o w n that the p r i m a r y reactions of 
i o n i z i n g rad iat ion w i t h gaseous molecules l ead to negative ions, posit ive 
ions, excited species, free radicals , a n d other neutra l products . It is 
apparent that the species a n d y i e l d w i l l depend o n the components of 
the total co l l i s ion cross section σ w h i c h inc lude the summat ion of a l l the 
excitat ion cross sections, σ θ, as w e l l as the elastic cross sections 

i 

where σθί is the cross section for excitation of the i t h state of the molecule , 
a n d σ€ de is the cross section for an i on izat ion react ion i n w h i c h the 
energy of the ejected electron is between c a n d c + dc. T a b l e I I I gives 
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Irradiation of N H 3 (100 e.v. Electrons and 2 X 10" 7 T o r r Pressure) 

Species Negative Ion 

Cross Cross 
Section Relative Section 

Percent σ Χ 1016 Ion Abundance Percent σ Χ 1016 

28.98 1 H - 100 0.39 0.013 
5.21 0.2 
0.33 0.01 
0.72 0.03 N H " 0.13 0.001 0.0002 
5.54 0.2 N H 2 - 3.71 0.01 0.0006 

40.8 1.41 0.4 0.014 

experimental values for the i n d i v i d u a l a n d total cross section. T h e m e a 
surements w h i c h were made can be summar i zed as fo l l ows : 

( a ) I n d i v i d u a l a n d tota l cross section for the product i on of a 
specific i on (posit ive or negat ive) σΐ 

σ ΐ = J € a(e) de 

f r o m N H 3 b y 100 e.v. i o n i z i n g electrons. 
( b ) I n d i v i d u a l a n d total cross sections for the product ion of a 

specific free r a d i c a l or neutra l molecule σά f r om N H 3 b y 
100 e.v. i on i z ing electrons, see F i g u r e 5. 

T h e results f rom a study of p r i m a r y reactions shown i n T a b l e I I I 
show that about 6 0 % of the p r i m a r y reactions l ead to posit ive a n d nega
t ive ions a n d 4 0 % to free radicals . These are almost the same as the 
percentages of react ion products at tr ibuted to ions a n d free radicals as 
shown b y T a b l e I a n d give a rat io of i on izat ion to dissociat ion of about 
1.5. T h i s is about the same ratio as that for i on izat ion σι to excitation (σ<>) 
for Η (σε/σ^ = 1.2) b y 100 e.v. electrons ca lcu lated us ing the B o r n - B e t h e 
approx imat ion (30 ) . 

Appearance potentials for the ions f rom the neutra l species are shown 
i n T a b l e I V . Some of the values can be i n error because the state of 
excitat ion of the neutra l species is u n k n o w n . Results are i n satisfactory 
agreement w i t h those reported b y other workers (2, I I , 12, 17, 27, 32). 

I O N M O L E C U L E R E A C T I O N S . A great dea l of w o r k has been done on 
the posit ive ion-molecule reactions (6, 8, 14, 40) i n N H 3 , a n d it m i g h t be 
thought that there is l i t t le need to re-examine the system. I n fact, h o w 
ever, the agreement between various workers is on ly fair , w h i c h is scarcely 
surpr is ing i n v i e w of the complex i ty of such reactions. Fur thermore , 
negative ion-molecule reactions have not been studied even qual i tat ive ly . 
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N H 2 * 
2 ζ i t 

T I M E — — 

Figure 5. Typical results for the produc
tion of H and NH2 radicals from NH3 by 

ionizing radiation 

Consequent ly , w e have s tudied careful ly the posit ive ion-molecule reac
tions i n N H 3 a n d have examined qua l i ta t ive ly the negative ion-molecule 
reactions. Results are shown i n T a b l e V for posit ive ions. N o n e of the 
previous measurements extended u p to the pressure reg ion of 1 torr w h i c h 
w e used i n this study. D e r w i s h et al. (6), however , have covered the 
pressure range u p to 0.1 torr. T h e present results are i n reasonable agree
ment w i t h the ir measurements except for the react ion 

H 2
+ + N H 3 - » N H 4

+ + H (C ) 

w h i c h was observed i n the present s tudy but was not reported b y them. 
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H o w e v e r , these workers were unab le to account for a l l of the N H 4
+ p r o d 

uc t observed, a n d i t is l i k e l y that Reac t i on C was at least par t ia l l y re 
sponsible for their excess N H 4

+ ions w h i c h account for 8 3 % of the to ta l 
i o n current at 1 torr. T h e percentage is even h igher ( 9 7 % ) w h e n one 
inc ludes N H 3

+ a n d N H 2
+ w h i c h u l t imate ly produce N H 4

+ . H e n c e , i t is 
reasonable to assume prov is iona l ly that about 9 9 % of the products result 
i n g f r o m ion-molecule reactions are f o rmed f r o m reactions w h i c h produce 
N H 4

+ a n d the associated neutrals N H 2 a n d H . 

Table IV. Appearance Potentials for Intermediate Neutral Species 
Produced in the Radiolytic Decomposition of N H 3 

Rehtive 
Species Abundance This Study Previous Theoretical 

H 1 0 0 1 3 . 8 
Ν 1 1 4 . 6 
N H 9 1 2 . 8 1 3 . 1 6 

1 4 . 0 C 

N H 2 1 3 1 1 . 7 1 1 . 4 * 
1 2 . 0 E 

1 0 . 5 

N H 3 — 1 0 . 2 1 0 . 5 ' ( 1 0 . 2 ) ' 
N H 4 0 . 1 5 . 9 
N 2 H 2 1 3 9 . 9 9 . 9 * 1 0 . 1 
N 2 H 3 1 7 . 6 7 . 9 * 7 . 8 
N 2 H 4 — 8 . 8 9 . 0 ' ( 8 . 8 ) 

β Calculated by our energy calibrated molecular orbital method. Ref. 27. 
ftRef. 32. 
c Ref . 12. 
*Ref. 11. 
e Ref. 2. 
'Ref. 17. 
0 Parentheses indicate calibration points. 

D I S C U S S I O N . T h e final p r o d u c t s — N 2 , H 2 , a n d N 2 H 4 — p r o d u c e d b y the 
radiolysis of a m m o n i a can be exp la ined on the basis of three reactive 
species, namely , N H 4

+ , N H 2 , a n d H as s h o w n i n T a b l e V I . T h e results 
f r o m T a b l e I I I show that 9 7 % of a l l those p r i m a r y reactions w h i c h p r o 
duce free radicals y i e l d e ither N H 2 o r H . F u r t h e r m o r e , 9 9 % of a l l i o n -
molecu le reactions l isted i n T a b l e V y i e l d either N H 2 or H as a neutra l 
product . C l e a r l y , these are the p r i n c i p a l free radicals to be considered 
i n any react ion mechanism. T h e results i n T a b l e I I I indicate that N H 4

+ 

is the p r i n c i p a l i o n present at h i g h pressure > 0 . 1 torr ( 9 9 % of a l l ions 
w h e n N H 2

+ a n d N H 3
+ , w h i c h react to produce N H 4

+ , are i n c l u d e d ) a n d 
therefore must account for the chemica l change p r o d u c e d b y ion-molecule 
réactions. 

T h e evidence for mechanisms i n v o l v i n g free r a d i c a l reactions a n d 
ion-molecule reactions tabulated i n the last c o l u m n of T a b l e V I is ob 
t a i n e d f r o m the threshold energy, the abundance of each species, a n d the 
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Table V . Ion Molecule Reactions Observed in the 

Positive Percent 
M./e. Ion Abundance Probable Reaction 

1 H 0.1 N H 3 + e ^ H + + N H 2 + 2e 
2 H 2 0.01 N H 3 + e - » H 2

+ + N H + 2e 
14 Ν 0.1 N H 3 + e - » N + + H 2 + H + 2e 
15 N H 0.4 N H 3 + e -> N H + + H 2 + 2e 
16 N H 2 4.3 N H 3 + e - » N H 2

+ + Η + 2e 
17 N H 3 12.1 N H 3 + e ^ N H 3

+ + 2e N H 3 

N H 2
+ + N H 3 -> N H 3

+ + N H 2 

18 N H 4 82.9 N H 3
+ + N H 3 N H 4

+ + N H 2 

H 2
+ + N H 3 - » N H 4

+ + Η 
29 N 2 H 0.03 N + + N H 3 -> N 2 H + + H 2 

30 N 2 H 2 0.01 N H + + N H 3 N 2 H 2
+ + H 2 

31 N 2 H 3 0.02 N H 2
+ + N H 3 - ^ N 2 H 3

+ + H 2 

32 N 2 H 4 0.01 N H 2
+ + N H 3 N 2 H 4

+ + Η 
33 N 2 H 5 0.02 N H 3

+ + N H 3 - * N 2 H 5
+ + H 

Table VI . Summary of 

Percent from 
Reaction Percent Positive Ion 
Product Abundance Molecule Reactions 

H 2 74.9 54 

N 2 24.9 63 

N 2 H 4 0.2 20 

ident i ty o f the other transient species. F o r example, the resonance cap 
ture type shape of the y i e l d curve for H 2 , N 2 , a n d N 2 H 4 , F i g u r e 4, strongly 
suggests that the onset at about 3 - 4 e.v. is a t t r ibuted to negative i o n 
format ion . 

T h e present results at l o w pressure show that about 5 5 % of the 
products are p r o d u c e d b y ion-molecule reactions. T o i , Peterson, a n d 
B u r t o n (41) suggested, f r o m h i g h pressure w o r k on N H 3 , that 5 7 % to 
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Radiolysis of Ammonia at 1.0 Torr Pressure 

Rate Constant Χ 109 Cross Section 
Molecules/cc, sec. σ Χ 1016 cm.2 

1.9 

1.5 
1.1 
0.06 
0.003 
0.00 
0.0005 
0.001 

63 

51 
34 

1.8 
0.9 
0.3 
0.1 
0.3 

Major Conclusions 

G 
Value 

8.8 

2.9 

0.03 

Threshold 
Energy 

3.6 

4.2 

10.2 

3.6 
4.2 

10.2 
3.6 
4.2 

Proposed Mechanism 

N H 3 + e - * N H 2 - + H (1) 
- » N H 2 + H - ( l a ) 
- > N H 2 + H + e ( l c ) 

H + N H 3 - » N H 2 + H 2 (2) 
N H 2 + N H 2 -> N 2 H 4 * (3) 
N 2 H 4 * - » N 2 H 2 + H 9 (4) 
N 2 H 2 -> N 2 + H 2 (5) 
N H 3 + e - » N H 3

+ + 2 e (6) 
N H 3

+ + N H 3 -> N H 4
+ + N H 2 (7) 

N H 4
+ + e -> N H 2 + H 2 (8) 

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

Same as (6 ,7 ) 
Same as (1-3) 
N 2 H 4 * + N H 3 N 2 H 4 + N H 3 (9) 
N H 3 - + N H 3 - » N 2 H 6 - (10) 
N 2 H 6 - ^ N 2 H 4 + H 2 + e (11) 

7 6 % of the products m a y be caused b y processes i n v o l v i n g ions. T a k a -
hash i (38) also conc luded f r o m r.f. discharge studies that ions are 
important i n the decomposi t ion of N H 3 . T h u s , the present results are i n 
excellent agreement w i t h the results of these investigators w h o used 
ent ire ly different techniques. A summary o f the types of radiolysis results 
w h i c h can be obta ined b y mass spectrometry is g iven i n T a b l e V I I . 
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Table VII. Information Obtained from Radiolysis Experiments 

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

2 . Y ie ld of reactive intermediates (free radicals, ions, etc.). 
3 . Appearance potentials for ions, free radicals and excited molecules. 
4 . Positive and negative ion-molecule reactions. 
5. Radical-radical, radical-molecule, and excited molecule-molecule reactions. 
6 . G values (molecules formed or decomposed per 1 0 0 e.v. of energy ab

sorbed) . 
7. Abundance of products (intermediates and final). 
8. Amount each product produced by ion-molecule reactions. 
9 . Threshold energy for the appearance of each product. 

1 0 . Pressure dependence for each product. 

Catalysis. N E U T R A L T R A N S I E N T S P E C I E S . T h e free radicals H a n d 
N H 2 were the most abundant neutra l transient species a l though Ν a n d 
N H were also observed at l o w pressure. Results are g iven i n T a b l e V I I I . 
I t is interest ing to note that Η a n d N H 2 , w h i c h are most abundant i n 
this study, were also most abundant i n the rad io ly t i c study. These results 
suggest that the elementary steps are the same for b o t h decomposi t ion 
reactions. 

Table VIII. Concentration of Neutral Species Observed in the 
Decomposition of N H 3 at 0.1 Torr Over Pt and 1000°C. 

Species Concentration (% ) 
Η 0 . 0 0 2 1 
Ν 0 . 0 0 0 1 
N H 0 . 0 0 0 3 
NH> 0 . 0 0 2 4 
N H 4 0 . 0 0 0 2 
N 2 2 4 . 9 
H 2 7 4 . 9 

G A S - P H A S E I O N S . T h e existence of charged species i n the gas phase 
d u r i n g the decomposi t ion react ion is shown b y the s tr ik ing results of 
F i g u r e 6 . I n this experiment the temperature of the catalyst was suddenly 
changed f rom room temperature to 1 0 0 0 ° C . w h i l e mon i to r ing the N H 4

+ 

i o n b e a m w i t h no i o n i z i n g electron b e a m present. T h e N H 4
+ intensity 

increases a n d decreases abrupt ly , f r om about 1 0 4 i ons /sec . to less t h a n 
1 i o n / s e c , corresponding to abrupt changes i n the catalyst temperature. 
I n previous w o r k ( 2 9 ) , i t was shown that N H 4

+ is p r o b a b l y f o rmed b y a 
surface react ion between N H 3 a n d Η or H 2 molecules. 

A study of the N H 2 " a n d H " i on beams showed the behavior to be 
s imi lar to that for N H 4

+ . N o other posit ive or negative ions were observed 
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i n the gas phase w i t h the catalyst hot a n d the electron beam turned off. 
T h e observation of N H 2 " a n d H " was not unexpected because the corre
sponding free radicals were observed. T h e abundance of the negative 
ions can be est imated f rom the w e l l - k n o w n S a h a - L a n g m u i r equations 

AT _ on (EA - φ) 
No " * ( l ~ r 0 ) W o

e x p (kT) K ) 

T h e symbols are defined as: 

N+/N0; N~/N0 ratio of the charged to the neutral compo
nent leaving the surface 

ri9T0 reflection coefficients of the surface for the 
ion and the neutral 

o>i and ω 0 statistical weighting factors for the ion and 
the neutral 

I ionization potential 

EA electron affinity 

φ electron work function of the metal 

Τ absolute temperature 

k Boltzmann's constant 

A l t h o u g h these equations are der ived f rom first pr inc ip les (28), they 
shou ld be used w i t h caut ion because of the effect of different adsorbed 
materials on the w o r k funct ion , φ. Fur thermore , the reflection for coeffi
cients for different components for a g iven surface are usua l ly u n k n o w n . 

W h e n a N H 3 - D 2 system was used, the species N H 4
+ a n d N H 3 D + 

were observed. T h e format ion of an N H 3 D + species i n an N H 3 - D 2 system 
is consistent w i t h the observations of K e m b a l l (16) for the a m m o n i a -
deuter ium exchange react ion on p l a t i n u m . H i s results showed that the 
i n i t i a l exchange product is a lways N H 2 D a n d that N H D 2 a n d N D 3 are 
f o rmed b y subsequent independent reactions. I f the intermediate i n this 
exchange react ion were indeed the N H 3 D species, the i n i t i a l product 
w o u l d always be N H 2 D because the intermediate on dissociation w o u l d 
g ive either N H 2 D + Η or N H 3 + D . 

T h e absolute rate of a m m o n i a decomposit ion was f o u n d i n the pres
ent w o r k to be proport iona l to the p a r t i a l pressure of a m m o n i a i n the 
pressure range at a n d be low 10~3 m m . It was also f o u n d to be s l owed 
d o w n b y a d d i n g hydrogen . T h e decomposi t ion was approximate ly i n 
versely propor t iona l to the p a r t i a l pressure of a d d e d hydrogen . F o g e l 
et al (10) have s tudied the decomposit ion of N H 3 b y b o m b a r d i n g a P t 
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Figure 6. Production of NH,t
+ ions by the 

decomposition of ammonia over Pt 

catalyst w i t h argon ions to displace species f r om the surface. T h e authors 
conc lude that the decomposit ion of a m m o n i a occurs p r i m a r i l y b y the 
react ion 

N H 3 -> N H + H 2 

C e r t a i n l y the present measurements do not po int to such a mechanism. 
T h e re lat ive yields of H. N H 2 , N H , a n d Ν radicals i n the present w o r k 
w o u l d suggest instead the presence of more N H 2 groups than N H groups 
o n the surface. H o w e v e r , u n t i l one has values for the relative energies 
of act ivat ion for the desorpt ion of Η, N , N H , a n d N H 2 radicals , one 
cannot conclude f r om the observed emissions the relat ive surface concen
trations of these groups. T h e present experiments seem, however , to 
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afford definite evidence of the presence of H. N , N H , a n d N H 2 , a n d pre 
sumably N H 4 or N H 4

+ ions o n the surface of the p l a t i n u m d u r i n g the 
catalyt ic decomposit ion of a m m o n i a i n the temperature range 500° to 
1000°C. A summary of the types of in format ion w h i c h can be obta ined 
f r om catalysis studies is g iven i n T a b l e I X . 

Table IX. Information Obtained from Catalytic Experiments 

1. Identity and abundance of final reaction products. 
2. Kinetics for the reaction. 
3. Activation energy for the reaction. 
4. Identity and abundance of reactive species desorbing from the catalyst such 

as ions and free radicals. 
5. Information about elementary steps of the reaction mechanism. 

Conclusions 

T h i s mass spectrometric study of the decomposit ion of a m m o n i a has 
been p r i n c i p a l l y concerned w i t h the elementary steps w h i c h l ead to the 
final products . These steps w rere postulated on the basis of the ident i ty 
a n d behavior of the transient species observed. Several qual i tat ive con
clusions about the two modes of decomposi t ion have emerged even though 
a d irect comparison of the absolute abundance of the transient species 
f o rmed b y each mode m a y be unrel iable . 

Table X . Elementary Steps in the Decomposition of Ammonia 0 

Catalysis Radiolysis 
N H 3 - » N H 2 + Η N H 3 -> N H 2

a + H a 

S S 
N H 2 + N H 2 -> N 2 H 4 N H 2 + N H 2 - » N 2 H 4

a 

S S 
N 2 H 4 -> N 2 + 2 H 2 N 2 H 4 - » N 2 + H 2 

S 
H + N H 3 - » N H 4 X e + N H 3 - » NH 4 ° 
S S 
N H 4 - » N H 2 + H 2 N H 4

a -> N H 2 + H 2 

S S 
a S represents a surface, "a" indicates the state, positive, negative, neutral, or ex
cited, and X indicates a reactive species. 

T h e transient species f o rm ed b y b o t h modes of decomposi t ion were 
essentially the same. F o r example, the free radicals H. N H , N H 2 , a n d 
N H 4 were observed i n about equa l relat ive concentrations (see Tab les 
I I I , V I , a n d V I I I ) . E v e n the ions, w h i c h m i g h t be expected to be c o m 
plete ly different, i n effect were the same. T h e i o n N H 4

+ was observed 
desorbing f r o m the catalyst whereas this i o n was f o rmed b y ion-molecule 
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reactions i n the rad io ly t i c decomposit ion so that the net result was that 
N H 4

+ was the most abundant i o n i n each react ion at h i g h pressure. 
These exper imental results lead us to postulate that the e lementary 

steps i n the decomposit ion of a m m o n i a b y catalysis m a y be about the 
same as those for decomposit ion b y i on i z ing radiat ion . H o w e v e r , i t 
shou ld be emphas ized that the mode of generation of the p r i m a r y p r o d 
ucts ( N H 2 , H. etc. ) is complete ly different a n d w e do not w a n t to i m p l y 
a s imi lar i ty i n this respect. T h e y are g iven i n T a b l e X . 

I n this br ie f discussion, I have t r i e d to show b y a specific example 
h o w the mass spectrometer can be used as a u n i q u e sel f -contained re 
search laboratory to obta in in format ion necessary for the interpretat ion 
of a chemica l react ion. 
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5 
Direct Mass Spectrometric Sampling of 
High Pressure Systems 

T H O M A S 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 N2 carrier gases. A 
preliminary consideration of the kinetics of growth of the 
species Ar2 indicates that collisions between molecules at 
low thermal energies and densities are important. 

" \ T a s s spectrometry has proved to be an extremely versatile detector 
i n the study of inorganic gaseous systems, as the papers i n this 

sympos ium indicate . M o s t of the systems studied b y direct l ine-of-sight 
sampl ing of reactive species, however , have been at re lat ive ly l o w pres
sures. There are several reasons for w i s h i n g to extend direct mass spec
trometr ic sampl ing to systems at h igher pressure. B r e w e r (5 ) has po inted 
out that the complex i ty of the vapor i n e q u i l i b r i u m w i t h a condensed 
phase f requent ly increases w i t h increasing temperature a n d hence i n 
creasing pressure. T h u s , one m a y find, a n d be able to study, m a n y n e w 
species at h igher pressures. A n example is furnished b y the class of 
w e a k l y b o u n d van der W a a l s ' dimers w h i c h exist i n a l l gases, w i t h the 
possible exception of H e . Fur thermore , bo th homogeneous a n d hetero
geneous e q u i l i b r i a often must be dr iven b y a h i g h p a r t i a l pressure of 
react ing gas to obta in apprec iable concentrations of a part i cu lar species. 
T h e case of steam over N a C l ( c ) g i v ing a postulated N a C l * 7 H 2 0 gaseous 

68 
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molecule (7 ) is a n example. A n o t h e r process of some interest is that of 
homogeneous nuc leat ion of bo th l o w a n d h i g h temperature species, w h i c h 
is observable i n its earliest molecular stages i n the expansion into a 

v a c u u m that occurs i n direct h i g h pressure sampl ing . F i n a l l y , m a n y 
prac t i ca l chemica l processes occur i n h i g h pressure environments. A s an 
example, i t is current ly a matter of some concern whether the species 
w h i c h have been shown to be important i n the l o w pressure ox idat ion of 
metals , the l o w pressure decomposit ion a n d combust ion of so l id p r o -
pel lants, a n d the l o w pressure e q u i l i b r i a of l ight meta l compounds, are 
s t i l l the important species at the higher pressures a n d temperatures 
i n v o l v e d i n prac t i ca l combust ion systems. 

I n the f o l l o w i n g sections we discuss molecular beam formation f r o m 
a h i g h pressure gas. H i g h pressure here refers to any sampl ing cond i t i on 
i n w h i c h the mean free pa th of the gas, λ, is substantial ly smaller than 
the sampl ing orifice diameter, d—i.e., the K n u d s e n number , K„ = λ/d, 
is m u c h less than 1. O n l y the sampl ing of neutra l gases w i l l be considered. 
Some of the phenomena discussed have a bear ing on the direct sampl ing 
of ions, but the special problems of i on extraction w i l l not be discussed. 

Beam Formation Process 

Free-Jets. I n convert ing a h i g h pressure gas into a molecu lar b e a m 
w h i c h can be in troduced into the i on source of a mass spectrometer, the 
c r u c i a l changes i n composi t ion or state occur d u r i n g the i n i t i a l c o n t i n u u m 
expansion w h i c h occurs downstream ( a n d s l ight ly upstream) of the 
sampl ing orifice. If the pressure downstream f rom the orifice is kept 
qui te l ow , t yp i ca l l y 10"r> or 10" f i of the pressure of the gas be ing sampled , 
one obtains a free-jet expansion. Free-jets are rece iv ing m u c h study 
current ly because of their pert inence to the K a n t r o w i t z - G r e y (14) type 
of supersonic beams for p r o d u c i n g h i g h energy, h i g h intensity molecular 
fluxes a n d because they can prov ide a supersonic flow field of k n o w n 
properties for various aerodynamic tests. T h e prob l em of h i g h pressure 
sampl ing , of course, provides a t h i r d mot ivat i on for understanding free-
jets. T h e details of free-jet structure a n d properties are g iven i n m a n y 
recent papers, par t i cu lar ly those i n the proceedings of the Raref ied Gas 
D y n a m i c s Sympos ia (6). I n add i t i on , several recent rev iew articles are 
pert inent (2, 3, 8,15). O n l y those aspects of immediate concern to direct 
s a m p l i n g w i l l be discussed here. 

A s a basis for understanding the sampl ing process, it is reasonable 
to approximate the center-l ine flow of gas f r om a kni fe -edged orifice as 
consist ing of a c on t inuum adiabat ic isentropic expansion u p to a t rans i 
t i on po int at w h i c h it a b r u p t l y enters a n essentially collisionless region. 
C l e a r l y , this is not accurate since the ac tua l transi t ion is gradual , yet the 
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s imple m o d e l has proved useful i n correlat ing free-jet data. D i r e c t exper i 
m e n t a l data for smal l orifices a n d monatomic gases give the M a c h number 
of the gas as a result of the cont inuum expansion a n d can be fit to a n 
effective t e rmina l M a c h n u m b e r at w h i c h coll isions essentially cease ( I , 
2 5 ) . O v e r the c o n t i n u u m port ion of the expansion, Ashkenas a n d Sher
m a n (6 ) give the ca lculated M a c h n u m b e r as a funct ion of distance 
downstream as: 

M 

where y is the ratio of specific heats, d is the orifice diameter , a n d χ is the 
distance downstream f rom the orifice. A a n d x0 have the f o l l ow ing values 
for different y's: 

y A x0/d 

5 / 3 3.26 0.075 
7 / 5 3.65 0.40 
9 / 7 3.96 0.85 

A t large distances M A(xfd)^'1 

P / P o = ( 1 + 7 - Z J L M » ) W « ( ^ ) " 1 / 7 l A - 2 / T - i ( x / d ) - 2 

w h i c h for γ = 5 / 3 reduces to : 

p / p 0 = 9 ( 2 ) 

where p0 is the source density a n d ρ is the density at a distance χ f r om 
the orifice of d iameter d. ( N o t e that the expansion is scaled i n orifice 
diameters. ) S tandard expressions for isentropic expansion i n flowing 
systems relate the M a c h n u m b e r or density to the loca l pressure, tempera
ture, a n d veloc ity . It is interesting that the flow is sourcelike a n d differs 
re lat ive ly l i t t le i n the rate of density decrease f rom the rate g iven b y the 
K n u d s e n effusion expression (28) were this re lat ionship to a p p l y over 
the same source condit ions. 

_ 0.0625 -
\P/Po) Knudsen — J^Jfiyai ' ^ ' 

P r e d i c t i o n of the theoret ical beam intensity at a large distance f r om the 
orifice, w i t h intervening slits, requires considerat ion of the t e rmina l 
M a c h number a n d the geometry of the second slit . W i t h a sufficiently 
large second slit , or skimmer, A n d e r s o n a n d F e n n (4) have argued that 
Ashkenas a n d Sherman's source-flow expression ( E q u a t i o n 2 ) can be 
a p p l i e d at any distance, even into the essentially collisionless regime. 
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T h u s , an upper l i m i t to attainable beam intensities is p r o v i d e d i f depar
tures f r om idea l i ty a n d scattering are negl ig ib le . A n d e r s o n , A ndr es , a n d 
F e n n (3 ) give an expression for intensity i n the case of a very smal l 
sk immer a n d a t e rmina l M a c h number , M T . L i k e w i s e , A n d e r s o n a n d 
F e n n (4) g ive an expression for large skimmers. T h e most def init ive 
discussion of beam intensities appears to be that of H a g e n a a n d M o r t o n 
(23 ) . E x p e r i m e n t a l beam intensities obta ined i n our system w i l l be 
compared w i t h those ca lcu lated f rom E q u a t i o n 2 i n the next section. 

F o r monatomic gases, the expansion is re lat ive ly s imple ; on ly transla-
t i ona l degrees of freedom exist, a n d notwi thstanding such refinements as 
considerat ion of nonisentropic flow a n d anisotropic a n d n o n - M a x w e l l i a n 
veloc i ty d istr ibut ions ( 1 3 ) , the s imple p i c ture above shou ld give a useful 
descr ipt ion of the history of the sampled gas. It is assumed, of course, 
that no homogeneous nuc leat ion is o ccurr ing d u r i n g expansion (d i s 
cussed la ter ) . W i t h po lyatomic gases one must consider the relaxation 
of the various internal degrees of f reedom d u r i n g the expansion. D i r e c t 
exper imental data on the translational ( I , 25) a n d rotat ional states (18, 
24) d u r i n g expansion have been obta ined b y veloc i ty d i s t r ibut ion mea 
surements a n d b y opt i ca l spectroscopy. T h e v ibra t i ona l behavior has been 
in ferred f r om the apparent y w h i c h describes the measured free-jet p r o p 
erties. A s a first approx imat ion one can predic t complete translat ional 
re laxation to the termina l M a c h n u m b e r cond i t i on ( a matter of def ini 
t i o n ) . Rotat iona l relaxation w i l l be considerable, but final rotat ional 
temperatures are substantial ly h igher than translat ional temperatures. 
V i b r a t i o n a l re laxation w i l l usua l ly be m i n i m a l . F o r excited electronic 
states, radiat ive processes w i l l p robab ly dominate over co l l i s ional de-
excitation. W h e n coll isions have essentially stopped, the state of the 
molecules w i l l r emain frozen w i t h the possible exception of un imolecu lar 
reactions such as those postulated b y Robb ins a n d L e c k e n b y ( 1 6 ) , i n 
w h i c h w e a k l y b o u n d po lyatomic clusters essentially rotate themselves 
apart i n the absence of col l isions. 

T h e actual course of the free-jet expansion is shown i n F i g u r e 1 for 
three gases, A r , N 2 , a n d C H 4 , i n i t i a l l y at 1 a tm. a n d 300°K. T h e curves 
labe led "free-jet" show the pressure-temperature condit ions of isentropic 
expansion. T h e t e rmina l M a c h number for argon can be pred i c ted f r o m 
A n d e r s o n a n d Fenn 's cr i ter ion (4). 

T h e three near ly straight lines show the e q u i l i b r i u m vapor pressure of the 
condensed phases of the three gases. T h e significance of these curves w i l l 
become apparent i n the discussion of nucleat ion. D o u b l i n g of the orifice 
size, for a g iven pressure, w o u l d have two effects. F i r s t , the t e rmina l 

(4) 
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M a c h number w o u l d increase according to Express ion 4. Second, the t ime 
r e q u i r e d to reach a g iven T-P po int on the curves, corresponding to a 
g iven M a c h number , w o u l d double . T imes of the order of microseconds 
are invo lved over the ranges shown i n the figure w i t h orifice sizes of a 
f ew mi ls . 

It should be emphasized again that a l l the above discussion assumes 
an idea l expansion a n d the absence of shock effects, either i n the free-jet 
or as a result of the presence of the sk immer i n the flow field of the orifice. 
T h e v a l i d i t y of these assumptions i n our sampler is discussed elsewhere 
( 9 , 1 0 ) . 

ι 

ο ARGON 

• N 2 

Δ C H 4 

FREE JET EXPANSION 
VAPOR PRESSURE OF 
CONDENSED PHASE 

X = 5 / 3 

y = 7 / £ 

JL 

( ' / τ x 10 ) °κ 

8 10 

2 \ 

12 14 

Figure 1. A comparison of calculated free-jet expansion history with 
saturated vapor pressures for Ar, N„ and CH,t initially at 1 aim. and 

300SK. 
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Sampling Effects Accompanying Free-Jet Expansion. There are a 
n u m b e r of important consequences of direct free-jet sampl ing . F i r s t , i n 
sampl ing mixtures of gases, a w e l l developed cont inuum expansion w i l l 
result i n a near ly unchanged composi t ion of gas at the transit ion reg ion 
(26) w i t h a l l molecules m o v i n g a long the b e a m axis w i t h essentially the 
same velocity . T h e molecules of different molecu lar weight w i l l have 
di f fer ing random thermal velocities, however , a n d as a w e l l c o l l imated 
molecu lar beam is formed, the l ighter molecules w i l l spread more r a p i d l y 
than the heavier. T h e consequence, as first po inted out b y Stern, W a t e r 
m a n , a n d S inc la i r (27) a n d veri f ied b y G r e e n , Brewer , a n d M i l n e (JO) 
is that the molecu lar beam reaching the mass-spectrometer i o n source 
w i l l be depleted i n l ighter molecules i n proport ion to the first power of 
their molecular weight . T h a t the different molecules w i l l have essentially 
the same mean axia l ve loc i ty has been veri f ied for mixtures of gases b y 
a c h o p p e d beam, time-of-f l ight method (12 ) . F o r example, i n a H e - A r 
mixture sampled at 1 atmosphere through a 0.002 i n c h diameter orifice, 
the A r a n d H e velocities dif fered b y on ly a f ew percent. 

O n e interesting consequence of the above ve loc i ty phenomenon, 
w h i c h has been po inted out b y Anderson , Andres , a n d F e n n ( 2 ) , has 
significance i n terms of beam-surface reaction studies. F o r a 1 0 % 
a r g o n - 9 0 % H e mixture , the final b e a m composi t ion w i l l be about 5 0 % 
argon. M o r e important , t ime-of- f l ight data show that the argon has a 
most probable ve loc i ty equivalent to an effusive b e a m w i t h a temperature 
2300°K., even though the source temperature is 300°K. A large n u m b e r 
of mixtures have been d i rec t ly s tudied b y A b u a f et al. (1) i l lus t rat ing 
this feature. 

A second effect w h i c h occurs i n h i g h pressure sampl ing is rea l ly just 
a n example of a fa i lure to preserve the concentrations of species o r ig ina l ly 
present. A s F i g u r e 1 shows, even gases w h i c h were o r i g ina l l y h i g h l y 
unsaturated m a y become enormously supersaturated i n the free-jet a n d 
homogeneous nuc leat ion w i l l result (11, 21). I n the case of sampl ing of 
gases w h i c h are i n i t i a l l y saturated w i t h respect to a condensed phase of 
some component , this phenomenon w i l l be exaggerated. S u c h condensa
t i o n is a nuisance i n sampl ing a n d must be suspected i n any h i g h pressure 
study. O n e w a y to detect this effect w i l l be ment ioned later. O f more 
importance , however , is the fact that the free-jet presents such a t i m e -
temperature-co l l is ion history that r a p i d condensation processes can be 
s tud ied i n the ir early , molecu lar stages. 

A final po int about direct mass spectrometric observations of species 
f r o m a free-jet is that the interna l energy states of the molecule w i l l not 
be precisely k n o w n . Consequent ly , w h e n dea l ing w i t h molecules f r o m 
h i g h temperature sources, the fa i lure of the v ibra t i ona l degrees of f reedom 
to relax m a y give rise to f ragmentat ion patterns t y p i c a l of h i g h l y excited 
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molecules. S u c h effects have apparent ly been observed i n the sampl ing 
of flames (20 ) . A re lated p r o b l e m is that w i t h the general a b i l i t y to 
sample reactive species, cal ibrations for mass spectrometer sensit ivity 
w i l l often not be avai lable a n d one must resort to estimates of cross 
sections a n d fragmentation behavior ( 21 ) . 

J V 

Hi 
MASS 

= = SPECTROMETER 

Γ 
L— GAS INLET 

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 

T h e sampl ing apparatus that w e have deve loped for h i g h pressure 
studies of inorganic systems is shown i n F i g u r e 2. T h i s system has been 
i m p r o v e d f rom that descr ibed i n our earl ier w o r k (10), bu t uses the 
same complement of pumps . T h e orifice-to-electron b e a m distance has 
been reduced f r o m 16 to 8 inches, a n d i m p r o v e d p u m p i n g i n each stage 
has resulted i n less beam scattering. T y p i c a l operat ing condit ions are 
l i s ted i n T a b l e I . T h i s system is not u n l i k e other h i g h pressure b e a m a n d 
sampl ing systems a l though of modest p u m p i n g capacity . F i g u r e 2 shows 
a motor -dr iven chopper i n stage two, w h i c h has proved to be a n essential 
par t of our system. T h e advantages, problems, a n d results of us ing m o d u 
lated beams for b o t h noise a n d background- ion d i scr iminat ion , as w e l l as 
t ime-of- f l ight ve loc i ty determinations, have been discussed (12). A 
graphic ind i ca t i on of one of these advantages is g iven i n T a b l e I I . H e r e 
the rat io of a noncondensible species, A r , to a very unstable species, A r 2 , 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

96
8 

| d
oi

: 1
0.

10
21

/b
a-

19
68

-0
07

2.
ch

00
5

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



5. M I L N E A N D G R E E N E High Pressure Systems 75 

is tabulated as a funct ion of c h o p p i n g frequency. I t is seen that even 
w i t h a we l l - c o l l imated molecu lar b e a m entering the B e n d i x M o d e l 12 
i on izat i on source, data taken w i t h a m a n u a l shutter w o u l d be i n error b y 
a factor of about t w o a n d that c h o p p i n g frequencies of at least 15 c p . s . 
are needed to d iscr iminate adequately against b e a m gases scattered i n 
the i o n source. A n o t h e r advantage of m o du la t i on is that h i g h frequency 
t ime-of- f l ight measurements (12) can be used to determine the most 
probab le velocities of the b e a m components. V a l u a b l e in format ion c a n 
be deduced about the extent of the free-jet expansion i n the case of h i g h 
pressure b e a m format ion a n d about the molecular we ight of neutra l 
precursors of observed ions i n K n u d s e n effusion studies. 

Table I. Typical Operating Conditions of Molecular 
Beam Sampling System 

Source 
Stage One 
Stage Two 
Stage Three 
Ion Source of 

Bendix 
Mode l 12 

Pressure, 
torr 

760 
1 X 10-3 
3 Χ ΙΟ" 5 

8 X 10" 6 

< 1 Χ ΙΟ" 6 

Exit Slit 
Dimensions, 

in. 

0.002 diam. 
0.020 diam. 

0.10 X 0.024 
0.50 X 0.030 

Distance from Typical 
Ion Source Scattering 

Electron Beam, Loss, 
in. % 

8 
7-3/4 
6-1/2 
2-1 /8 

0 

25 
15 
10 

Table II. The Dependence of the Observed Ratio 
A r ^ / A r on Chopping Frequency 

Frequency (Hz) 80+/36+ 

0 1.45 
2 2.42 
8 2.54 

15 2.64 
50 2.64 

100 2.60 
160 2.62 

O u r system has been ca l ibrated to obta in absolute, b e a m fluxes at 
the i o n source b y compar ing the intensity of A r + , f r o m argon effusing 
through a system w i t h k n o w n geometry under K n u d s e n condit ions, w i t h 
the intensity observed for a supersonic beam. I n this w a y b e a m fluxes 
8 inches a w a y f rom the source orifice of about 5 Χ 1 0 1 5 mo le cu les / sq . c m . 
sec. have been demonstrated for a 0.002 i n c h d iameter orifice a n d 1 a tm. 
argon. T h e intensity pred i c ted f rom E q u a t i o n 2 is 1.3 X 1 0 1 6 mo le 
c u l e s / s q . c m . sec. W h e n scattering corrections of about 6 0 % are a p p l i e d 
to the exper imental value , the system approaches to w i t h i n a factor of 
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two the theoret ical ly pred i c ted m a x i m u m intensity. D y n a m i c ranges of 
s tudy of 10 7 have been obta ined i n the absence of background peaks. I n 
our prac t i ca l studies we are l i m i t e d b y fluctuations of the s ignal f r om the 
b a c k g r o u n d hydrocarbons rather than electronic noise. 

T h e r e is no obvious upper l i m i t to the pressure w h i c h can be sampled 
p r o v i d e d the choice of orifice sizes, distances, a n d p u m p i n g speed al lows 
good free-jet expansion w i t h o u t excessive scattering. W e have f o rmed 
beams f r o m 7 a tm. of argon, w h i l e L e c k e n b y et al. (17) have f o rmed 
beams f rom gases at pressures as h i g h as 40 atm. O n e c o u l d conce ivably 
sample fluid systems above the c r i t i ca l condit ions. T h e most probab le 
l i m i t a t i o n to the character izat ion of the actual molecular species present 
i n the fluid w i l l be ambiguit ies brought o n b y nuc leat ion phenomena. 

T h e ab i l i t y of a free-jet expansion to quenc h chemica l reactions w i t h 
posit ive act ivat ion energies shou ld be near ly o p t i m a l o w i n g to the ex
tremely r a p i d coo l ing rates. L i k e w i s e , reactions such as that of conden
sation, w h i c h have a negative temperature coefficient, should be quenched 
w i t h m a x i m u m efficiency since, for a g iven orifice size, the free-jet expan
sion results i n the m i n i m u m n u m b e r of coll isions d u r i n g the transi t ion to 
molecular flow. 

Application to Inorganic Systems 

There are m a n y appl icat ions of h i g h pressure sampl ing w h i c h w i l l 
occur to inorganic chemists. W e describe here on ly those areas w h i c h 
are current ly be ing pursued i n our laboratory. 

Flames. O u r w o r k w i t h the direct sampl ing of flames is representative 
of a class of sampl ing studies i n w h i c h the sampl ing orifice is not i n 
thermal e q u i l i b r i u m w i t h the gaseous system be ing studied. W e began 
our h i g h pressure sampl ing w o r k w i t h the goal of s tudy ing the thermo
dynamics of gaseous meta l - conta in ing species at extremely h i g h tempera
tures a n d h i g h par t ia l pressures of 0 2 a n d H 2 0 . S u c h condit ions are 
read i l y attainable i n the burnt gas reg ion of flames. I n add i t i on , the 
ab i l i t y to f o l l ow d i rec t ly f ree-radical a n d other species through the reac
t i on zone was of interest i n terms of the k inet i c s tudy of flame reactions. 

T h e e q u i l i b r i u m 1-atm. flame w o r k has been presented i n some 
deta i l prev ious ly (20, 22). T h e present status of this w o r k can be s u m 
m a r i z e d as fo l lows. It appears that 1-atm. flames as hot as 4000°K. can 
be p r o b e d a n d that f ree-radical a n d other noncondensible species c a n be 
quant i tat ive ly sampled. H o w e v e r , w e have been unable to sample h i g h l y 
condensible species w i t h re lat ive ly c o l d sampl ing orifices. Isothermal 
furnace studies ment ioned be low indicate that aerodynamic effects caused 
b y the c o l d orifice a n d oxide b u i l d - u p , a n d not the inherent homogeneous 
nuc leat ion or other e q u i l i b r i u m shifts invo lved i n free-jet expansion, are 
responsible for this l imi ta t i on . 

A promis ing area for further flame w o r k is ind i ca ted i n our s tudy of 
species profiles i n react ion zones b y means of the direct sampl ing of 
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l o w pressure flames. T h e l o w pressure serves m a i n l y to spread out the 
react ion zone to a l l ow adequate sampl ing resolution. V e r y s low b u r n i n g 
flames c o u l d be studied at one atmosphere. I n an apparatus descr ibed 
elsewhere ( 1 9 ) , w e have obta ined a number of profiles through a l / 2 0 t h 
atmosphere, lean C H 4 - 0 2 flame w i t h C H 3 B r added . T y p i c a l results are 
shown i n F igures 3 a n d 4. Abso lute intensities should not be compared 
between species, as sensit ivity corrections have not been made. T h e 
significance of these data lies i n the general agreement between the 
F i g u r e 3 results a n d previously p u b l i s h e d quartz microprobe studies (29) 
for the stable species, c o m b i n e d w i t h our a b i l i t y as shown i n F i g u r e 4 to 
fo l low the concentrations of H B r a n d B r . These latter species have not 
previous ly been studied successfully b y indirect sampl ing techniques. 

BURNER SCREEN TO ORIFICE DISTANCE IN CM 

Figure 3. Stable species profiles obtained by direct molecular sampling of a 
l/20th-atm., lean, CH,r02 flame. Flame composition: 89.6% 02, 10.4% CHh 

Isothermal Transpiration Cells. H i g h pressures of gas have been 
equ i l i b ra ted w i t h the condensed phases of m a n y materials , i n the con 
vent ional transpirat ion experiment, to permit the study often of quite 
m i n o r vapor species. Because the identi f icat ion of such species is indirect , 
a n d serious complicat ions arise i f several gaseous species are present, it 
w o u l d be most desirable to sample the eifluent d i rec t ly w i t h a mass 
spectrometer. W e are do ing this b y p l a c i n g a resistance heated N i 
transpirat ion ce l l i n stage one, just be l ow the skimmer , as shown i n 
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F i g u r e 2. O u r present ce l l w h i c h uses orifice diameters of 0.0005 to 0.004 
i n c h w i l l handle gas pressures u p to 5 atm. Gas flows are determined b y 
the orifice size, for a g iven pressure, so several orifice sizes m a y have to 
be used to establish that e q u i l i b r i u m exists. 

W i t h this system w e are current ly s tudy ing the e q u i l i b r i u m L i ( g ) + 
1 / 2 H 2 - » L i H ( g ) , w i t h the intent ion of go ing o n to other systems such 
as A l + H 2 where h igher hydr ides m a y be present a n d h i g h pressures 
m a y be more advantageous i n detect ing species of interest. T h e study of 
such h i g h pressure e q u i l i b r i a w i l l a lways involve the danger of free-jet 
nuc leat ion , a n d appropr iate tests, such as the one discussed i n the next 
section, must be carr ied out. 

Figure 4. Profiles of bromine species in a l/20th-atm., lean, CHh-02 flame 
containing about 1% CHaBr. Flame composition: 89.6% 02, 10.4% CH,t 

Nucleation and the Thermodynamics of Weakly Bound Clusters. 
W h e n e v e r a c o n t i n u u m expansion is invo lved i n the sampl ing process, 
the danger of supersaturating a species exists a n d nuc leat ion m a y occur. 
S u c h nuc leat ion w i l l be very sensitive to i n i t i a l temperature, pressure, 
a n d to sampl ing orifice size. T h e behavior of argon has been s tudied i n 
some deta i l (21). A p a r t f r om the complicat ions w h i c h nuc leat ion poses 
for sampl ing , the mass spectrometric s tudy of free-jet composit ion pro 
vides a u n i q u e approach to e luc idat ing the earliest stages of homogeneous 
nucleat ion . I n fact, the first step i n such condensation, the three-body 
recombinat ion to f o rm a d imer species, can be fo l l owed . Studies of this 
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type are not l i m i t e d to gases such as argon, a n d w e are n o w examining 
h igher temperature species as w e l l . 

O n e of the approaches to the interpretat ion of the A r 2 concentrations 
observed i n sampl ing pure argon is shown i n F i g u r e 5, where the observed 
A r 2

+ intensities (a t t r ibuted solely to s imple i on izat ion of A r 2 ) are p lo t ted 
against orifice size at fixed pressure. N o t e the rather h i g h extrapolated 
concentrat ion at zero orifice diameter , w h i c h w e interpret as the e q u i 
l i b r i u m concentration of A r 2 i n the static gas (21). T h e exponential 
g r o w t h w i t h orifice size is governed b y nuc leat ion kinet ics d u r i n g the 
increasing t ime a n d decreasing temperatures invo lved i n expansion f r om 
larger orifices. T h i s dependence of observed species o n orifice size p r o m 
ises to be an indispensable technique i n detect ing the presence of nuc lea 
t i on effects i n sampl ing . 

4,000 

"0 1 2 3 4 5 6 
ORIFICE DIAMETER IN MILS 

Figure 5. Ar2
+ intensities observed after 

expansion of argon from 5 atm. and 300°K. 
through several size orifices 

W e are not yet prepared to discuss the k inet i c significance of the 
exponent ia l rise of A r 2 concentrat ion w i t h orifice size, but it is of interest 
to consider the nature of the col l is ional - temperature history of the gas 
d u r i n g the free-jet expansion. T a b l e I I I shows the effect of orifice size 
on the t e rmina l M a c h number , t e rmina l temperature, a n d number of 
ternary coll isions, as ca lcu lated f r om a s imple k inet i c m o d e l b y us ing 
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temperature-dependent co l l i s ion cross sections a n d assuming A n d e r s o n 
a n d Fenn 's cr i ter ion of f reezing for a l l our exper imental condit ions. T h e 
f our th c o l u m n lists the total number of ternary col l isions per molecule 
f r o m M a c h 0.50 to the t e rmina l M a c h number . T h e last c o l u m n lists the 
observed mole fractions of A r 2 i n excess of the zero orifice d iameter 
extrapolated values. W i t h o u t discussing the assumptions made, it is c lear 
that w e are dea l ing w i t h coll isions between molecules of very l o w relat ive 
energy. F o r example, observe that the number of col l isions more t h a n 
doubles i n go ing f rom a 0.002 to 0.004 i n c h diameter orifice. I n this 
mode l , the increase beyond a factor of t w o is caused b y the extension of 
the c o n t i n u u m part of the expansion b y the larger orifice, as reflected i n 
the larger t e rmina l M a c h n u m b e r a n d lower temperature. T h e exper i 
menta l A r 2 mole fractions also more than double f rom the 0.002 to 0.004 
i n c h case. It seems reasonable, then, to relate this excess d imer to the 
col l isions w h i c h occur at very l o w temperatures. T h e co l l i s ional behavior 
i n this reg ion is not understood at present. A l t h o u g h interpretations m a y 
be compl i cated b y such phenomena as l ong - l ived o rb i t ing pairs a n d la ck 
of in format ion about the transit ion region, it seems w e l l w o r t h 
invest igat ing. 

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 Ar2 

0.5 18.4 2.6 71.70 0.0009 
1 24.2 1.5 143.58 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 

T h e above type of correlat ion represents only one of the ways free-jet 
nuc leat ion data m a y be treated. D i l u t i o n experiments, comparison of 
expansions start ing w i t h different temperatures a n d pressures b u t e n d i n g 
w i t h the same termina l M a c h number , a n d other variat ions of the i n i t i a l 
a n d final states w i l l he lp i l luminate the important process of homogeneous 
nuc leat ion over various temperature ranges. It also seems possible to 
extend the s tudy to h igher clusters. 

T h e nuc leat ion behavior of several higher-temperature systems has 
been examined thus far. A r a n d N 2 have been passed over H 2 0 , C H 3 O H , 
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L i , H g , a n d C s C l at pressures u p to 2 atm. I n these studies the species 
A r 2 , A r · H g a n d H g 2 have been observed i n one atmosphere of argon 
over H g at 500°K. These data represent contr ibutions f rom b o t h e q u i 
l i b r i u m species a n d those f o rmed d u r i n g expansion. A careful measure
ment of the orifice size dependence of concentrations shou ld a l l ow b o t h 
a determinat ion of the free energy of the dimers a n d an ind i ca t i on of 
the ir kinet ics of format ion . I n the case of A r over C s C l , bo th the monomer 
a n d the d imer of the salt were detected i n the rat io expected f r o m 
K n u d s e n work . I n N 2 the d i m e r was reduced b y a factor of about four ; 
this unexpected behavior is rece iv ing further study. It should be possible 
to obta in d i rec t ly the free energies of a number of m i x e d dimers of the 
type A r * C s , C s * H g , etc. M a n y clusters were observed i n the H 2 0 a n d 
C H 3 O H systems. T h e case of po lyatomic molecules m a y be more c o m p l i 
cated because of the possible metastabi l i ty of the dimers (16). F o r ex
ample , w e see several orders of magni tude less d imer i n N 2 , 0 2 , a n d N O 
than one w o u l d at first expect (12). Nevertheless, d irect mass spectro
metr ic veri f icat ion of such postulated species as the H F hexamer a n d the 
methano l tetramer m a y be feasible. F i n a l l y , d irect second l a w heat deter
minat ions of w e a k l y b o u n d dimers also appear pract icable . 

Summary 

D i r e c t mass spectrometric sampl ing of high-pressure systems is pos
s ible i n m a n y cases, w i t h a tolerable m i n i m u m of composit ion disturbance. 
T h e study of flames a n d heterogeneous react ion systems has shown p r o m 
ise. A l s o a large class of e q u i l i b r i u m reactions can be e luc idated further 
b y c o m b i n i n g the transpirat ion experiment w i t h d irect mass spectrometric 
sampl ing . T h e study of gases a n d gas mixtures w i l l give thermodynamic 
in format ion about v a n der Waa ls ' , charge-transfer, a n d hydrogen-bonded 
species. F i n a l l y , nuc leat ion , w h i c h is one of the inherent problems i n 
h i g h pressure sampl ing , can be t u r n e d to advantage b y a l l o w i n g a deta i led 
study of the condensation process on the molecular scale. 
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6 
Shock Tube Study of a D2-Ne Mixture 
From 900°-2300°K. 

I. D . GAY1 and R. D . KERN2 

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+, D2+, and D3+ were 
measured over the temperature range 900-2300°K. The 
data were represented by a plot of log D+/D2+ 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 D2 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. 

T n v i e w of recent interest i n the role of v ibra t i ona l ly excited species i n 
h i g h temperature gas reactions ( I , 6 ) , i t w o u l d be desirable to have 

a means of mon i to r ing v ibra t i ona l excitat ion d u r i n g such reactions. Since 
a flexible apparatus for h i g h temperature k inet i c studies is the shock tube 
c ou p l ed to a t ime-of- f l ight mass spectrometer ( 5 ) , a n attempt has been 
made to determine whether v ibra t i ona l excitat ion can be observed w i t h 
this apparatus. 

It is w e l l k n o w n that the mass spectrometric i on fragmentat ion pat 
tern of molecules varies w i t h temperature, a n d at least part of this v a r i a -
i o n is at tr ibutable to v ib ra t i ona l excitation. I n the s imple case of H 2 a n d 
its isotopes, the fragmentat ion pattern has been successfully pred i c ted b y 
assuming the i on izat ion process ( for electron energies less t h a n 30 volts ) 
to be a s imple F r a n c k - C o n d o n transit ion f r om the g round state of H 2 to 

1 Present address: Simon Fraser University, Burnaby, British Columbia, Canada. 
-'Present address: Louisiana State University in New Orleans, New Orelans, L a . 
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the ground state of H 2
+ (12). These calculations have been i m p r o v e d b y 

C a s h i o n (2) w h o has also ca lculated the fragmentation pattern expected 
f r o m the hydrogen isotopes i n v ibra t i ona l states other than ν 0. T h e r e 
exists a theoret ical pred i c t i on of the variance of H + / H 2

+ as a funct ion of 
temperature w h i c h m a y be tested experimental ly . 

W e chose to do the experiments us ing D 2 rather than H 2 since the 
observation of masses 2 a n d 4 was easier than masses 1 a n d 2. W h i l e the 
ca lcu lated fragmentat ion ratio is smal l (6.96 X 10" 3 at 300°K. a n d 1.29 
Χ 10" 2 at 2400°K. ) , i t increases b y a factor of 1.77 over the temperature 
range 1000° to 2400°K., a n d it was thought that this change w o u l d be 
detectable. There is no interest i n w o r k i n g be low 1000°K. since the 
popu la t i on of v ibra t i ona l levels greater than ν = 0 is too smal l to cause 
a significant change i n fragmentation ratio . It is desirable to w o r k b e l o w 
2400°K. i n order to prevent any contr ibut ion f rom the thermal decompo
sit ion of D 2 a n d subsequent ionizat ion of D atoms. Possible effects of 
v ibra t i ona l relaxation of D 2 w i l l be discussed. 

Theory 

O n e of the early predict ions of the F r a n c k - C o n d o n pr inc ip l e was 
that the ratio of H + / H 2

+ should be greater than D + / D 2
+ w h e n the atomic 

ions arise exclusively f rom dissociation of the 2Xg
+ state of H 2

+ . T h i s pre 
d i c t i on has been conf irmed experimental ly , a n d the theoret ical magni tude 
of the ratios has been ca lcu lated a n d compared favorably w i t h exper i 
ment (2, 14). A t room temperature, the fract ion of H + is ca lculated f rom 
the equat ion 

Γ( t^(r)v = Qdr 
%t 0 

(1) 

where rc = finite internuclear distance at w h i c h dissociation of H 2
+ 

into H + a n d Η occurs 

φ(τ) = r a d i a l w a v e funct ion for H 2 m u l t i p l i e d b y r 

t = transit ion probab i l i ty operator w h i c h is l inear ly re lated to 
the excess energy of the i o n i z i n g electrons (12). 

T o calculate the amount of H + p roduced f r om higher v ibra t i ona l levels, 
w e use the equat ion 

fu+ = J ] / „ = * yj t *2(r)v = i dr (2) 
i = ο ° 

where i = v ibra t i ona l q u a n t u m n u m b e r 
fv = i — B o l t z m a n n populat i on of the ith l eve l at temperature T. 
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2 I 1 1 1 1 1 1 1 1 1 I I I I I I 

3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 3 3 

3 0 0 0 1000 5 0 0 3 0 0 

\ X 1 0 4 

' 5 

Figure 1. (a)—Theoretical D+/D2
+ ratio without excess energy 

correction, (b)—Curve a corrected for 30 e.v. ionizing energy, 
(c)—Curve b displaced in order to pass through room tempera
ture experimental ratios. Δ—Experimental ratios obtained under 
shock conditions using a 4-mil diameter nozzle. Ο—Same as A 
except use of 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 

T h e fract ion of H 2
+ is obta ined b y subtract ing the r ight h a n d side of 

E q u a t i o n 2 f rom uni ty . T h e rat io of H + to H 2
+ is then formed, a n d it is 

a func t i on of temperature only , p r o v i d i n g the electron energy is h e l d 
constant. T h e D + / D 2

+ ratio is ca lculated i n exactly the same w a y us ing 
the appropr iate w a v e funct ion a n d molecular parameters. 

E q u a t i o n 2 was evaluated (2 ) us ing the eigenfunctions obta ined b y 
n u m e r i c a l so lut ion of the r a d i a l w a v e equat ion us ing the accurate a d i a -
bat i c hydrogen potent ia l of Ko los a n d W o l n o w i e c z ( 9 ) . T h e assumptions 
i n v o l v e d i n this ca lcu lat ion are that F r a n c k - C o n d o n type transitions take 
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place f r o m D 2 ( % + ) to D 2
+ ( % + ) , t n a t D + arises on ly f rom those D 2 

molecules whose internuclear distance is less t h a n r 0 a n d that dissociat ion 
f r o m h igher electronic states of D 2

+ is negl ig ib le w h e n the i o n i z i n g elec
t ron energy does not exceed 30 e. v. T h e results of the ca l cu lat ion for 
various temperatures are shown b y curves a a n d b of F i g u r e 1. C u r v e a 
was ca lcu lated f r o m E q u a t i o n 2 w i t h o u t the transit ion p r o b a b i l i t y 
operator t. C u r v e b shows the effect of i n c l u d i n g t for 30 e. v. electrons. 

Ca lcu lat ions of the D + / D 2
+ rat io were m a d e also as a funct ion of the 

energy of the i o n i z i n g electrons. T h e results of these calculations show 
that an electron energy spread of 2 e. v. affects the rat io b y on ly 1 .5%. 

Experimental 

Exper iments were done on a 1 0 % mixture of D 2 i n N e . B o t h gases 
were obta ined f rom the M a t h i e s o n C o . , the neon b e i n g research grade 
a n d the deuter ium C P . grade. 

SHOCK TUBE 

VELOCITY V 
GAUGE I AMPLIFIER I 

JDELAYl 

MASS SPECTROMETER 

TRIGGER 

Q 

RAMP MONOSTABLE 
GENERATOR MULTI 

SPECTRUM 

9 

(GÂTÉ}-

RAMP MULTI 

1 

h h 
TO THIRD AND 

FOURTH SCOPES 

L_t 
CA 531 A CA 5 3 1 A 

Figure 2. Data collection system 

T h e experiments were per formed w i t h the i m p r o v e d apparatus 
descr ibed b y G a y et al ( 6 ) . A modi f i cat ion of the data record ing m e t h o d 
was necessary because of the smal l size of the D + peak. T h e data were 
recorded on two pairs of oscilloscopes, each pa i r h a v i n g a ga in rat io of 
10 or 20. T h e scopes of each pa ir were connected i n para l l e l , the D + 

peak b e i n g measured on the h igher ga in member of each pa i r , a n d the 
D 2

+ peak on the l ower g a i n scopes. Seven spectra were recorded on each 
p a i r of scopes, at intervals of 30 /Asec, thus cover ing a test t ime of about 
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6. G A Y A N D K E R N Shock Tube Study 87 

420 /xsec. T h e data record ing system is shown d iagrammat i ca l ly i n 
F i g u r e 2. Spectra f rom the first two scopes are presented i n F i g u r e 3; 
the presence of D 3

+ i n an amount about equa l to D + was somewhat sur
pr i s ing . T h e peak at mass 3 is the H D i m p u r i t y present i n the deuter ium 
used. 

In i t i a l l y , two sets of experiments were per formed. O n e set u t i l i z e d 
a 6 -mi l d iameter hole i n the nozzle , a + 1 . 5 volt bias on a g r i d 1 m m . 
f r om the nozzle , a n d + 7 . 5 volt bias on the ion-accelerat ing gr id . T h e 
second set of experiments used a 4 -mi l d iameter nozzle , the aforemen
t ioned grids at g round potent ia l , a n d an add i t i ona l g r i d b iased at —700 
volts w h i c h was p laced between the ion-accelerat ing g r i d a n d the dr i f t 
tube entrance g r id . M o l y b d e n u m was instal led as the g r i d mater ia l for 
the second set, resul t ing in increased sensit ivity a n d decreased statistical 
fluctuations. 

T h e shocked gas flowed through a divergent nozzle into the i o n i z a 
t i on region, a distance of some 3 m m . w i t h a transit t ime on the order of 
3 ftsec. A n i o n i z i n g electron energy of 30 volts was used. 

T h e peak heights of D + , Ό2\ a n d D . {
+ were measured f rom the P o l a 

r o i d pictures. T h e D/ peak was reasonably constant d u r i n g an exper i 
ment, w h i l e the D + a n d D . {

+ peaks were subject to considerable statistical 
fluctuation. Average values of the D V D / a n d ΌΛ

+/Ό2
+ ratios were 

measured as a funct ion of temperature, w h i c h was determined f r o m 
measurements of the inc ident shock velocity . T h e experimental D + / D L » + 

ratios are p lo t ted i n F i g u r e 1. T h e reflected shock zone temperature a n d 
pressure range covered was 65 torr a n d 900 °K. to 300 torr a n d 2330°K. 
U n d e r such condit ions the dissociation of Ό2 was negl ig ib le , a n d the v i b r a 
t i ona l relaxation t ime of DL» i n N e , estimated f rom l iterature values ( 8,10 ), 
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was greater than the transit t ime through the nozzle at the higher t e m 
peratures, a n d less than the observation t ime at temperatures above 
1200°K. T h e pred i c ted change i n the D + / D 2

+ rat io f r om E q u a t i o n 2 f r om 
room temperature to 1200°K. is smal l enough (0.0007) to be w i t h i n 
exper imental error. 

T h e D + / D 2
+ rat io was measured us ing the B e n d i x analog output at 

room temperature at a total reservoir pressure of 5 torr a n d an i o n i z i n g 
energy of 30 e. v. O p t i m i z a t i o n of the co l l imat ing a n d compensat ing 
magnets p roduced an exper imental peak height ratio of 0.0045, compared 
w i t h the ca lcu lated ratio of 0.0060. T h i s d iscrepancy is not serious since 
the same instrumental factor applies to a l l experiments. Hence , curve c 
is mere ly curve b shifted to pass through the room temperature points. 
T h e D + / D 2

+ ratios pred i c ted b y E q u a t i o n 2 should f a l l on curve c. 
T h e first series of shock experiments at a series of temperatures were 

per formed b y filling the shock tube to a constant i n i t i a l pressure of 5 
torr. T h e D + / D 2

+ ratios so obta ined are p lot ted i n F i g u r e 1 (represented 
b y open circles ). 

It is c lear that the experimental ratios are m u c h higher than the 
theoret ical ratios. T h e most l i k e l y explanat ion seems to be that D + arises 
f r om some other source than fragmentation of D 2 , for example, i o n -
molecule reactions. T h i s conjecture is supported b y the appearance of 
m/e = 6 i n the mass spectra w h i c h is c lear ly D/ f o rmed b y the w e l l -
k n o w n react ion : 

D 2
+ + D 2 —» D 3

+ + D (3) 

F u r t h e r support was obta ined b y measur ing the D + / D 2
+ rat io as a func 

t i o n of reservoir pressure at room temperature. A t a pressure of 50 torr 
the rat io almost doub led , c ompared w i t h the ratio at 5 torr. It was o b v i 
ous that the D + / D 2

+ rat io consisted of t w o components—one depend ing 
on temperature as pred ic ted b y E q u a t i o n 2 a n d the second depend ing 
on the i on source gas density. 

T h e poss ib i l i ty of a pressure-dependent source of D + was further 
tested b y rep lac ing the or ig ina l 6 -mi l d iameter nozz le w i t h a 4 - m i l 
d iameter nozzle . T h i s reduced the amount of gas entering the mass 
spectrometer b y approx imate ly a factor of 2 a n d p r o d u c e d another series 
of D + / D 2

+ ratios w h i c h are also shown i n F i g u r e 1 ( denoted b y triangles ). 
It is c lear that there is indeed a pressure-dependent contr ibut ion to the 
D + peak height. 

T h e f o l l o w i n g procedure was adopted to assess the contr ibut ion to 
D + f rom sources other than E q u a t i o n 2. Several measurements of D + / D 2

+ 

rat io were made near 900°K., a n d the constant part of the theoret ical 
curve c ( 3 0 0 ° - 9 0 0 ° K . ) was raised to pass through these points, thus 
establ ishing a zero point for the thermal effect. T h e pred i c ted h i g h 
temperature curves d a n d e were then constructed b y a d d i n g the increase 
i n D + / D 2

+ f r o m E q u a t i o n 2 to the zero points. 
I n a d d i t i o n to g i v i n g too h i g h a D + s ignal , the u n k n o w n pressure 

dependent reactions can also expla in the unexpectedly large increase of 
the D + s ignal w i t h temperature. T h i s is a t t r ibuted to the fact that w h e n 
a shock tube is operated w i t h constant i n i t i a l pressure, the reflected shock 
density increases sharp ly w i t h temperature. H e n c e , an increase of i on 
source pressure w i t h temperature occurred i n the above experiments, 
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6. G A Y A N D K E R N Shock Tube Study 89 

l ead ing to a n increase i n the amount of D + p r o d u c e d b y the pressure 
dependent react ion. 

Since i t is not prac t i ca l w i t h this apparatus to decrease the nozz le 
opening b e l o w 4 mi ls , w e dec ided to do a set of experiments at different 
temperatures but at constant i o n source pressure. Unfor tunate ly , this is 
not a n easy requirement since i t is not possible to measure the i o n source 
pressure o n the t ime scale of a shock experiment, a n d i t is not c lear 
w h a t re lat ionship exists between shock tube pressure a n d i o n source 
pressure. 

Figure 4. Plot of Ds
+/D2

+ vs. P ( T 5 / T J ^ 

For tunate ly , the presence of D 3
+ i n the mass spectrum gives a n i n d i 

cat ion of the pressure i n the i on source. Since D 3
+ is on ly a f ew per cent 

of D 2
+ , i t is c lear f r om Reac t i on 3 that the D 3

+ / D 2
+ rat io w i l l v a r y l inear ly 

w i t h i o n source gas density. T h i s ratio was therefore p lo t ted against 
various shock w a v e parameters i n search of a l inear re lat ionship. T h e 
best l inear i ty was f ound i n a p lot of D 3

+ / D 2
+ vs. / ο 5 ( Τ 5 / Τ ι ) Ι Λ where pr> 

a n d T 5 are the density a n d temperature of the reflected shock zone a n d 
Τχ is r oom temperature. T h i s plot is shown i n F i g u r e 4. T h e scatter i n 
this p lot arises f r o m the fact that D 3

+ is a rather smal l peak, a n d therefore 
subject to statistical fluctuation. Nevertheless, a l ine m a y be d r a w n 
through the data a n d the o r i g in w i t h a slope of 90 l i t e r s /mo le . T a k i n g 
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the residence t ime i n the i on source as 200 nanoseconds a n d a rate con 
stant for React ion 3 of 86.8 Χ 10 1 ( ) l i t e r / m o l e / s e c . ( 1 5 ) , leads to a n i o n 
source density of 0 .05% of the shock tube density. T h i s percentage is i n 
reasonable agreement w i t h the results of D i e s e n (4), w h o arr ived at this 
figure f r om a considerat ion of the gas flow into a mass spectrometer d u r 
i n g a shock experiment. T h e residence t ime estimate is based on the 
l ength of the i o n i z i n g pulse a n d the rise t ime of the ion-accelerating pulse 
(250 a n d 100 nanoseconds, respect ive ly ) . 

A test of the su i tab i l i ty of the expression ρ^Τ^/Τχ)^ to represent 
the pressure-dependent processes was made i n the f o l l o w i n g way . T h e 
1 0 % D 2 - 9 0 % N e mixture was shocked at various temperatures w i t h 
i n i t i a l pressures adjusted so that p^(TJTx)V2 was constant, a n d the 
D + / D 2

+ rat io was measured. A n i o n i z i n g energy of 22.5 e. v. was used, 
w h i c h made the N e + peak only 1.5 times the height of the D 2

+ peak. T h e 
4 - m i l d iameter nozz le was used. T h e results of these experiments are 
shown i n F i g u r e 5 a long w i t h the D + / D 2

+ ratios that were obta ined w h e n 
the i n i t i a l shock tube pressure was h e l d constant. T h e theoret ical l ine 
is curve d of F i g u r e 1 w h i c h has been adjusted to the zero po int for 
thermal effects b y a n exper imental po int obta ined at 900°K. I f one 
assumes that the pressure-dependent contr ibut ion to D + is n o w reasonably 
constant, the agreement of the exper imental points w i t h the pred i c ted 
thermal effect of E q u a t i o n 2 is good. 

Several experiments were per formed w i t h a mixture of 5 % N 2 a n d 
1 % A r i n N e at a n i n i t i a l pressure of 5 torr i n the temperature range 
1500°-3100°K. , us ing an i o n i z i n g energy of 30 e. v. A ca lcu lat ion of 
N + / N 2

+ was made us ing a M o r s e potent ia l for N 2 . A value of r(. was 
obta ined b y r e q u i r i n g the rat io to be 0.067 at room temperature ( 1 3 ) . 
T h i s is a n unsatisfactory method of ca l cu lat ion since there are at least 
five potent ia l curves of N 2

+ w h i c h can give N + w i t h di f fer ing values of rc 

a n d w h i c h are presumably popu la ted to different extents b y the i on izat ion 
of N 2 ( 7 ) . Nevertheless, us ing this va lue of r,., the increase of N + / N 2

+ 

w i t h temperature was ca lculated . A t temperatures above 2100 °K., the 
exper imental points agree w i t h this crude ca lcu lat ion w i t h i n 1 0 % . B e l o w 
2500°K., the N + / N 2

+ rat io grows w i t h t ime, w h i c h w e interpret as b e i n g 
caused b y the fa i r ly s low v ibra t i ona l re laxation of N 2 at these tempera
tures ( 10 ) . T h i s effect makes accurate rat io measurements uncerta in i n 
the N 2 system a n d results i n considerable scatter be l ow 2100 °K. 

Discussion 

W h e n the effect of pressure-dependent i on source reactions is h e l d 
constant, it is demonstrated that our D + / D 2

+ ratios reproduce the c a l c u 
la ted values rather w e l l w i t h i n inevi table fluctuations associated w i t h 
s m a l l concentrations. K i e f e r a n d L u t z s data (8 ) shows that v i b r a t i o n a l 
re laxat ion i n the shock tube should be complete under our condit ions 
at temperatures above 1200°K. Since l i t t le popu la t i on of h igher v i b r a 
t i ona l levels w o u l d be expected be l ow this temperature, our results are 
not seriously affected. A l t h o u g h the translat ional temperature of the gas 
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decreases sharply on leav ing the shock tube (4), the concurrent expan
sion of the gas lowers the co l l i s ional frequency, a n d there is negl ig ib le 
v i b r a t i o n a l relaxation i n the 2 - 3 psec. transit t ime between the shock 
tube a n d electron beam. W e therefore conc lude that our D + / D 2

+ ratios 
under constant i o n source pressure condit ions are i n fact a measure of the 
v ibra t i ona l state of D 2 i n the shock tube. 

D . 0 3 h 

°2

+ 

800 1000 1200 1400 1600 1800 2000 2200 2400 2600 

T* °K 

Figure 5. Plot of D+/D2
+ vs. T5. 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. Δ—Experimental ratios obtained with con

stant initial shock tube pressure of 10 torr, 30 e.v. 

A l t h o u g h the thermal ly i n d u c e d change i n the D + / D 2
+ ratio is smal l , 

i t is c lear f r om the results of C a s h i o n (2 ) that any substantial popu la t i on 
of a specific v ib ra t i ona l leve l other than ν = 0 w o u l d have a strong eifect 
on the ratio . T h e shock tube-mass spectrometer m e t h o d seems quite 
capable of detect ing abnormal v ibra t i ona l energy distr ibut ions i n the 
products of chemica l react ion p r o v i d i n g the source of D + ions f r o m 
sources other than electron impact fragmentat ion of D 2

+ can be e l iminated 
or h e l d constant. 
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T h e o r i g in of the pressure-dependent D + s ignal observed i n these 
experiments is not certain. It c o u l d arise f rom the dissociative charge 
transfer react ion 

N e + + D 2 -> Ne + D + + D (4) 

w h i c h a l though exothermic b y 3.3 e.v., has a cross section w h i c h is too 
l o w (11) to exp la in our results. A n o t h e r source of D + is the co l l i s ion 
i n d u c e d dissociat ion of D 2

+ ( 3 ) . A proper assignment of the sources of 
D + f r om non- thermal origins is beyond the accuracy of the data for 
experiments per formed at constant i n i t i a l shock tube pressures. I n any 
case since D + is a lways a smal l f ract ion of D 2

+ , our method of treat ing 
the data w i l l be correct as l ong as the pressure-dependent D + arises f r o m 
a co l l i s ion between D 2 or D 2

+ a n d one other species i n the i o n source. 
It is difficult to conceive of the D + ar is ing i n any other w a y . 

It is interest ing to note that the peak shape of mass 2 shows some 
defocussing under shock condit ions, as can be seen i n F i g u r e 3. T h i s 
effect is at tr ibutable to greater than thermal k inet i c energy possessed b y 
the D + ions. T h i s k inet i c energy is der ived f rom two sources: those D 2

+ 

molecules whose internuclear distance is less than rc dissociate into D + 

a n d D w h i c h have k inet i c energy, a n d D + p r o d u c e d f r om exothermic 
pressure-dependent reactions. 
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7 
Mass Spectrometric Study of Intermediates in 
the Photochemical Oxidation of Diborane 

R I C H A R D F . P O R T E R and F . A . G R I M M 

Cornell University, Ithaca, Ν. 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 Β2Η6/O2 ratio between 5/1 and 1/5. The reaction is 
characterized by two distinct processes—either (a) an explo
sive reaction leading to gaseous H3B3O3 (boroxine) or (b) a 
slower initial reaction leading to H2B2O3(g). Reaction b 
accelerates rapidly with irradiation time. Analysis of rate 
data for the disappearance of O2 suggests that a chain mech
anism is involved. Continued irradiation of H2B2O3 in the 
presence of B2H6 and absence of O2 results in the formation 
of H3B3O3(g) and disappearance of H2B2O3. A plausible 
mechanism for the formation of H2B2O3 is discussed. 

*p\iborane -oxygen reactions have been the subject of numerous invest i -
gâtions. T h e explosive react ion, w h i c h can be in i t ia ted thermal ly , 

has been studied i n some detai l . I n a recent series of articles ( 10 ) , early 
w o r k on this system is rev iewed a n d mechanisms for the explosive ox ida 
t i on are considered. A pre-explosive react ion has been observed b y 
Go lds te in , et al. (5). A n alternative approach, as descr ibed i n this paper, 
is to study the B 2 H e - 0 2 react ion photochemical ly . I n these experiments 
a photochemica l technique is used to study l o w pressure B 2 H 6 - 0 2 m i x 
tures under condit ions that do not normal ly lead to explosions at room 
temperature. A mass spectrometer was used to analyze gases issuing 
f r om a p inho le i n a w a l l of the react ion vessel. T h i s technique has been 
used before on flow systems to detect free radicals (2, 3, 9). I n 1961, 
Gold f inger et al. (4) presented a paper on the adaptat ion of a mass 
spectrometer to study h i g h pressure static systems. I n this paper w e 
discuss the use of a mass spectrometer to obta in in format ion on the 
photochemica l react ion of B 2 H 6 - 0 2 mixtures i n a static system. 
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7. P O R T E R A N D G R I M M Photochemical Oxidation of Diborane 95 

Apparatus and Experimental 

T h e experiments were conducted i n a special ly des igned ce l l fitted 
w i t h a quartz immers ion w e l l (F igure 1). Jo ined to the ce l l was a piece of 
borosi l icate t u b i n g terminat ing i n a p inhole . T h e p inho le was made b y the 
technique of L o s s i n g a n d T i c k n e r (9 ) us ing a Tes la c o i l discharge. T h e 
size of the p inho le was adjusted u n t i l enough gas issued f rom the hole 
to g ive good sensit ivity o n the mass spectrometer. T h e pressure i n the 
mass spectrometer never exceeded 1 X 10 5 torr even w h e n the pressure 
i n the react ion vessel was atmospheric . Pinholes prepared i n this w a y 
were f o u n d to be smal l enough so that the pressure drop d u r i n g the 
course of the ract ion was less than 2 % . T h e mass spectrometer used was 
a 10" , 60° , d irect ion- focusing instrument. T h e m e d i u m pressure m e r c u r y 
l a m p a n d the quartz immers ion w e l l were capable of t ransmitt ing the 
complete spectrum f rom the 1849-A. l ine to the in frared . D i b o r a n e 
absorbs i n the wave length region be low about 2200 A . ( I , 8 ) a n d can 
also be photosensit ized b y mercury ( 6 ) . 

To Mass 
Spectrometer ^ -

Glass Disk 
with "pinhole" 

Vacuum Stopcock 

To Vacuum 
Line 

•Quartz Immersion 
Well 

Figure 1. Reaction cell 

T h e react ion ce l l was mainta ined at approximate ly room temperature 
by flowing pre-cooled N 2 a round the l a m p a n d m a i n t a i n i n g a v a c u u m of 
less than 1 X 10" 4 torr between the double wal l s of the immers ion w e l l . 
A piece of a l u m i n u m fo i l was p laced around the l a m p to prevent l ight 
f r om reaching the react ion ce l l u n t i l the l a m p h a d stabi l i zed . T h e exper i 
ment was in i t ia ted w h e n the f o i l was removed. Exper iments were per
f o rmed b y a d d i n g first 0 2 a n d then B 2 H 6 to the react ion ce l l g i v ing a 
mixture of k n o w n composit ion. Since B 2 H 6 - 0 2 mixtures are extremely 
unstable , a n d h i g h pressure mixtures are k n o w n to explode, caut ion must 
be exercised i n prepar ing a n d w o r k i n g w i t h these gas mixtures. 

T h e d iborane was prepared b y the method of Jeffers ( 7 ) . Reagent 
grade oxygen was used w i t h o u t further puri f i cat ion. 
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dt \ S 
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-1.4 
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-0.6 
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Time (sec) 

Figure 2. Plot of ion intensity for 02(m/e = 32) and first derivative vs. time. 
Initial B2 and p02 equal 11.3 and 9.1mm.9 respectively 

Results 

T h e course of the react ion was f o l l owed b y cont inuously mon i to r ing 
the i on intensity for one of the species as the mixture was i r rad iated . F o r 
0 2 a n d B 2 H 6 i o n intensities were observed for mass peaks 32 a n d 26, 
respectively. S h o w n i n F i g u r e 2 is a t y p i c a l plot of i on intensity for 0 2 

w i t h t ime a long w i t h a plot of the first der ivat ive . F i g u r e 3 i l lustrates 
the appearance a n d disappearance of H 2 B 2 0 » a n d the de layed appear
ance of H3B3O3. B y obta in ing the i on intensities for 0 2 a n d B 2 H 6 at the 
b e g i n n i n g a n d end of the react ion, it was possible to calculate the sto-
i ch iometry ( T a b l e I ) f r om a ca l ibrat ion curve of i on intensity vs. pressure. 
It is important to note that a ca l ibrat ion curve is necessary i f one is to 
relate i on intensity to pressure. Goldf inger et al. (4) f ound that i n their 
apparatus i on intensity vs. pressure for argon showed a break i n the p lot 
at about 40 m m . pressure i n the react ion ce l l . T h e plot was l inear to 
40 m m . a n d then changed slope a n d was l inear to 400 m m . I n our case 
a l l pressures for a single species were be low 40 m m . a n d w e obta ined a 
l inear p lot w i t h no discontinuit ies . It was noted that the sensit ivity of the 
instrument to B 2 H« depended on the ratio of B 2 H 0 / O 2 i n the react ion 
ce l l . It was f ound that for a g iven pressure of B 2 H 0 the i on intensity of 
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7. P O R T E R A N D G R I M M Photochemical Oxidation of Diborane 97 

the m/e = 26 peak decreased u p o n add i t i on of 0 2 . T h e H 2 B 2 O 3 - O 2 

system showed a more pronounced effect i n the opposite d irect ion w h i c h 
made i t difficult to obta in an accurate value for the amount of H2B2O3 

produced . T h i s effect was not observed for B 2 H 6 - H 2 mixtures ; the i on 
intensity of the m/e = 26 peak d i d not change u p o n a d d i n g H 2 to a 

50. 1 

ό V 
/ V O / ^ H 2 B 2 ° 3 

100 200 300 400 500 600 700 800 900 1000 

Time (sec) 

Figure 3. Plot of ion intensity for H2B203(m/e = 71) vs. irradiation 
time for a mixture of 02 and B2H6 of 12.8 and 10.8mm. pressure respec
tively, and ion intensity for H.B:i03(m/e = 83) vs. irradiation time for a 

mixture of 02 and B2H6 of 13.3 and 10.0mm. pressure, respectively 

Table I. Experimental Determination of the Number of Molecules 
of 0 2 Reacting per Molecule of Β 2 Η β in Nonexplosive Reaction 

Molecules 02 Reacting 
Initial pO, (mm.) Initial ρΒαΗ6 (mm.) per molecule Β2Ηβ 

12.8 11.0 2.60 
12.8 11.0 2.54 e 

11.9 9.3 2.04 e 

11.3 9.1 2.18 α 

8.2 16.2 2.45 
16.1 7.9 2 .51 e 

2.8 2.5 2.60 
5.7 5.1 2.96 e 

11.3 10.3 2 .51 e 

22.7 20.3 2 .13 e 

12.7 9.3 2.86 e 

5.4 5.0 2.84 e 

5.7 6.9 2.30 
5.5 6.5 2.30 e 

7.3 5.8 2 .10 e 

Av. 2.46 

" Indicates cell had initial coating of B2O3. 
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98 M A S S S P E C T R O M E T R Y I N I N O R G A N I C C H E M I S T R Y 

g iven pressure of B 2 H«. T h e presence of a smal l quant i ty of 0 2 i n the 
mass spectrometer f rom the inlet leak m a y affect the sensit ivity of the 
electron m u l t i p l i e r a n d / o r the emission characteristics of the i on izat ion 
filament. 

I n experiments us ing unscrambled 1 6 0 2 - 1 8 0 2 i n p lace of o rd inary 0 2 , 
i t was possible to observe the format ion of water , ( H 2

1 8 0 at m/e = 20 
w h i c h avoids the usual ly h i g h background of the m/e = 18 p e a k ) , 
d u r i n g the react ion a n d to obta in isotopic d istr ibut ions i n the products . 
T h i s d i s t r ibut ion for H 2 B 2 0 3 is i l lustrated i n F i g u r e 4. 

Discussion 

T w o types of chemica l behavior are observed w h e n l o w pressure 
B 2 H « - 0 2 mixtures are photo lyzed w i t h short wave length rad iat ion f r o m 
a m e d i u m pressure mercury lamp. These processes are either (a ) an 
explosive react ion p r o d u c i n g H3B3O3, B 2 O a , or an unident i f ied boron 
h y d r i d e ( so l id ) a n d H 2 , or (b) a s lower i n i t i a l react ion, p r o d u c i n g 
H 2 B 2 0 3 , H 2 , H 2 0 , a n d B2C>3 fo l l owed b y the conversion of H 2 B 2 C>3 to 
H3B3O3. 

O n l y React ion b has been s tudied i n any deta i l , a n d w e w i l l confine 
our discussion to this phase of the study. T h e stoichiometry ind i ca ted 
that approx imate ly 2.5 molecules of 0 2 are consumed per molecule of 
B 2 H 6 ( T a b l e I ) . T h e rate of d isappearance of 0 2 a n d appearance of 
H 2 B 2 0 3 are accelerated w i t h i r rad ia t i on times, a n d i n some cases an 
explosion is in i t iated . T h e intermediate peroxide, H 2 B 2 0 3 , obta ined w h e n 
Β 2 Η ( { ~ ( 1 Γ Ό 2 - 1 8 0 2 ) mixtures are i r rad iated , contain oxygen atoms i n a n o n -
statistical d i s t r ibut ion . T h i s ind i ca ted that molecular 0 2 is in t roduced 
into the molecule w i thout rupture of the Ο — Ο b o n d . T h e f o l l ow ing 
mechanism is consistent w i t h our observations. 

B 2 H e + h v - » B 2 H , + Η (1) 
or 

H g + h v - » H g * 

H g * + B 2 H ( { -> Β,Η, + Η + H g 

+ M 

B 2 H r > + 0 2 -> B 2 H 4 0 + O H 

O H + B 2 H 6 -> B 2 H 5 + HoO 

+ M 

B 2 H 4 0 + 0 2 - » H 2 B 2 0 3 4- 2 H 

2 H - » H 2 

hv 
Net E q . : B 2 H f i + 2 0 2 - » H 2 B 2 O s + H 2 0 + H 2 

(2) 

(3) 

(4) 

(5) 
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P O R T E R A N D G R I M M Photochemical Oxidation of Diborane 

A 

69 70 71 72 73 74 75 76 77 78 

Figure 4. Comparison of calculated 160-180 isotopic distribu
tion in H2B203 with experimental results 

0.459 
A. Calculated from 160-180 ratio = 

B. Calculated from initial composition of 160>:160180:180j 
= 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;0.i was obtained. Note: This ratio is different 
from Β since isotopic exchange of 0> occurs photochem-
ically 

D. Ion intensity at m/e = 78 was corrected for background 
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T h e inconsistency of the observed stoichiometry w i t h the expected va lue 
b y this mechanism is at tr ibuted to further ox idat ion of the products . 

T h e t h i r d b o d y ( M ) i n Equat i ons 2 a n d 4 w o u l d l ike ly be the surface 
since w e k n o w that the rate of react ion depends u p o n the cond i t i on of the 
surface. W e cannot neglect the poss ib i l i ty that some radicals i n E q u a t i o n 
1 m a y be produced b y mercury photosensit ization (6 ) since m e r c u r y 
manometers were used to measure pressure. I n several experiments i n 
w h i c h o i l manometers were used, the rate of react ion appeared to be 
slower. It is possible to suggest radicals other than Β 2 Η δ for propagat ing 
the cha in , but B 2 H 5 is a l i k e l y product for the p r i m a r y photochemica l 
step (6, 8 ) . 

T h e mass spectrometric technique as used i n this study of the 
photochemica l oxidat ion of B 2 H<; p r o v i d e d new informat ion on f o rming 
intermediates i n the chemica l reaction. Unfor tunate ly , the technique was 
not capable of establishing the nature of short l i v e d intermediates w h i c h 
react i n a few coll isions (i.e., B 2 H 4 0 as proposed above ) . T h e technique 
d i d offer advantages over convent ional spectroscopic methods w h i c h 
c o u l d not be used for observing certain species. 
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8 
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 Appl ied 
Science, San Diego, Calif . 

Mass spectrometric Knudsen cell methods have been used 
to measure heats of formation of the species RuO3(g), 
RuO2(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 
RuO4(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 Μ—Ο bond energies for the gaseous noble 
metal oxides is presented. 

C t u d i e s (3, 29, 31, 33) of the ruthenium-oxygen system i n the tempera-
^ ture range 1100° to 1800°K. a n d at oxygen pressures a round 1 a tm. 
have shown R u 0 2 to be the important condensed phase a n d R u 0 3 a n d 
R u 0 4 to be important vapor species. D a t a on the lower gaseous oxides, 
R u 0 2 a n d R u O , have not been avai lable . 

I n the present study, the ruthenium-oxygen system has been invest i 
gated b y mass spectrometric K n u d s e n ce l l methods to determine the 
important vapor species a n d associated thermodynamics at oxygen pres
sures a round 1 0 - 4 a tm. between 1150° a n d 2050°K. 

T h e r m o d y n a m i c values obta ined f rom this study have been c o m 
p a r e d w i t h values f rom transpirat ion studies. I n add i t i on , a rev iew of 
gaseous noble meta l oxide thermodynamics as measured us ing mass 
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102 M A S S S P E C T R O M E T R Y I N I N O R G A N I C C H E M I S T R Y 

spectrometric K n u d s e n ce l l techniques is presented. W h e r e possible 
these thermodynamics are also compared w i t h results obtained us ing 
transpirat ion studies. 

Experimental Procedures 

A Conso l idated E lec t rodynamics C o r p . M o d e l 21-703 (12- inch r a 
d ius , 60° sector) mass spectrometer modi f ied for K n u d s e n ce l l exper i 
ments was employed for this work . T w o different cells were used i n the 
study. A t temperatures be l ow 1500°K., a quartz K n u d s e n ce l l h a v i n g a 
0.7-mm.-diameter orifice was used. T h e ce l l , fitted at the top w i t h a 
quartz oxygen-feed tube, was h e l d i n a close-fitting m o l y b d e n u m cup 
a n d was covered w i t h three layers of tanta lum. A b o v e 1500°K., an 
a l u m i n a ce l l of s imi lar dimensions was used. It was s imi lar i n geometry 
except that the orifice was 1.4-mm. diameter and the ce l l was fed w i t h 
oxygen through an a l u m i n a tube inserted through the base of the ce l l . 
T h i s ce l l also was mounted inside a m o l y b d e n u m ce l l . 

T h e assemblies were heated b y electron bombardment us ing tungsten 
filaments mounted near the side of the ce l l a n d above the ce l l as i n the 
authors ' other studies (22 ) . O x y g e n flowed into the ce l l through a v i s 
cous-flow inlet f rom a large reservoir. O x y g e n pressure i n the ce l l was 
determined b y the pressure i n the reservoir and the ce l l orifice size. 
Temperatures b e l o w 1500°K. were measured b y two P t / P t - 1 0 % R h 
thermocouples attached to the inside of the m o l y b d e n u m ce l l , one near 
the top a n d the other near the bottom. Temperatures above 1500°K. 
were measured b y m a k i n g opt i ca l pyrometer sightings of the a l u m i n a ce l l 
through smal l holes i n the outer m o l y b d e n u m ce l l near the top a n d bottom 
of the a l u m i n a ce l l . Temperatures were equa l i zed b y adjust ing the poten
t i a l a p p l i e d across the top-mounted tungsten filaments. I n both cases 
the cells were charged w i t h Johnson M a t t h e y (99 .995% p u r i t y ) ruthe 
n i u m metal . 

Results and Discussion 

Mass peaks attr ibutable to effusate f r om the K n u d s e n cells were 
f ound to correspond to 0 + , R u \ 0 2 \ R u O + , R u 0 2 \ R u O . {

+ , a n d R u O t
+ , ac

c o rd ing to masses a n d isotopic ratios. N o other Ru- conta in ing ions were 
observed. Appearance potentials measured for the ruthenium-conta in ing 
ions were 7.7, 8.7, 10.6, 11.2, a n d 12.8 e.v. for, respectively, R u + , R u O + , 
R u 0 2

+ , R u O ; / , a n d R u O / . N e a r voltage ion appearance thresholds the 
above- l isted peaks were be l ieved to be parent ion peaks. O x y g e n pres
sure sensitivities presented be l ow general ly indicate this to be the case. 
Breaks i n the appearance potent ia l curves for R u + a n d R u O + f rom R u 0 2 

were measured to occur at 13.0 and 12.8 e.v., respectively. 
I n an experiment us ing the quartz ce l l at 1240°K., the 0 2 pressure 

was var ied . F i g u r e 1, a p lot of the resul t ing log I R U ( ) 3 +(and I K „ o 2 + a n d 
I R U O + ) VS. l og Io2+ data , shows a 3 / 2 slope w i t h i n the uncertainty of the 
data. T h i s suggests that the R u O . / i on (at m/e 152) is f ormed f rom 
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8. N O R M A N E T A L . Noble Metal Oxides 103 

Figure 1. Metal oxide ion intensity 
dependence on 02

+ ion intensity 

R u 0 3 ( g ) since the meta l is the so l id state present under the exper imental 
condit ions ( 3 ) . T h a t is, the important vapor izat ion react ion is 

Ru(« ) + 3 / 2 0 2 = R u 0 3 ( g ) . (1) 

A t 1190°K., the I R u o 3 + vs. Io 2+ isotherm, also i l lustrated i n F i g u r e 1, shows 
a slope close to 0.5. T h i s indicates that R u 0 2 ( s ) was the condensed phase 
i n the 0 2 pressure range used a n d that the important vapor izat ion reac
t i on is 

R u 0 2 ( s ) + 1/2 0 2 = RuOa(g ) . (2) 

T h e vapor pressure of R u 0 4 over R u 0 2 ( s ) at 1140° a n d 10" 4 a tm. 
0 2 as determined b y B e l l a n d T a g a m i (3 ) should be around 10" 8 a tm. 
T h e R u 0 4

+ i on was observed i n this w o r k but was not intense enough to 
permi t s tudy of its thermal behavior . 
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R E C I P R O C A L T E M P E R A T U R E ( ° K H Χ I0 4 ) 

Figure 2. Dependence of Ru03
+ intensity functions on temperature 

L o g a r i t h m i c plots of the i on currents of R u C V times T , / 2 a n d times 
T~i/2 as a funct ion of rec iproca l temperature are shown i n F i g u r e 2 . I n 
the experiments f r o m w h i c h these data were obtained, the intensity of 
the 0 2

+ f o rmed f rom the K n u d s e n ce l l effusate was set at a constant h i g h 
leve l . U n d e r these condit ions, because of the ΖΓ proport ional i ty to pres
sure, the quantit ies Ι κ „ ο 3

+ Γ 1 Λ a n d I R „ O 3
+ T , " , / 2 , respectively, are proport iona l 

to the e q u i l i b r i u m constants for Reactions 1 and 2 . F r o m slopes of l ines 
d r a w n through the two sets of data i n F i g u r e 2 , w e calculate ΔΗΙ 2 Γ>« = 
5 4 k c a l . / m o l e for React ion 2 a n d Δ Η 1 2 5 ο — — 1 7 k c a l . / m o l e for React ion 
1. These values are i n good agreement w i t h ΔΗ12»ο values of + 5 4 . 7 a n d 
— 1 3 . 9 k c a l . / m o l e ca lcu lated for the respective reactions f rom data re
por ted b y Schâfer, Schneidereit , a n d G e r h a r d t ( 3 1 ) , a n d Δ Η 1 2 Γ » ο values 
of + 5 1 . 6 a n d — 1 7 . 0 k c a l . / m o l e ca lculated for the respective reactions 
f r o m data reported b y B e l l a n d T a g a m i ( 3 ) . 

U s i n g the a l u m i n a ce l l , the R u O s ( g ) species can be suppressed b y 
go ing to h igher temperatures, b u t more important , the pressures of the 
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lower oxides can be increased. A t h igher temperatures a n d a n o m i n a l 
electron energy of 20 e.v., the intensity of the R u O / s ignal f rom the 
K n u d s e n ce l l effusate was f o u n d to depend d irect ly on the square of that 
por t i on of the atomic O" s ignal attr ibutable to K n u d s e n ce l l effusate. 
T h i s suggests that R u 0 2

+ is a parent i o n a n d can be used i n descr ib ing 
the vapor izat ion of R u 0 2 ( g ) i n s tudy ing the react ion 

Ru(s ) + 0 2 - ^ R u 0 2 ( g ) . (3) 

A t a n o m i n a l electron energy of 10 e.v., the R u O + s ignal intensity was 
f o u n d to be propor t i ona l to the intensity of the shutterable 0 + ; therefore, 
R u O + is a parent i on at this electron energy. A t 20 e.v., the R u O + a n d the 
R u + were f ou n d to have the same 0 2 dependence as the R u 0 2

+ ( at m / e 
136) , suggesting R u O + (at m/e 120) a n d R u + (at m/e 102) were f rag 
ments of R u 0 2 ( g ) . T h e vapor izat ion react ion for R u O ( g ) is 

Ru(s ) + l / 2 0 2 - > R u O ( g ) . (4) 

A t 10 e.v., the R u + peak is f o u n d to be independent of the 0 + s ignal a n d 
thus represents the direct vapor izat ion of r u t h e n i u m meta l , 

Ru(s ) - > R u ( g ) . (5) 

Observations of the var ia t ion i n intensities of the R u 0 2
+ at 20 e.v. a n d the 

R u O + a n d R u + at 10 e.v. w i t h 0 + intensity are i l lustrated i n F i g u r e 3. 

Figure 3. Metal ion intensity dependence on 0 + ion 
intensity at 2045° K. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

96
8 

| d
oi

: 1
0.

10
21

/b
a-

19
68

-0
07

2.
ch

00
8

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



106 M A S S S P E C T R O M E T R Y I N I N O R G A N I C C H E M I S T R Y 

4.8 5.0 52 5.4 5.6 5.8 

RECIPROCAL TEMPERATURE(°KxI04) 

Figure 4. Dependence of ruthenium species ion intensity function 
on temperature 

I f the intensities of the R u + , R u O + , a n d R u 0 2
+ ions are s tudied as a 

funct ion of temperature at appropr iate electron energies a n d at a h i g h , 
constant flux of oxygen through the ce l l ( P o 2 > > P o ) , the heats of 
vapor izat ion of the parent species of these ions m a y be determined f r o m 
the slopes of i o n intensity functions vs. r ec iproca l temperature. Examples 
of these determinations are presented i n F i g u r e 4. F o u r such determina
tions were made for each of these species, result ing i n values of 28.4 ± 1 . 0 , 
85 ± 5 , a n d 152 ± 3 k c a l . / m o l e for Reactions 3, 4, a n d 5, respectively, 
i n the temperature ranges 1740°-2040°K. , 1870°-2020°K. , a n d 1 9 0 0 ° -
2050°K. 

T o estimate the p a r t i a l pressures of the gaseous species R u O , R u 0 2 , 
R u O s , R u 0 4 , O , a n d 0 2 present i n these systems, a pressure of R u ( g ) 
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was obta ined f r om the studies of Pan i sh a n d R e i f (26) a n d of C a r r e r a , 
W a l k e r a n d Plante ( β ) ( the Pau le a n d M a r g r a v e (27) values dif fered 
s l ight ly ) a n d used as a standard i n the method descr ibed b y I n g h r a m 
a n d D r o w a r t (13). I n this method , total i on izat ion cross sections accord
i n g to Otvos a n d Stevenson (24) were employed a long w i t h m u l t i p l i e r 
gains inversely proport iona l to the square root of the molecular we ight 
a n d the appearance potentials reported i n this study a n d b y K i s e r (16). 
U s i n g these data , entropy values for Reactions 1, 3, a n d 4 were ca l cu 
lated to be —20.8, —1.5, a n d 11.8 e.u., respectively, i n the temperature 
ranges studied. T h e heat of vapor izat ion of R u 0 4 ( g ) ( —45.4 k c a l . / m o l e ) 
f r om the studies of B e l l a n d T a g a m i (3) leads to an entropy of the 
vapor izat ion react ion, 

Ru(s) + 2 0 2 - » R u 0 4 ( g ) , (6) 

of —33.6 e.u. f r om the exper imental R u 0 4
+ intensity measured at m/e 

166 a n d a corresponding 0 2
+ i on intensity. 

Review of Noble Metal Oxide Vaporization Data 

O x i d e transpirat ion studies have been made b y A l c o c k a n d H o o p e r 
(2) ( A H ) , for the metals Pt , P d , R h , Ir , a n d R h . Other noble meta l oxide 
transpirat ion studies inc lude a R u study b y B e l l a n d T a g a m i (3) ( B T ) ; 
a R u study b y Schâfer, T e b b e n , a n d G e r h a r d t (33) ( S T G ) ; Ir studies b y 
Schâfer a n d H e i t l a n d (30) ( S H ) , Kur iakose a n d M a r g r a v e (17) ( K M ) , 
a n d C o r d f u n k e a n d M e y e r (8) ( C M ) ; a n d a P t study b y Schâfer a n d 
T e b b e n (32) ( S T ) . G r i m l e y , Burns , a n d Inghram (10) ( G B I ) have i n 
vestigated the gas phase O s 0 4 —> O s 0 3 + 1 /2 0 2 e q u i l i b r i u m i n a K n u d 
sen ce l l mass spectrometrical ly , a n d N o r m a n , Staley, a n d B e l l (20, 21, 22, 
23) have s tudied the oxides of R u , Ir , R h , P t , and P d us ing mass spec
trometr ic K n u d s e n ce l l techniques. Schâfer, T e b b e n , a n d G e r h a r d t (33) 
a n d N i k o l s k i i a n d R y a b o v (19) have presented reviews of some of this 
in format ion . T h e heats of format ion f rom these studies are g iven i n 
T a b l e I., where the compi la t ion of C o u g h l i n (9 ) ( C ) was used to de
scribe the heat of formation of O s 0 4 ( g ) . I n T a b l e I a l l of the heats have 
been extrapolated to 1500°K. b y employ ing , i n the absence of structural 
in format ion on the oxides, H T - H o data f rom the J A N A F tables (14) for 
the appropriate gaseous tungsten oxide except for tetroxides, where 
K e l l e y s (15) O s 0 4 heat capac i ty f o rmula was extrapolated to 1500°K. 
T h e error made b y us ing the heat capacities of these gaseous compounds 
to describe the same MO., . (g ) species for other metals at the moderate 
temperatures invo lved should be rather smal l , except where the question 
of l inear i ty of the MO L » (g ) molecules is i n v o l v e d — a 1 ca l . /deg . -mole 
variance. A p p r o p r i a t e data for the condensed metals a n d oxygen were 
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taken f rom the J A N A F tables (14), S t u l l a n d Sinke ( 3 5 ) , a n d H u l t g r e n , 
et al. (12). T h e R u 0 2 data of A l c o c k a n d H o o p e r (2) were corrected 
to take into account that R u 0 2 was the condensed phase present under 
their conditions. A l so , R h 0 2 was taken as the gaseous r h o d i u m oxide 
present i n their studies. T h e data of K u r i a k o s e a n d M a r g r a v e (17) were 
taken to a p p l y to the reaction I r ( s ) + 3 / 2 0 2 - » I r O s ( g ) . 

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

Element Reference° MO(g) M02(g)b M03(g) MOk(g) 

Os G B I Present - 1 1 . 8 ± 1 
C - 8 1 . 5 
N R (46) ( - 2 5 ) 
Β (39 ± 20) 

R u N S B 86.7 ± 5 29.7 ± 1 - 1 7 . 0 ± 2 
A H - 1 6 . 5 
S T G - 1 3 . 5 - 4 2 . 8 
B T - 1 6 . 7 ± 2 - 4 5 . 4 ± 3 
N R (40) - 4 3 . 1 ± 2 
Β (47 ± 15) 

Ir N S B Present 49.7 ± 1.0 6.2 ± 1.5 
A H 4.8 
C M 4.2 
S H 4.0 
K M 7.1 ± 1.9 
Β (48 ± 15) 

R h N S B 91 ± 5 42.0 ± 2.0 
A H 45.6 ± 0.6 
Β (27 ± 20) 

Pt N S B 102.3 ± 5 37.8 ± 2.3 
A H 39.4 ± 0.3 
ST 39.9 
Β (43 ± 8) 

P d N S B 80.0 ± 1.0 
Β (41 ± 25) 

" Authors' initials indicate pertinent works. 
h Values in parentheses are estimated. 

T h e agreement of the exper imental values reported i n T a b l e I is i n 
deed grat i fy ing . It w o u l d seem to give credence to a l l of the data re
ported . T h e agreement between the mass spectrometric a n d the t ran 
spirat ion results strongly suggests that the same species are be ing 
examined i n the two different methods, a n d other evidence substantiates 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

96
8 

| d
oi

: 1
0.

10
21

/b
a-

19
68

-0
07

2.
ch

00
8

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



8. N O R M A N E T A L . Noble Metal Oxides 109 

this. T h a t is, the mass spectrometric studies have not revealed polymers 
but ind icate the presence of the monomer species assumed i n the t r a n 
spirat ion studies. W h i l e the oxygen pressures used i n these two types of 
studies are quite different, this has l i t t le to do w i t h the P M X O V / P M O J , ratios 
—i.e., i f Ρ Μ Χ Ο υ were important i n the transpirat ion studies, this species 
p r o b a b l y w o u l d have been detected mass spectrometrical ly . It appears, 
then, that a l l these studies, w i t h the possible exception of the Ir studies 
of Kur iakose a n d M a r g r a v e (17), indicate only the presence of mono-
mer i c vapor species of the noble meta l oxides. 

O n e m i g h t question whether transpirat ion studies are appropr iate 
for systems as complex as these. Note , however , that the possible pres
ence of several species i n the transpirat ion studies does not seem to have 
adversely affected the results. F o r instance, B e l l a n d T a g a m i obtained 
thermodynamic in format ion on bo th R u 0 8 a n d R u 0 4 b y interpret ing 
r u t h e n i u m transport to be caused b y both species. 

B r e w e r (5 ) ( B ) has estimated the dissociation energies for the d i 
oxides at 0°K. I n T a b l e I., his values have been converted into heats of 
format ion at 1500°K. for comparison w i t h the exper imental values, where 
avai lable . W h i l e there are discrepancies u p to 20 k c a l . / m o l e , B r e w e r s 
estimates are w i t h i n his stated uncertainties. 

T h e heat of format ion data g iven i n T a b l e I can be converted into 
b o n d energy in format ion . T a b l e II presents the heats of format ion of the 
gaseous oxides per oxygen atom at 1500°K. f rom gaseous meta l a n d 
atomic oxygen. F o r self-consistency, the K n u d s e n ce l l values are used 
where avai lable . D a t a used i n construct ing this table inc lude the heat of 
dissociation of oxygen molecules at 1500°K. as presented i n the J A N A F 
tables (14) and heats of vapor izat ion of the noble metals at 1500°K. as 
g iven b y S t u l l a n d Sinke ( 3 5 ) , H u l t g r e n , et al. (12), a n d / o r recent ex
per imenta l determinations (6, 22, 25, 26, 27). These selected heats of 
vapor izat ion are also i n c l u d e d i n T a b l e I I . 

O n e noteworthy observation concerning the b o n d energies presented 
i n T a b l e I I is that they exhibit a degree of agreement w i t h an add i t i v i ty 
rule . T h e system w i t h the most extensive pert inent data w o u l d be the 
r u t h e n i u m oxides. I n this case, 127 kca l . are associated w i t h the b o n d i n g 
of the first g ram atom of oxygen, w h i l e on ly 89 kca l . are associated w i t h 
the fourth—0.7 of the value for the first gram atom. W h i l e this does not 
indicate complete agreement w i t h the add i t i v i ty ru le , this decrease f rom 
1 to 0.7 of the first b o n d energy across the whole series seems a rather 
smal l change a n d indicates near app l i cab i l i t y of the ru le . Observed 
deviations for Os , R u , a n d Ir are i n the order of decreasing b o n d strength 
w i t h add i t i ona l bonds, w h i l e R h a n d Pt seem to exhibit a reverse t rend 
b y accept ing a second gram atom of oxygen somewhat more energetical ly 
than the first. 
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T a b l e 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 MOJ2 MOJ3 MOJ4 

Os (6, 26) 185 145 (GBI ) 127(C) 
R u This study 152 127 122 117 110 
Ir {25,27) 156 114 111 
R h (12, 35) 131 101 105 
Pt (12, 35) 134 92 109 
P d (22) 89 70 

N i k o l s k i i a n d R y a b o v ( 19 ) question the G r i m l e y , Burns , a n d I n g h r a m 
(10) va lue used b y Schâfer, T e b b e n , a n d G e r h a r d t (33) i n their r e v i e w to 
calculate —66.2 k c a l . / m o l e for Δ Η ° 2 9 8 of O s O n ( g ) . T h i s value is re lated 
to the degree of departure f r om add i t i v i ty of O s — Ο bonds. Indeed , the 
G B I 18 -kca l . /mole difference i n oxygen average b o n d energies for the 
two h igher oxides of o smium presented i n T a b l e I I is large, but i t is dif f i 
cu l t to show that i t is too large, and i t seems unnecessari ly prec lusive 
to argue this question f rom condensed state thermodynamics . It seems 
best to accept this apparent ly excellent descr ipt ion of the O s O s — 0 2 — 
O s 0 4 e q u i l i b r i u m b y repor t ing the G B I heat of f ormat ion of O s 0 4 ( g ) 
minus that of O s O s ( g ) . N i k o l s k i i a n d R y a b o v (19) have also pred i c ted 
Δ Η ° 2 9 8 for O s 0 2 a n d R u 0 2 . There is no exper imental in format ion con
cern ing O s 0 2 , a n d their O s 0 2 estimate certainly is subject to the same 
difficulties as is their O s 0 3 estimate. T h e i r R u 0 2 estimate, converted to 
1 5 0 0 ° C , w o u l d be 9 k c a l . / m o l e h igher than the exper imental value . 

T h e noble metals are presented i n Tables I a n d I I essentially i n the 
order of the stabi l i ty of their oxides a n d their heats of vapor izat ion . T h e 
re lat ion of these properties a n d their posi t ion i n the per iod i c table is 
evident. 

A l t h o u g h the noble meta l oxide exper imental heats of f ormat ion 
f rom the mass spectrometric a n d transpirat ion techniques are i n good 
agreement, where they can be cross-checked, the vapor pressures deter
m i n e d us ing the two methods differ considerably . T o demonstrate this 
p r o b l e m , a l l of the comparable cases are presented i n T a b l e I I I . W h i l e 
several of the values used cannot be considered w e l l established, two 
cases, I r O * a n d P t 0 2 , s tand out as reasonable tests. Three transpirat ion 
studies, w h e n extrapolated, g ive 1.7 ( ± 0 . 2 ) X 10" 3 atm. as the I r 0 3 vapor 
pressure at 2033°K. a n d 1 atm. 0 2 pressure i n the presence of the meta l . 
T h e corresponding value f rom the mass spectrometric method is 3.5 χ 
10" 4 , a factor of five lower. I n the p l a t i n u m oxide transpirat ion studies 
c i ted , the extrapolated vapor pressure of P t 0 2 ( g ) i n 1 atm. oxygen over 
the meta l at 2018°K. was determined to be 1.0 ( ± 0 . 1 ) X 10" 4 a tm. T h e 
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mass spectrometric s tudy leads to a value of 8.5 X 10" 6 a tm. , a factor of 
11 smaller. T h e R u 0 3 case is not qui te as clear. T h e t w o transpirat ion 
results at 1779°K. a n d 1 a tm. 0 2 over the meta l g ive 4.8 (d=3) χ 10" 2 

compared w i t h 4.1 X 10~3 ob ta ined mass spectrometr ical ly i n this case, 
a factor of four to 20 lower . I n the single comparison of R h 0 2 pressures, 
the mass spectrometric va lue is considerably lower than i n the other 
cases. I n the P d O case, no rea l comparison can be made except to say 
that A l c o c k a n d H o o p e r (2 ) bel ieve, based on their transpirat ion studies, 
that P d O pressures shou ld be h igher than were measured spectrometr i 
ca l l y b y N o r m a n , Staley, a n d B e l l ( 22 ) . T h e one r e m a i n i n g comparison 
also is not w e l l establ ished since, i n the case of R u 0 4 ( g ) , no mass spectro
metr i c heats were obta ined a n d the transpirat ion results were based on 
a m i n o r species determinat ion . I n this single case, however , the mass 
spectrometric pressures were h igher than the transpirat ion pressures. 

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

Gaseous Mass Spec. (NSB) Transpiration Transpiration 
Species T(°K.) TM0JT0^a T M 0 J ? 0 ^ a Mass Spec. 

R u 0 4 1729 (2 Χ 10" 2) max 3.5 Χ 10" 3 ( S T G ) (0.5-0.05) 
1.1 Χ 10~3 ( B T ) 

R u O s 1729 4.1 Χ 10" 3 6.9 X 10" 2 ( S T G ) 20-5 
2.7 Χ ΙΟ" 2 ( B T ) 

I r 0 3 2033 3.5 Χ 10" 4 1.6 Χ 10" 3 ( A H ) 5 
1.6 Χ ΙΟ" 3 ( S H ) 
1.9 X IO- 3 ( C M ) 

R h 0 2 2000 3 Χ ΙΟ" 6 1.4 Χ 10" 4 ( A H ) 50 

P t 0 2 2018 8.5 X 10" 6 8.9 Χ 10" 5 ( A H ) 13-10 
1.1 Χ 10" 4 (ST) 

P d O 1900 1.0 X 10" 6 (4 X 10"«) ( A H ) (40) 

* Po2 = atm. 

These results, then, suggest that general ly an underest imat ion of 
meta l oxide pressures is made i n the mass spectrometric studies or an 
overest imation is made i n the transpirat ion studies. I t is diff icult to be 
l ieve that i n the transpirat ion method mass transport was grossly over
est imated or di f fusional effects were not proper ly accounted for. F o r 
reasons mentioned previously , i t is also diff icult to bel ieve that po lymers 
cause the differences i n the two methods, a l though under unusua l c i r 
cumstances Mx02 c o u l d be considered to be M 0 2 i n the transpirat ion 
study, g i v i n g excessively h i g h M 0 2 pressures. It seems m u c h more l i k e l y 
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that the crux of this p r o b l e m is i n convert ing mass spectrometric i on i n 
tensities to ce l l species pressures. Indeed , questions concerning the v a 
l i d i t y of e m p l o y i n g the cross sections of Otvos a n d Stevenson (24) a n d 
the add i t i v i ty of these quantit ies have been brought u p ( 7 , 1 8 , 28). Staf
f o rd (34) has proposed us ing cross sections der ived f rom Gryz insk i ' s (11) 
ca lcu lat ional scheme. I n several studies ( I , 4, 36) attempts were made 
to avo id the use of ca lcu lated cross sections. 

Some problems are associated w i t h pressure est imation used i n the 
mass spectrometric method . Mass spectrometric i on intensities are con
verted to pressures or e q u i l i b r i u m constants b y e m p l o y i n g ratios of i n 
tensities. O n e either considers a dimensionless pressure ratio as an e q u i 
l i b r i u m constant or establishes the pressure of a species of interest b y 
comparison w i t h an avai lable pressure standard. F o r the noble meta l 
M 0 2 gaseous species, it was indeed reasonable to use the KP = 
PMO2/PO2 = ΚΙ*ιοζ/Ιθ2 re lat ionship. I n other cases, one can ut i l i ze d i m e n 
sionless reactions such as M ( s ) + 2 0 2 - » M 0 3 + Ο where , i n a sense, 
the 1/2 0 2 - » Ο e q u i l i b r i u m is employed to cal ibrate the system. Of ten 
the noble meta l pressure m a y be used as a ca l ibrat ing agent, or some 
add i t ive to the system, such as si lver, m a y be used i n the ca l ibrat ion . 
W h i l e these procedures appear sound a n d beyond quest ion, they do not 
c i r cumvent the necessity of est imating relative cross sections a n d detector 
sensitivities. 

O n e is often confronted w i t h the prob l em of the exper imental ly 
indeterminate question of h o w efficiently ions of a part i cu lar type can be 
made f rom specific neutra l species. T h e method descr ibed b y I n g h r a m 
a n d D r o w a r t (13) for est imating ratios of total i on izat ion efficiencies 
accepts Otvos a n d Stevenson's (24) total i on izat ion cross sections a n d 
a d d i t i v i t y of these cross sections. T h e method also accepts a l inear r e l a 
t ionship between cross section a n d i o n i z i n g energy of the exc i t ing elec
trons above a threshold value to prov ide these ratios of total i o n i z i n g 
efficiencies. Specif ic cr i t ic isms of the universa l i ty of this f o r m u l a m a y 
be d irected at: 

1. T h e total atomic cross section values themselves. 
2. A d d i t i v i t y of these values to get molecular cross sections. 
3. T h e s impl i c i t y of the assumed approach t o w a r d the m a x i m u m 

cross sectional values as a funct ion of electron energy. 
4. T h e appl i cat ion of these values to cases where undetected f rag 

mentat ion m a y be significant. 
Questions of d iv i s i on of transferred energy into excitation a n d i o n i z a 

t ion , e lectronic structure of atoms a n d molecules, a n d other basic p r o p 
erties are invo lved . F o r instance, Stafford's (34) proposed cross sections 
differ i n m a n y cases f r om n o r m a l i z e d Otvos a n d Stevenson values b y a 
factor of two or three. H i s values show deviat ion f rom exper imental ly 
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8. N O R M A N E T A L . Noble Metal Oxides 113 

determined cross sections, a l though not as often as do the n o r m a l i z e d 
Otvos a n d Stevenson values. 

L e t us consider the situation for the noble meta l oxide measurements. 
Ion izat ion cross sections for oxygen molecules as employed i n these 
studies seem to agree w i t h exper imental values—i .e . , the rat io of 0 2 to M 
cross sections at the voltages employed is i n l ine w i t h exper imental cross 
section ratios of 0 2 a n d H g at the employed voltages. I f H g cross section 
agreement can be taken as i n d i c a t i n g noble meta l agreement, then the 
pressure d iscrepancy p r o b l e m seems to be concerned w i t h the ion izat ion 
cross section of M O * compared w i t h M a n d / o r undetected fragmentat ion 
of M O * . O n e or bo th might w e l l be the root of the pressure discrepancies 
presented here. 

It appears that a l though Stafford's (34) approach c o u l d he lp the 
cross section p r o b l e m somewhat, considerable doubt w i l l r emain even 
after such an analysis of cross sections of noble meta l oxides. Theore t i 
ca l ly , the fragmentat ion p r o b l e m shou ld not be severe since one shou ld 
recognize fragments a n d account for their presence. H o w e v e r , i n the rea l 
case, the poss ib i l i ty of transmission problems of ions b o r n w i t h h i g h 
k inet i c energy (not considered i n this s tudy) a n d the i n a b i l i t y to recog
n i ze fragment peaks b u r i e d under large system peaks cause considerable 
uncerta inty regard ing the degree of fragmentation. A d d e d to this uncer
tainty , m u l t i p l i e r sensitivities are general ly estimated. A c c o r d i n g l y , then, 
i t seems that mass spectrometric pressures us ing estimated values shou ld 
be treated w i t h some caution. 

T h e purpose of this port ion of the paper is not to i m p l y that mass 
spectrometric K n u d s e n ce l l studies prov ide inadequate thermodynamics , 
but to po int out that some caut ion should be employed w h e n us ing mass 
spectrometr ical ly de termined e q u i l i b r i u m constants based on estimated 
cross sections, etc. T h e authors are convinced that, i n general , measure
ments of this type prov ide a n d w i l l continue to prov ide the best avai lable 
exper imental h i g h temperature gaseous system thermodynamics . T h e 
authors are also convinced , because of the uncertainties associated w i t h 
the e q u i l i b r i u m constant "est imat ion , " that good mass spectrometrical ly 
determined second l a w heats have considerable mer i t w h e n compared 
w i t h t h i r d l a w heats for complex systems as reported here. 
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9 
Calculation of Electron Impact Ionization 
Cross Sections 

FRED E . S T A F F O R D 

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

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. 

J η this paper the react ion 

e~ + M = M + + 2e~ (1) 

w i l l be considered. M m a y be an atom, or it m a y be a molecule , i n w h i c h 
case the p r o b l e m of fragmentive i on izat ion w i l l have to be considered; 
e~ represents an electron w i t h k inet i c energy greater t h a n the i on izat ion 
potent ia l of M . T h e rate of this react ion is g iven b y 

J ( M + ) =i(e-)n(M)la(E) (2) 

where I a n d i are the respective currents, n ( M ) is the n u m b e r density of 
M i n the vo lume of l ength I traversed b y the electron beam; σ is a constant 
characterist ic of M , the energy Ε of the i m p a c t i n g electrons, a n d the 
par t i cu lar process be ing considered—i .e . , i on izat ion to a par t i cu lar state 
or tota l i on izat ion . T h e quant i ty σ has the units of area a n d is ca l l ed a 
cross section. 

115 
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React ion 1 is of interest i n studies of stellar atmospheres, the solar 
corona, rad iat ion damage, plasmas a n d nuclear fusion, a n d i n mass spec
trometry. T h e spec ia l interest of this paper is the s tudy of h i g h tempera
ture systems where the par t ia l pressure F of species M is g iven b y 

P = I(M+)T/Say 

where Τ is the absolute temperature of the cruc ib le or reactor, S is a 
constant of the mass spectrometer w h i c h is assumed constant w i t h change 
of mass, a n d γ is the relative ga in of a secondary electron mul t ip l i e r , i f 
used. 

M a n y species of interest have been observed on ly b y opt i ca l a n d / o r 
mass spectrometry; it is not possible to obta in an independent measure 
of their cross sections. Est imates of the cross section, or of relat ive cross 
sections therefore f o rm an important part of the ca lcu lat ion of thermo
d y n a m i c properties us ing the absolute entropy ( T h i r d L a w ) method . 

I n certain cases, it may be possible to compare Second a n d T h i r d 
L a w results to obta in cross sections. I n add i t i on , par t i cu lar ly where the 
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Figure 1. a. Logarithm [(Otvos-Stevenson cross section)/(experimental cross 
section for single ionization X 3)] vs. atomic number Z.; fr. Logarithm [(OS 
cross section)/classical cross section Table I)] 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 hrge; see especially Kieffer and Dunn ( 14 ) 

ratio of intensities varies greatly w i t h temperature, it is possible to c o m 
b ine mass spectrometric measurements w i t h 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 l i m i t e d i n that they invo lve 
tak ing smal l differences between large, uncerta in quantit ies. 

T h e work of Otvos and Stevenson (22) has proved useful i n pro 
v i d i n g cross sections for atoms. These authors suggest also that molecular 
cross sections be taken equal to the cross sections of the constituent 
atoms ( a d d i t i v i t y r u l e ) . A s our sophist ication i n mass spectrometry has 
grown, a n d as we d e m a n d more accurate answers of the technique, the 
Otvos-Stevenson calculations have been subjected to increasingly more 
careful experimental veri f ication as is c r i t i ca l ly rev iewed elsewhere (14, 
27). Deviat ions f rom experiment have been found. T h e results are shown 
i n F i g u r e 1A (27), where the l ogar i thm of O S to exper imental cross 
section ( 60 e. v. ) is p lot ted for the atoms as a funct ion of atomic number , 
Z . F o r the most re l iable data ava i lab le—hydrogen , the rare gases, the 
a l k a l i metals, a n d the a lkal ine earth atoms—there is a significant scatter. 
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O f some interest is the po int for Sn ( Z = 5 0 ) , for w h i c h the ca lcu lated 
cross section is smal l . T h e same is true w h e n the ca lculated cross section 
for G e ( Ζ = 32 ) is compared w i t h more recent results. I n bo th of these 
cases an assumed secondary electron m u l t i p l i e r ga in has been used; this 
m a y be a significant source of error. 

Recent ly , a theory deve loped b y G r y z i n s k i (10) on classical p r i n 
ciples has been used to give deta i led predict ions of cross sections as a 
funct ion of i m p a c t i n g electron energy. A summary of the l i terature as 
w e l l as n e w calculations for m a n y of the atoms are g iven i n the preced ing 
paper of this series (27 ) . T h e theory states that the cross section <r} for 
i on izat ion of an electron f rom the ; th shel l is g iven b y 

σ . = 6.56 Χ 1 0 1 4 (Nj/Uf) g(X) sq. cm. (3) 

where Nj is the number of electrons i n the shel l , Uj is the b i n d i n g energy 
of the shel l i n e. v., often taken to be the ionizat ion potent ia l , X is the 
energy Ε of the impac t ing electron d i v i d e d b y Ujf a n d g ( X ) gives the 
dependence of cross section on E. T h e theory states that the shapes of 
the i on izat ion efficiency curves for a l l shells are ident i ca l w h e n plotted 
as a funct ion of X ; m a x i m a of the curves are at Ε « 3.7 Uj. 

T h e i m p l i c a t i o n of this theory for the mass spectrometrist is great. 
Cross sections can be pred i c ted if the ionizat ion potent ia l as w e l l as the 
inner shel l electron energies are k n o w n . T h e shape of the i on izat ion 
efficiency curve can be pred i c ted a n d variations of cross section w i t h 
electron energy taken into account. 

T h i s paper reviews the app l i ca t i on of E q u a t i o n 3 to atoms, i n c l u d i n g 
a comparison of the results f rom it to those of Otvos a n d Stevenson. W e 
then make calculations for molecules i n order to examine the add i t i v i ty 
rule . 

Results far Atoms 

O f some interest is the agreement between the magni tude ( i n abso
lute units ) a n d the shape of i on izat ion efficiency curves. F o r the heavier 
a l k a l i metals, the experimental i on izat ion efficiency curve shows two 
m a x i m a i n the region 20-100 e. v., as seen for potassium i n F i g u r e 2 (18). 
T h e l ower three dashed lines show the contributions to the cross section 
ca lcu lated for the 4s 1 , 3 p n , a n d 3s- shells. T h e energy used for each shel l 
is shown i n parentheses. T h e cross sections at the m a x i m a of these three 
curves are i n the rat io ind i ca ted b y E q u a t i o n 3. F o r impac t ing electrons 
w i t h energies of ~ 3 0 0 e. v. or more, the calculations indicate that the 
cross section f r om the 3p ( î shel l exceeds that f rom the valence electron. 
T h e cross section for single ionizat ion at h i g h electron energies, therefore, 
should not f o l l ow the Bethe equat ion. 
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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) 

T h e s u m of the par t ia l cross sections is shown b y the so l id l ine . 
W h i l e not i n perfect agreement, it does give the double m a x i m u m ob
served experimental ly . ( N o t e also that the exact shape of the exper i 
menta l curve is diff icult to determine. ) S imi lar results are obta ined for 
the format ion of the other a l k a l i metals ions (18) a n d for doub ly charged 
ces ium i o n (19), for example. T h i s is the first t ime that such deta i led 
agreement w i t h exper imental cross sections has been obtained. I n a d d i 
t i on , w h e n contributions f rom shells w i t h Uj greater t h a n the i on izat i on 
potent ia l are considered, E q u a t i o n 3 replicates the o l d ru le of t h u m b 
that the m a x i m u m of an ion izat ion efficiency curve lies at 3 to 6 times the 
onset energy. 
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A comparison of theory w i t h experiment for a l l the elements where 
data are avai lable is g iven i n F i g u r e 1 C . T h e agreement is general ly 
good, except for oxygen (not s h o w n ) , nitrogen, a n d neon, where the 
ca lcu lated values are rough ly a factor of two h igh . G r y z i n s k i believes 
that this m a y be at tr ibuted to an error i n the electronic energies of the 
atoms (11). F o r G e a n d Sn , the ca lcu lated values again seem to be 
qui te low. O n the who le , the agreement w i t h experiment is s ignif icantly 
better than prev ious ly avai lable . 

Some of the details of the calculations are g iven i n T a b l e I. F o r the 
"easy cases," i n general those at the extreme left or r ight of the Per iod i c 
T a b l e , the b u l k of the contr ibut ion to the total cross section at 60 e. v. 

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

Ζ Shell U / e . v.)a σ 

Easy Cases 
1 Η Is1 13.6 0.76 0.76 
3 L i 2sl 5.4 3.3 

Is2 55.0 — 3.3 
4 Be 2s2 9.3 2.9 2.9 
8 Ο 2p4 13.6 3.0 

2s2 32.0 0.2 3.2 
9 F 2p* 17.4 2.3 

2s2 40.0 0.1 2.4 
54 Xe 5 p 6 12.1 5.6 

5s2 25.0 0.3 5.9 

Hard Cases 
29 C u 4s1 7.7 2.0 

3 d 1 0 11.0 11.0 13.0 
alternate ( 3 d 1 0 10.0 12.6 14.6) 

50 Sn 5s 2 7.3 4.3 
5 p 2 8.0 3.6 
4 d 1 0 10 or 20? 12.6 or 3.4? 

Total , 20.5 or 11.3? 

• From Moore (19) and Slater (24). 

comes f rom the outermost shel l , for w h i c h the experimental ly k n o w n 
ion izat ion potent ia l (21) is used for Uj. T h e transit ion meta l atoms are 
" h a r d cases." Ignor ing that the i m p l i c i t assumption of Russel l -Saunders 
( L - S ) c oup l ing m a y not be v a l i d for the heavier atoms, i t is seen that 
the major contr ibut ion to the cross section comes f rom inner shel l elec
trons. F o r these, the b i n d i n g energies (26) are on ly c rude ly k n o w n a n d 
l ead to significant uncerta inty i n the ca lculated cross sections, as shown. 
These attempts to a p p l y the present theory c lear ly indicate a need for 
further knowledge about atomic structure a n d levels. 
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Comparison with the OS Calculations 

T h e O S correlat ion has been discussed prev ious ly (9 ) under the 
assumptions that the B o r n approx imat ion a n d the Bethe equat ion are 
val id—i.e . , that the i m p a c t i n g electrons have h i g h energy. U n d e r these 
condit ions, the osci l lator strength ( / -va lue) " s u m rules" that a p p l y to 
photon - induced transitions h o l d also for e lectron impact . T h i s l e d to the 
conc lus ion that m u c h of the tota l cross section for the a l k a l i metals was 
caused b y inner shel l i on izat ion . A s discussed above for potassium, the 
G r y z i n s k i theory gives a m u c h more reasonable p ic ture , i n c l u d i n g that , 
at h igher electron energies, the inner shel l cross section does start to 
exceed that for the valence electron. 

F i g u r e I B shows the l ogar i thm of the rat io of the O S to the present 
cross sections as a funct ion of atomic number . Discont inui t ies a n d / o r 
changes i n slope occur, for the most part w h e n subshells or shells are 
filled. T w o explanations m a y be offered for these observations. F i r s t , 
O S assume that, for i on izat ion f r om the ; t h shel l , σ, is propor t i ona l to the 
average square radius < r / > w h i c h is i n t u r n propor t iona l to the d i a -
magnet i c susceptibi l i ty . T h e f o r m u l a they use is 

< r / > oc n * 4 ( Z - s ) * - j l + 3 / 2 |j ι - W + l\~ * / 3 j j (4) 

where n * is the effective q u a n t u m number , ( Z — s) the effective nuc lear 
charge, a n d I the o rb i ta l angular m o m e n t u m q u a n t u m number . T h e first 
two of these quantit ies are taken f rom a paper b y Slater (25) w h o est i 
mates t h e m on the basis of certain approximate w a v e functions. O n the 
basis of these w a v e functions, Slater deduced that 

< r / > α n * 2 ( n * + J ) (n* + 1) (Z - s)2~. (5) 

T h e advantage of E q u a t i o n 4 is that i t gives a break w h e n the s subshells 
are filled. E q u a t i o n 5 does not do this. T a b l e I I shows that use of 
E q u a t i o n 5 w i t h the Slater values for n * a n d ( Z — s) leads to incorrect 
d iamagnet i c susceptibi l it ies . T h e good agreement for the cross sections 
of the rare gases shown i n F i g u r e 1 A is a t t r ibuted to the use of E q u a t i o n 4 
a n d not a correlat ion w i t h the d iamagnet ic suscept ib i l i ty nor the Slater 
values for 2 < r / > . 

It is interesting to examine the funct ional re lat ion between the O S 
a n d the present calculations. T h e present calculations assume that σ, for 
a single electron is roughly propor t iona l to 17/". I n turn , Slater (25) gives 
that Uj2~ = η * 4 ( Z — s ) 4 " . Subst i tut ing into E q u a t i o n 4 a n d ignor ing 
the t e rm i n the brackets gives 

^ ( Q S ) « ( Ζ - ί ) 2 . 
°7 
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I n add i t i on , the present calculations use e m p i r i c a l values for Uj. It is 
l i k e l y that use of these corresponds i n a pure ly theoret ical ca l cu lat ion to 
m u c h more sophist icated w a v e functions than those g iven b y Slater's 
rules . 

Table II. Diamagnetic Susceptibilities, ( 2 < Γ / > ) 

Slatera Observed OS 
(Equation 5) (15) (Equation 4) 

H e 2.1 1.9 ( 2 . 1 ) 1 

N e 7.1 6.6 5.4 
A r 23.0 18.0 36.0 
K r — 29.0 76.0 

" F r o m J. C. Slater (25). 
6 The OS (22) values for Σ < ^ 2 > w e r e normalized to give 2.1 for He. 

Calculations for Molecules 

Otvos a n d Stevenson have suggested that molecular i on izat ion cross 
sections are equa l to the sum of the atomic cross sections. T h i s is ca l l ed 
the A d d i t i v i t y R u l e , a n d most workers have used it for lack of something 
better. T h e experimental data now becoming avai lable (3, 4, 6, 7, 8, 14), 
sometimes for rather diverse electron energies, indicate discrepancies 
f r om this ru le . 

T h e term Nj i n the numerator of E q u a t i o n 3 suggests that there 
shou ld be an add i t iv i ty . T h e Uf2 indicates that there w i l l be deviations 
f r o m the a d d i t i v i t y rule because of the shifts i n b i n d i n g energy resul t ing 
f r o m the format ion of the chemica l b o n d . T a b l e I I I shows the details of 
calculations for some s imple diatomics , for w h i c h the atomic energy 
levels a n d cross sections have been g iven i n T a b l e I. T a b l e I V s u m 
marizes the results a n d gives the rat io of the molecular cross section to 
the sum of those for the atoms. A number of different cases are treated, 
i n c l u d i n g those where the last electrons added i n a molecular o rb i ta l 
p i c ture go into bond ing , or into ant ibond ing orbitals , an isoelectronic 
series going f rom homonuclear C2 to the h i g h l y ionic L i F , a n d format ion 
of free radicals f rom elements w i t h re lat ive ly h i g h ion izat ion potentials. 

F o r the hydrogen molecule , the answer is clear cut, a n d i n excellent 
agreement w i t h experiment. T h e ion izat ion potent ia l increases, a n d the 
molecular cross section is smaller than the sum of those for the atoms. 
F o r C 2 , w h i l e the molecular ion izat ion potent ia l is h igher than that of 
the atom, the b i n d i n g energy (24) of the next lower shel l apparent ly is 
s ignif icantly l owered , a n d the ratio is pred i c ted to be un i ty . 

A n interesting case is L i F , where apparent ly the transfer of electron 
density f rom the L i to the F increases the sh ie ld ing of the ρ electrons, 
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Table III. Calculation of Molecular Cross Sections for 
60 e.v. Electrons 

σ5 σ Total 
η Species Shell β. Ο. Α.* Α.* 

2 H 2 σ 2 15.4 1.18 1.18 
8 c 2 7Γ4 12.0 3.76 

σ 2 15.0 1.26 
σ 2 23.0 0.5 5.5 

8 BeO 7Γ4 13 ± 0.5 3.24 
σ 2 14.0 1.36 
σ 2 20 ± 5 0.8 ± 0.4 4.6 

8 L i F Τ Γ 4 11.2 4.26 
σ 2 12.0 1.88 
σ 2 20 ± 5 0.8 ± 0.4 6.9 

9 B e F σ 1 9.0 1.53 
Τ Γ 4 13.1 3.24 
σ 2 15.7 1.14 
σ 2 40.0 0.08 7.0 

10 N 2 σ 2 15.6 1.16 N 2 

Τ Γ 4 16.6 2.06 
σ 2 19.0 0.74 
σ 2 30.0 0.26 4.2 

11 N O Τ Γ 1 9.3 1.46 
Τ Γ 4 15.1 2.48 
σ 2 16.8 1.00 

2 Χ α 2 — 0.55 5.5 
12 o 2 Τ Γ 2 12.1 1.86 

Τ Γ 4 15.8 2.26 
σ 2 17.8 0.88 

2 Χ σ 2 32.0 0.36 5.4 
α The molecular energy levels were taken from or estimated from results given by 

Robins (24). (See Refs. 12, 13, 23, 37). 

Table IV. Total Ionization Cross Sections, 60 e.v. 

o(XY)A* σ ( Χ Υ ) / [ σ ( Χ ) + σ ( Υ ) ] 
XY η cale. expt.a cale. expt. 

Η 2 2 1.2 1.1 0.8 0.75 
c 2 8 5.5 1.0 
B e O 8 4.6 0.9 
L i F 8 6.9 1.2 
B e F 9 7.0 1.3 
N 2 10 4.2* 2.4 0.9 0.9 
N O 11 5.5 2.8 1.0 0.9 
o 2 12 5.4 2.5 0.8 0.7 

a From Kieffer and Dunn (14). 
6 σ for Ν and Ο atoms also high by ^ 8 0 % . 
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lowers the b i n d i n g energy of the F 2 p 5 electrons a n d consequently i n 
creases the ca l cu lated cross section. A l ternate ly , the cross section for a 
h i g h l y i on i c molecule m a y be regarded as a we ighted average of the cross 
sections for M , M + , X , a n d X " . T h i s molecule i l lustrates also some of the 
other problems i n v o l v e d w i t h molecular cross sections. E x p e r i m e n t a l l y 
( 3 ) , the fragment ions are more abundant than the parent , a n d seem to 
be f o rmed w i t h k inet i c energy so that their intensities are diff icult to 
measure accurately. 

F o r N 2 , N O , a n d 0 2 the ca lcu lated ratios are i n substantial agree
ment w i t h experiment, par t i cu lar ly since there m a y be a large error i n 
the measured cross sections for the atoms. F o r a l l three molecules, i t is 
significant that the largest single contr ibut ion to the cross section comes 
f r o m an inner she l l—for w h i c h energies are not easi ly determined . 

T h e range of ca l cu lated ratios is 0.8 to 1.3, or about ± 3 0 % . T h i s 
increase i n in format ion over the s imple a d d i t i v i t y ru le was made possible 
b y a great dea l of in format ion about the electronic energy levels. 

Abso lute cross sections are k n o w n ( 14) for N 2 , N O , a n d 0 2 as shown 
i n T a b l e I V . I n a l l three cases, the ca lcu lated cross sections are about 
8 0 % higher t h a n the experimental . N o explanat ion for this is apparent ; 
i t m a y be significant that the ca lcu lated atomic cross sections for n i trogen 
a n d oxygen as w e l l as neon also are h igher than the experimental . 

Conclusion 

T h e present calculations for the atoms permit ca lcu lat ion of the 
contr ibut ion f r o m each electronic shel l as w e l l as the var ia t ion of cross 
section w i t h e lectron energy. T h e y are substant ia l ly better t h a n those 
prev ious ly avai lab le , a l though significant deviations f r o m experiment seem 
to exist for oxygen, ni trogen, neon, a n d possibly germanium. T h i s i m 
provement , as w e l l as the systematic, a n d often large, differences f r o m 
the Otvos a n d Stevenson results are a t t r ibuted to a difference i n the 
f o r m of the basic equat ion used a n d the use of e m p i r i c a l b i n d i n g energies 
rather than the equivalent of approximate w a v e functions. 

F o r molecules, the deviations f r om the a d d i t i v i t y ru le seem to be 
adequate ly pred ic ted . T h e largest dev iat ion so far pred i c ted is 3 0 % . 
F o r this presumable increase i n accuracy of the cross section, a large 
increase i n in format ion for the calculations is needed. 

Comment 

T h e r e exists controversy over the G r y z i n s k i theory a n d doubt about 
its v a l i d i t y . T h e f o l l o w i n g comment b y a rev iewer of this paper , indicates 
some of the cr i t i c i sm of the theory : 
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T h e " G r y z i n s k i theory" ( rea l ly a s l ight ly , a n d I m i g h t a d d incor 
rect ly , modi f ied classical theory due to J . J . T h o m p s o n ) is fundamenta l ly 
an incorrect theory. It does not g ive the correct h i g h energy behavior or 
l o w energy behavior or pos i t ion of the peak cross section for i on izat ion . 
T h i s be ing the case one cannot a p r i o r i expect the results us ing this 
theory to be more accurate than any other n o n q u a n t u m approx imat ion 
(or guess?) . T h e fact that i n some cases this type of ca l cu lat ion gives 
apparent ly better results than other estimates for i on izat ion cross sections 
is certa in ly fortuitous a n d one cannot conc lude that this method w i l l then 
give better results i n cases where the cross section is u n k n o w n . 

Recent ly , an important set of revised O S calculations has appeared 
(17) as have exper imental cross sections for certain key atoms. T h e n e w 
calculations a n d the G r y z i n s k i calculations are i n agreement except as 
regards contributions to σ f rom the 2p a n d the various d a n d / shells. A 
deta i led discussion a n d comparison w i t h experiment are g iven b y L i n 
a n d Stafford (16). 
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10 
Automated Data Acquisition and Treatment 
in Inorganic Mass Spectroscopy 

R O B E R T J . LOYD and FRED E . S T A F F O R D 

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

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 capac i ty of a mass spectrometer to produce in format ion is far 
greater than that of an i n d i v i d u a l to receive or reduce i t . T h e need 

for more deta i led a n d precise results demands that this capac i ty be used. 
T h e capac i ty for r a p i d data output must be used w h e n sample size a n d 
corrosiveness l i m i t the durat ion of the experiment. R a p i d reduct ion of 
data is par t i cu lar ly important i n inorganic w o r k where l o n g sample 
preparat ion a n d experimental procedures are in vo lve d—th e results must 
be avai lab le d u r i n g the r u n i n order that unforeseen problems be i d e n t i 
fied a n d resolved before the experiment is terminated. 

F o r these reasons automated data h a n d l i n g techniques, i n c l u d i n g 
d irect d i g i t a l acquis i t ion , computer treatment of data , a n d on- l ine c o m 
puter contro l of the mass spectrometer are especial ly attractive. Since 
F o r t r a n procedures for computat ion are establ ished a n d read i ly acces
sible, the l i m i t i n g step is often the acquis i t ion of in format ion d i rec t ly i n 
computer compat ib le form. T h i s w i l l be the subject of the present paper. 

Techniques 

T h e techniques can be d i v i d e d into two categories—those for r a p i d 
accumulat ion of large volumes of in format ion , as i n h i g h resolut ion 

127 
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(m/Am ~ 1 0 4 — 10 r >) analyses, especial ly of chromatograph effluents, a n d 
those for l o w flow rates of in format ion . 

High Data Volume Techniques. R a p i d data accumulat ion a n d h a n 
d l i n g techniques are rece iv ing considerable attention f rom the various 
mass spectrometer manufacturers , especial ly for h i g h resolution organic 
appl icat ions . F o r the spectrometer, spectra w i t h resolution of m/Am 
~ 1 0 * show that the output of the secondary electron m u l t i p l i e r can be 
recorded r a p i d l y i n analog f o rm d irec t ly on magnet ic tape ( 13 ) . T h e 
scan rates are fast enough to be usable for gas chromatograph effluent 
analysis. E q u i p m e n t must be avai lable for subsequent conversion of the 
analog tape to computer language. 

TO X AXIS OF 
X-Y RECORDER, 
COMPUTER,etc.. 

1 . 35 V 

R 
ZERO 

RANGE / 

Rf 

SLI DEW I RE/ 
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 

T h e mass spectrograph offers the poss ib i l i ty of integrat ing a l l of the 
i on intensities s imultaneously on the plate a n d of translat ing the plate par 
a l l e l to the sl i t to obta in a t ime-resolved mass spectrum. T h e data h a n 
d l i n g p r o b l e m becomes one of ca l ibra t ing a n d r a p i d l y d i g i t i z i n g the vast 
amount of in format ion (about 10° readings of opt i ca l densi ty per spectrum 
p r o d u c e d b y the microdensitometer used to read the p la tes ) , l ocat ing the 
peaks, i d e n t i f y i n g over lapped ( b l e n d e d ) peaks, a n d c o m p u t i n g the masses 
to one part i n about 10 5 . Substant ia l progress has been reported i n auto
m a t i n g microdensitometers, i n w r i t i n g computer programs, a n d i n devis 
i n g par t i cu lar ly in format ive ways to present the in format ion ( J , 2, 3, 5, 7, 
8, 11, 13, 16,. 18, 20). T h e substantial cap i ta l investment invo lved l imits 
the ava i lab i l i t y of such faci l i t ies . 

Lower Volume Techniques. I n m a n y other experiments, the avai lable 
i on intensities are so smal l that measurements must be made over longer 
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periods of t ime to obta in usable signal-to-noise rat io . W h i l e fast for 
h u m a n acquis i t ion a n d treatment, this in format ion flow s t i l l m a y be 
h a n d l e d easily b y apparatus that is becoming read i ly avai lable to every 
laboratory. 

Shaft Encoding: Ionization Efficiency Curves. Var i ous appl icat ions 
require encoding of a shaft posit ion. W h i l e d i g i t a l shaft encoders are 
avai lable , they are usual ly proh ib i t i ve i n price . A s imple solut ion w h i c h 
need not sacrifice accuracy is to use a retransmitt ing s l ide w i r e a n d the 
c i r cu i t shown i n F i g u r e 1. 

T h i s apparatus w i l l generate a n analog s ignal propor t iona l to the 
pos i t ion of any contro l shaft. S u c h a c i rcu i t has been used i n our labora 
tory for the past two years to record ion izat ion efficiency curves. T h e 
range a n d zero controls were selected to permit any 10-volt segment of 
i o n i z i n g electron energy to give f u l l scale deflection on the X -ax i s of a 
10 m i l l i v o l t X - Y recorder. T h e t ime constant of the entire c i rcui t , c o m 
p r i s i n g the electron voltage regulator, detector, a n d recorder was large 
enough that a sma l l t i m i n g motor ( A . W . H a y d o n C o . , W a t e r b u r y , C o n n . , 
1 /6 or 1/30 r .p.m.) was used to generate a reproduc ib le sweep. W i t h 
moderate ly intense i on currents, appearance potentials c o u l d be repro 
d u c e d to 0.04 e. v. F o r a weak i on current of about 40 ions per second 
f u l l scale, a record ing is shown i n F i g u r e 2. It was p r o d u c e d i n about 
20 minutes of easy w o r k compared w i t h a h a r d hour for m a n u a l processing. 

A buffer memory , a t ime averaging computer ( that of N o r t h e r n 
Scientif ic C o r p . , M a d i s o n , W i s e , is par t i cu lar ly suitable because of fac i le 
m e m o r y address ing) , or a smal l contro l computer might be subst ituted 
for the X - Y recorder. S u c h units can prov ide in-place t ime averaging 
as w e l l as input for a large, central computer . A n on- l ine computer for 
automated determinat ion of appearance potentials also is reported (12). 

Direct Recording of Low Resolution Spectra. Apparatus is avai lable 
commerc ia l ly f rom N o n L i n e a r Systems ( D e l M a r , C a l i f . ) (19). 
D u r i n g a l o w resolution scan, bo th the v a r y i n g ion-accelerat ing voltage 
a n d the i on intensity are d i g i t i z e d a n d recorded. T h e mass spectrum is 
ca l cu lated b y computer . Mass accuracy of better than 1 /4 a.m.u. at 
m/e 250 is reported (10). F o r magnet ic scanning instruments, bo th 
N u c l i d e C o r p . (State Co l lege , Pa . ) a n d V a r i a n Associates ( P a l o A l t o , 
C a l i f . ) have announced new, h i g h accuracy gaussmeters. O f add i t i ona l 
interest is us ing two H a l l effect probes i n series such that a s ignal p ro 
por t iona l to the magnet ic field squared, a n d l inear w i t h mass is produced . 

Averaging and Digitization of Ion Currents. I n m a n y aspects of the 
mass spectrometry of h i g h temperature systems or of reactive in termed i 
ates, the i on intensities are such that the current at each peak must be 
averaged over a per i od of t ime d u r i n g w h i c h the spectrometer settings 
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must r emain constant. A n integrat ing d i g i t a l voltmeter ( D V M ) ( V i d a r 
C o r p . , M o u n t a i n v i e w , C a l i f . , M o d e l 500) c o u l d not be used to measure 
the electrometer output d i rec t ly because the integrat ion p e r i o d of 20 
msec, is too short for the smal l i on currents avai lable . Consequent ly the 
system of F i g u r e 3 was bu i l t . T h e integrator c i rcu i t is shown i n F i g u r e 4; 
us ing the h i g h q u a l i t y operat ional ampli f ier makes it easy to construct. 

12r-

10 111 12 13 14 

Nominal e l e c t r o n energy , e.v. 

Courtesy S. M. Schi ldcrout 

Figure 2. Automatically recorded ionization efficiency 
curve for the metastable process Ni(CO)2

+ ~* 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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T h e prec is ion t imer is a preset counter set to count the 60-herz l ine 
f requency for 1/4, 1 /2, 1, or 2 minutes. 

Several advantages accrue f rom this apparatus. T h e un i f o rmi ty of 
record ing the intensities a n d of t ime averaging are signif icantly i m p r o v e d 
over averaging b y eye. D a t a reduct ion is less tedious, a n d the t ime 
r e q u i r e d is reduced b y about 2 5 % . 

M u l t i p l i e r 
Electrometer 

Grid 
Electrometer 

2 Pen 
Recorder 

Integrator Integrator Τ imer 

A 
D i g i t a l 

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 

M a n u a l transcr ipt ion of the data, w i t h its consequent delays a n d 
errors, was e l iminated b y encoding the various spectrometer controls, 
automat ica l ly scanning the various data stations, a n d w r i t i n g the infor 
mat ion w i t h a 12-line para l l e l entry tape perforator. T h e mechanics of 
the C o m p u t i n g Center n o w make i t desirable to use one of the incre 
menta l magnet ic recorders that are becoming avai lable at l o w cost. 

T h e system comprises the f o l l o w i n g : 
( 1 ) D i g i t a l encoding of such identi f icat ion mater ia l as mass or date. 
(2 ) D i g i t a l encoding of such instrument settings as input resistor, 

electrometer ranges, a n d emission current as w e l l as t ime. 
(3 ) Analog - to -d ig i ta l conversion of thermocouple readings, elec

trometer output , shaft encoder output. 
( 4 ) Scanning a n d " w r i t i n g " the preced ing sources of in format ion 

w i t h the desired amout of operator intervention. 
T h e identi f ication mater ia l is entered d i rec t ly onto the tape b y means 

of a selector swi t ch a n d 12 banks of four-pole wafer switches p r o v i d i n g 
b i n a r y coded dec ima l ( B C D ) output. Instrument settings also are en 
coded s imply b y coup l ing the appropriate control shafts to four-pole 
wafer switches that produce signals corresponding to 0 through 9 i n B C D 
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output . Analog - to -d ig i ta l conversion i n a l l cases is accompl ished w i t h 
the D V M . 

T h e heart of the system is the scanner w h i c h presents each of the 
analog signals to the D V M i n u n v a r y i n g sequence. A possible system 
i n v o l v i n g a commerc ia l scanner, a n d an I B M ( Poughkeepsie , Ν. Y . ) 
c a r d p u n c h is descr ibed elsewhere ( 4 ) . T h e present uni t was b u i l t to 
have fac i le entry of special contro l in format ion ( E r r o r , E n d of D a t a 
Subset, etc. ) a n d a series of interlocks to m i n i m i z e operator error. T h e 
operation of this un i t is shown i n T a b l e I. T h e scanner is act ivated b y 
C o n t r o l a. T h i s causes a special p u n c h on the tape w h i c h the computer 
is p rogrammed to interpret as "start new subset of data . " Three such 
punches are coded to mean "start new page or new set of data , " a n d five 
such punches mean "end of r u n . " Pressing this but ton also readies the 
scanner to start C y c l e I. 

T h e first step of the cycle is to read "preset" in format ion set m a n u a l l y 
o n the 12 wafer switches. S u c h information includes the i on mass, elec
tron energy, etc. A selector swi t ch on the perforator chooses between 
the "preset" or the "external" in format ion a n d is inter locked so that step 
I A can be per formed only i f it is i n the correct posit ion. S imi lar ly , I B 
a n d I C are inter locked w i t h the "external" posit ion. 

I n the "external" posit ion, three channels accept output f rom a d i g i t a l 
c lock; four more channels accept in format ion f rom the encoders for the 
secondary electron mul t ip l i e r output resistance, m u l t i p l i e r electrometer 
range setting, " g r i d " ( u n m u l t i p l i e d i o n current ) electrometer range set
t ing , a n d i on i z ing electron emission regulator setting. A n e ighth channel 
accepts the d i g i t a l voltmeter ( D V M ) range, a n d four more accept the 
D V M read ing itself. T h e D V M polar i ty s ignal is not used. 

I n posit ion I B , the D V M reads either a thermocouple attached to a 
K n u d s e n ce l l , an automatic opt i ca l pyrometer output i f avai lable , or a 
shaft encoder ( F i g u r e 1 ) attached to the sl ide w i r e of a m a n u a l op t i ca l 
pyrometer. 

T h e scanner is advanced to posit ion I C . T h e operator then measures 
the i o n current us ing the integrators. If v i sua l observation of the strip 
chart recording indicates that the measurement is satisfactory, C o n t r o l c 
(per form C y c l e I I ) is act ivated a n d the two integrator outputs recorded. 
T h i s cycle m a y be repeated as m a n y times as desired. 

S h o u l d an error be made , C o n t r o l d causes a p u n c h w h i c h is p ro 
g r a m m e d to make the computer disregard the preceding two frames of 
in format ion corresponding to the preceding steps I I . 1 a n d II.2. 

W h e n the appropriate number of readings has been taken, C o n t r o l a 
is pushed one, three, or five t imes, a n d the scanner is set to accept in for 
mat ion for the next mass peak, the next set of peaks, or to end the r u n 
respectively. 
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INTEGRATOR 

Input CLOSED 

OPEN jj 

INPUT L , ι 

Φ Π 3 — 

4.64M 

|] Reset OPEN 

{Γ » CLOSED 

- ^ K Z > 100 

OUTPUT 

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. (Clevefond, Ohio), Model 300 also seems suitable 

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

Cycle I 
A . Record "preset" information ( interlocked h ) . 
B. Read with D V M and record "thermocouple" station. 
C . Activate Cycle II. 

Cycle II 
1. (a) Read with D V M and (b) print integrator 1 output. 
2. (a) Read with D V M and (b) print integrator 2 output. 
3. Hold . 

Controls 
a. Go to Cycle I., A . 
b. Advance in Cycle I. 
c. Perform Cycle II. 
d. Error. 

tt 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 " H o l d " 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. 
6 See text. 
0 Circuits may be obtained from "Motorola Semiconductor Circuits Manual," Motorola, 
Inc., Phoenix, Arizona, 1964. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

96
8 

| d
oi

: 1
0.

10
21

/b
a-

19
68

-0
07

2.
ch

01
0

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



134 M A S S S P E C T R O M E T R Y I N I N O R G A N I C C H E M I S T R Y 

E a c h of the t ime steps I I . l a n d II.2 are repeated, the five channels 
of in format ion representing the encoder positions a n d the D V M range 
are recorded. T h e computer is programmed to scan these a n d pr in t out 
a special s ignal i f any one should change w i t h i n a part i cu lar subset of 
data. T h i s has proved useful i n spott ing operator or recorder errors. 

A s a result of this system, almost a l l m a n u a l treatment is e l iminated 
a n d the C D C 3400 computer reduces i n one minute of r u n n i n g t ime data 
that previous ly requ i red 100 m a n hours s i m p l y to obta in a table of i o n 
intensities. These intensities are p r o v i d e d i n tabular f o r m a n d on p u n c h e d 
cards, a n d must be compared w i t h the or ig ina l str ip chart record ing 
because of various instrumental a n d operator errors. ( S u c h comparson 
is re lat ive ly fast but need not be done immediate ly i f r ough results are 
needed d u r i n g a r u n . ) T h e cards are corrected a n d reprocessed to make 
any necessary calculations a n d to present the results i n a var iety of 
potent ia l ly in formative ways . 

A p a r t f r om the obvious t ime saving a n d the more thorough data 
treatment, there are other benefits. Operator fatigue is d imin i shed , p r o b 
a b l y because of the r h y t h m imposed b y the apparatus. There is a 
tendency to take more data. M o s t important , the results are avai lab le 
soon enough to be used for p l a n n i n g the remainder of the r u n a n d thus 
permi t the worker to take a more efficient role i n des igning his experiment. 

O n - l i n e C o m p u t e r C o n t r o l . T h e various steps as w e l l as the decisions 
descr ibed above under C o m p u t e r C o m p a t i b l e O u t p u t can a n d have (7, 
8) been per formed b y a smal l , on- l ine contro l computer. S u c h an i n s t r u 
ment w o u l d complete ly replace bo th the scanner a n d data-writer i n the 
system descr ibed above, as w e l l as any t ime averaging computer. N e w 
units w i t h increasing memory capaci ty a n d decreasing cost are cont inual ly 
becoming avai lab le ; their cost m a y be lower than that of the s canner / t ime 
averaging systems. I n add i t i on , they can prov ide buffer m e m o r y for a 
central , shared-t ime computer a n d can cont inual ly moni tor pressure, 
in let temperature, etc., for possibly abnormal conditions. Conven ient 
programming permits any of a w i d e var iety of sequences to be designed 
a n d interchanged as necessary. F o r t r a n packages are avai lable on m a n y 
units . 

I n a system operat ing for isotopic analyses, on ly moderate resolut ion 
a n d a re lat ive ly narrow mass range are r equ i red (7,8). A gauss meter 
is used to obta in a mass ind i cat ion , a n d the computer is p rogrammed to 
ident i fy a n d record only the top of the peak. Electrometer ranges are 
computer contro l led b y means of relays. T h e computer also decides w h e n 
enough scans over the spectrum have been made to obta in preselected 
reproduc ib i l i t y l imits . T h e n e w h i g h accuracy gauss meters ment ioned 
prev ious ly m a y improve performance where w i d e r mass ranges a n d / o r 
accuracy are desired. 
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Programs a n d interfaces developed (6) to enable a smal l P D P c om
puter ( D i g i t a l E q u i p m e n t C o r p . , M a y n a r d , Mass . ) to contro l a four-c irc le 
x-ray diffractometer should be read i ly adaptable to the mass spectrometer. 
T h e programs developed inc lude those for p r e l i m i n a r y scans to find s ig 
nif icant intensities i n a new system, a n d a rout ine to max imize intensity 
o n the detector. S u c h a max imiza t i on rout ine is essential i n cases, as 
i m p l i e d elsewhere (17) for a s imple inorganic system, where the gauss 
meter does not give a sufficiently accurate ind i ca t i on of mass. 

A system for on- l ine computer contro l led a n d processed determina
t i on of appearance potentials b y the re tard ing potent ia l difference ( R P D ) 
method has been reported (12). D a t a reduct ion us ing a shared t ime 
computer also is reported ( 9 ) . 

Conclusion 

V a r i o u s systems w i t h di f fer ing capabi l i t ies have been descr ibed. 
U s i n g one or several of these has greatly i m p r o v e d the qua l i ty of in for 
m a t i o n avai lable f r o m the mass spectrometer. Prec is ion is increased b y 
increased systematicity a n d b y reduc ing h u m a n error. Prec is ion is i n 
creased also b y in-place t ime averaging. A large vo lume of significant 
in format ion i n various potent ia l ly in formative forms is made avai lab le 
r a p i d l y , a n d it becomes possible to more effectively s tudy gas chromato
graph effluent, a n d corrosive, unstable , or otherwise transitory systems. 
Results become avai lable w h i l e the experiment is i n progress, permi t t ing 
the unexpected to be identi f ied rap id ly , a n d pert inent modif ications of the 
experiment to be made . 
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11 
Mass Spectrometric Studies of 
Unstable Species 

FRED E . S T A F F O R D , G E O R G E A . P R E S S L E Y , JR. , 
and ANTHONY B. B A Y L I S 

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

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 B4H10, B4H8CO, and H3BNH3. (2) The de
tection and characterization of otherwise elusive reactive 
intermediates, including ΒΗ3, Β4Η8, and Η2ΒNΗ2. (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 BH3; 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 prob lem of us ing the mass spectrometer to ident i fy a n d charac-
terize labi le molecules a n d / o r reactive intermediates can be broken 

into three parts. F i r s t is obta in ing the mass spectra of those lab i l e species 
that can be prepared a n d "stored i n a bott le . " T h e p r o b l e m is that some 
of these species such as B H 3 C O , B 4 H 8 C O , B 4 H i 0 , a n d N i ( C O ) 4 , decom
pose at measurable rates near or at room temperature a n d w o u l d there
fore be expected to decompose i n either the inlet system (8 ) or i n the 
i o n source w h i c h is heated b y the electron emit t ing filament. D e c o m p o s i 
t ion i n the source is ins id ious ; the ana ly t i ca l chemists recognized the 
p r o b l e m early a n d careful ly thermostatted the i on sources of the mass 
spectrometer, often at 250°C. T h i s means that the source can act as a 
reproduc ib le flow reactor. T h u s , it may be difficult to ident i fy the result-

137 
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i n g steady state mixture of subject molecule , reactive intermediates, a n d 
pyrolys is products (27, 34). T h i s m a y cause a par t i cu lar ly severe 
p r o b l e m i n obta in ing the mass spectra of isotopical ly labe l l ed materials 
— s c r a m b l i n g c o u l d occur w i thout there necessarily be ing any decompo
sit ion. I n a n y case, i t shou ld be of v i t a l concern to those w h o m a k e 
theoret ical calculations of mass spectra. 

O n c e the mass spectra of the "stable" molecules are firmly estab
l i shed , a second phase is to ident i fy the react ive intermediates responsible 
for the po lymer izat ion or degradat ion of a g iven start ing molecule . S u c h 
direct identi f icat ion is va luab le for systems where the k inet i c data are 
in trac tab ly complex, as for the boron hydr ides or for n i c k e l carbony l . 

F i n a l l y , i t is possible that some of these reactive intermediates m a y 
be " h i g h temperature molecules ." A l t h o u g h unstable w i t h respect to 
decomposit ion at o rd inary temperatures, they m a y exist i n measurable 
concentrations at elevated temperatures. I n this case, e q u i l i b r i u m con 
stants a n d thermodynamic properties m a y be determined—e.g. , for B H 3 i n 
e q u i l i b r i u m w i t h boron a n d hydrogen at 2000°K. S u c h thermodynamic 
data can then be used to ver i fy a proposed reaction mechanism. I n this 
paper, a l l three aspects are discussed. 

Experimental 

In le t System. T h e essential parts of the flow reactor a n d i on source 
apparatus assembly are shown i n F i g u r e 1 ( N u c l i d e Associates, State C o l 
lege, P a . M o d e l 1 2 - 6 0 - H T 8 ) . T h i s is a modi f i cat ion of the arrangement 
of C h u p k a a n d Inghram (4, 7, 18). A reactant mater ia l is d i s t i l l ed f r om 
a l o w temperature container into the tube Τ i n the bottom. It then flows 
through the reactor A., w h i c h contains a series of baffles, a n d then effuses 
out of the orifice into a h i g h v a c u u m region. A septum div ides this 
reactor compartment f rom the separately p u m p e d i on source chamber , 
where the neutra l species are i on i zed b y an electron b e a m at the center 
of the plate m a r k e d Jl. T h e slit just be l ow Jl is narrow. It a n d the 
movab le beam-def ining slit D define a l ine that molecules must t rave l to 
be i on ized . T h u s , b y scanning the slit D f r om right to left, one obtains 
a shutter profile (18) w h i c h permits determinat ion of whether the ions 
or ig inated f rom res idual background , neutrals coming f rom the rad ia t i on 
screens C., the w a l l of the reactor, or the reactor interior . T h e slit i n the 
i on izat ion chamber , Jl, is large enough to permit the molecular beam to 
escape w i thout any coll isions w i t h the chamber wal l s . It is be l i eved that 
the molecular beam mass spectrum corresponds to one w i t h "zero i on 
source contact." 

W e discuss b e l o w h o w this arrangement helps us to d is t inguish be
tween—e.g. B H 3 ions f o rmed b y fragmentive ion izat ion of d iborane, 
B 2 H 6 , or f rom the neutra l reactive intermediate B H : i . 

I n its present state of evolut ion, this apparatus is s imi lar to that used 
b y E l t e n t o n (9, 10) a n d L o s s i n g (24). O n e significant difference is that 
here the reactor is far f rom the electron beam. Intensity has been d e l i b -
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I l J 

Figure I . 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, (Jl) Ionization chamber, (H) Ion beam 
defining slit, (T) Inlet tube, (TC) Thermocouples, and (M) Micrometer 

erately sacrif iced for di f ferential p u m p i n g , the movable beam-def ining 
sl it , a n d the resul t ing shutter profiles. 

F o n e r a n d H u d s o n (15, 16), F i t e a n d B r a c k m a n n (14), M i l n e a n d 
G r e e n (28), a n d F e h l n e r a n d C a l l e n (11) have a s imi lar arrangement 
except that a chopper, perhaps w i t h o u t the di f ferential p u m p i n g , is used 
i n p lace of movable slit D . A phase-sensitive detector is then used, a n d 
the tedious m a n u a l operation of D is e l iminated . 

T h e Mass A n a l y z e r . T h i s is of moderate ly h i g h resolution. It cer
ta in ly is not true that w o r k at l o w masses requires only l o w resolution. 
F i g u r e 2 shows h o w the boron h y d r i d e peaks at mass 12 [ 1 2 C , 1 1 B H , a n d 
1 0 B H 2 ] are u n i q u e l y identi f ied b y their mass defects. T h i s is especial ly 
useful i n searching for t r i - a n d tetraborane pyrolysis products . Mass 
resolution of a factor of 3 to 6 h igher than that shown here w o u l d be 
desirable. 
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1 
J ί 

^-MASS 

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. I n a t y p i c a l r u n on 1 0 B 4 H i 0 (3 ) i t was 
necessary to moni tor 27 i on peaks between masses 10 a n d 50. Seven 
species are postulated that w o u l d have parent peaks i n this region. I n 
add i t i on , po lymer izat i on product peaks were observed at every mass 
between 50 a n d 110, a n d c o u l d be at tr ibuted to any of eight add i t i ona l 
neutrals. T h u s , a total of 87 mass peaks, attr ibutable to 15 possible n e u 
trals, h a d to be studied . 

I n general , a 40-consecutive hour r u n requ i red an add i t i ona l 120 
hours (not consecutive! ) for r ead ing the charts a n d reduc ing the data. 

T o e l iminate some of this massive repetit ive labor, automatic data 
treatment devices have been developed a n d are discussed elsewhere (25 ) . 
I n add i t i on to reduc ing the h u m a n labor, this apparatus has i n fact i m 
p r o v e d the extent a n d prec is ion of the data a n d the range of the a p p a 
ratus, m a k i n g feasible experiments that w o u l d otherwise not be possible. 
I n add i t i on , results are avai lable to the workers d u r i n g the r u n so that 
they m a y be used for p l a n n i n g the next step. Perhaps the most important 
advantage is that our students experience first h a n d that unless absolutely 
necessary, no h u m a n be ing should do repetit ive labor that c o u l d be done 
equa l ly w e l l , or i n this case, m u c h better b y machine . 

Molecular Beam Mass Spectra of Labile Materials. I n the exper i 
menta l arrangement shown i n F i g u r e 1, the slit b y w h i c h the molecu lar 
beam leaves the ion izat ion chamber Jl is larger than the co l l imat ing slit 
just be l ow it . Consequent ly , the molecular beam is be l ieved to pass 
through the i on izat ion chamber w i t h no w a l l contacts or scattering. 

Results 
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O p e r a t i n g the slit D permits measurement of the i on intensities associated 
w i t h the molecular beam species. A molecular beam mass spectrum so 
obta ined should correspond to "zero i on source contact." 

W o r k e r s , us ing source geometries different f r om the present one, 
have chopped the molecular beam at various frequencies. Observat ion 
of the chopped i o n current l e d to the conclus ion that i t m a y arise f r om 
ions at tr ibuted to bo th straight-through a n d scattered components of 
the molecular beam. W e bel ieve that the contr ibut ion of the latter does 
not affect the results i n the present case. 

1 0 B 4 H 8 C 0 MASS SPECTRA 

Convent i onal 

_ L L 

Zero source contact 

ι , 1 1 1 , ι 
«—Parent 

50 60 fÔ^ 

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

Figure 3. (Top) Mass spectrum of tetraborane carbonyl, BflH8CO, 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 conventional spectrometer ion source, which is about 

250°C. 

B 4 H 8 C O . A s t r ik ing example of the value of this technique is shown 
i n F i g u r e 3. T h e upper mass spectrum is that of tetraborane carbony l , 
B 4 H 8 C O , taken w i t h a convent ional analyt i ca l mass spectrometer ( cour 
tesy of G . L . B r e n n a n a n d R i l e y Schaeffer) . T h e lower spectrum is of the 
same c o m p o u n d taken w i t h zero i on source contact [ b y R. E . H o l l i n s 
et al. ( 1 7 ) ] . T h e latter shows intense parent a n d p a r e n t - m i n u s - H 2 peaks. 
O f some interest is that m/e 63, 1 0 B 3 H 5 C O + , is re lat ive ly large; it is the 
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analog of the proposed species B 3 H 7 . T h e former does not show these 
peaks. A l l evidence indicates that the former is caused b y a mixture of 
pentaboranes (subtracted out i n the figure), tetraborane -10, a n d the 

Journal of the American Chemical Society 

Figure 4. Conventional mass spectrum compared to molec
ular beam mass spectrum of tetraborane-10. The dipcarence 
is attributed to pyrolysis to form BhHs and probably aiborane 

and other species in the conventional ion source (29) 
- - - - Conventional mass spectrum 

Molecular beam mass spectrum 
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intermediate to be discussed be low, tetraborane-8. T h i s carbony l , w h i c h 
is k n o w n to pyro lyze at 0 ° C , has been complete ly decomposed d u r i n g 
the short contact w i t h the i o n source. 

B 4 H 1 0 . F i g u r e 4 shows a comparison of the molecular beam mass 
spectrum of tetraborane-10 w i t h that taken w i t h a convent ional ana ly t i ca l 
mass spectrometer. W h e n A r l a n D . N o r m a n prepared this sample, he 
f ou n d that his convent ional mass spectra always showed pentaborane 
peaks. Other mass spectra i n the l i terature (2) show also hexaboranes. 
T h e molecu lar beam mass spectrum shows none, ind i ca t ing pyrolysis i n 
the convent ional source. 

T h e remain ing discrepancies might be at tr ibuted to temperature-
i n d u c e d changes i n mass spectra—i.e., as the temperature is raised, h igher 
v ib ra t i ona l levels are populated . Because of the role of the F r a n c k -
C o n d o n pr inc ip l e i n the p r i m a r y ionizat ion process, this c o u l d l ead to the 
observed change i n the fragmentat ion pattern. A rather exhaustive study 
(discussed b e l o w ) shows that the convent ional mass spectrum arises 
f r om a mixture of tetraborane-10, the intermediate tetraborane-8, p rob 
a b l y diborane, a n d possibly other species. 

F r o m these results it is clear that any theoretical ca lculat ion of the 
mass spectrum of tetraborane-10, or of s imi lar ly lab i le molecules must 
be compared w i t h the molecular beam mass spectra. 

I S O T O P I C A L L Y L A B E L E D B 4 H i 0 . A par t i cu lar ly important case of a 
lab i le c o m p o u n d is an isotopical ly labeled molecule , par t i cu lar ly w i t h H 
or D labels. T h e labe l atoms c o u l d be scrambled wi thout any ind i ca t i on 
of decomposit ion. A molecular beam mass spectrometric invest igat ion of 
such labe led tetraboranes has been reported recently (29) a n d has g iven 
results signif icantly different f rom those previously i n the l i terature. T h e 
apex (2,4) boron atoms are lost i n a preferred manner, but not deuter ium 
i n a br idge posit ion. 

B H 3 C O . T h e mass spectrum of borane carbony l ( taken b y S. M . 
Sch i ldcrout ) is shown i n F i g u r e 5 a n d compared w i t h the convent ional 
mass spectrum (6). T h e fragmentat ion pattern of this molecule is s i m i 
lar to that of the tetraborane carbony l i n that there is a re lat ive ly intense 
parent peak a n d a s t i l l larger parent -minus- two peak. T h e e l iminat ion 
of ions f rom B L>H ( ; neutra l i n the molecu lar beam spectrum a l l o w e d us 
to ident i fy various B H . , C + fragment peaks. These peaks are so smal l that 
they are not seen i n the figure. 

B 2 H C . O f other species s tudied , the molecular beam mass spectrum 
of d iborane is essentially the same as that measured w i t h the convent ional 
mass spectrometer ( 1 ). 

N i ( C O ) 4 . T h e mass spectrum of n i cke l carbony l , N i ( C O ) 4 , has 
been of some interest recently ( 35, 36 ). F o r this compound , Schi ldcrout 
et al. (32) have shown that the conventional spectrometer does not 
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give detectable amounts of intermediates such as the t r i carbony l . I n 
some respects, this is a surprise because the l iterature (32) postulates 
such an intermediate i n the gas-phase pyrolysis a n d other reactions. It 
does confirm the v a l i d i t y of the previous studies (35, 36) i n w h i c h the 
posit ive a n d negative i on mass spectra were measured a n d compared 
w i t h theoret ical calculations. T h e present results (32) g ive the first 
rearrangement ions, C — Ο scissions, a n d metastable transitions reported 
for this molecule . 

H3BNH3. T h e vapors above a m m o n i a borane so l id have been s tudied 
a n d the molecule Η3ΒΝΗ3 identi f ied as the pr inc ip l e vapor izat ion p r o d 
uct ( 2 2 ) . S tudy of the hemideutero c o m p o u n d H3BND3 shows that i n 
electron impact fragmentation a Β — Η b o n d is broken i n preference to 
a Ν — D bond . 

Because of a solid-state decomposit ion, the vapor contains also other 
decomposit ion products . Its l o w vapor pressure a n d instab i l i ty w o u l d 
make a m m o n i a borane extremely difficult to study b y convent ional mass 
spectrometric techniques. 

0 0 
C o n v e n t i o n a l : I n l e t , 30 ; Source . 270 

t r a c e s 

p a r e n t 1 1 B H Q C 0 

/ 
r 0.1 t o ολ% 

MCA #38 

. 1 

Zero source c o n t a c t ^ p a r e n t 1 0 B H 3 C 0 

1 • 1 ' 1 
10 20 30 40 

Courtesy S. M. Schi ldcrout 

Figure 5. (Bottom) Molecular beam mass spectrum of borane carbonyl, BH3CO 

(Top) Conventional spectrum (6) shows diborane and does not permit measurement 
of the BHsC+ peaks 

Studies of Reactive Intermediates. B O R O N H Y D R I D E S . T h e boron 
hydr ides have been of interest for some years because of the ir high 
specific heats of combust ion a n d because of the ir "electron def ic ient" 
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structures i n v o l v i n g br idge hydrogen bonds a n d the great var ie ty a n d 
divers i ty of the molecules formed. C h e m i c a l , a n d par t i cu lar ly k inet i c , 
studies (1, 23, 33) have been greatly compl i cated b y the react iv i ty of 
the boron hydr ides a n d b y the complex, q u a s i - e q u i l i b r i u m mixture of 
products . 

B O R A N E , B H 3 . A l t h o u g h m a n y workers have sought borane, i t has 
largely e luded detection. T h e first reported identif ications came approx i 
mate ly s imultaneously b y F e h l n e r a n d K o s k i , w h o identi f ied it i n the 
pyrolysis of d iborane (12, 13) a n d of borane carbonyl , B H 3 C O (12, 13), 
a n d b y our o w n group (4). W e have obta ined a complete mass spectrum, 
free of possible B H 2 , for this molecule . W e have on ly sparsely invest igated 
the pyrolysis of B H 3 C O , a n d this has l e d to po lymer izat ion . Studies 
us ing shorter flow times a n d lower reactor pressures are under w a y . 

T h e pyrolysis of B 2 H« has been s tudied (4) us ing a var iat ion of more 
t h a n 10 2 i n flow t ime a n d 10 3 i n d iborane pressures. O n e group of results 
is shown i n F i g u r e 6 where the ratios of mass peaks 13 ( 1 0 B H 3

+ ) a n d 12 
( 1 0 B H 2

+ ) to mass peak 25 ( 1 0 B 2 H-> + ) are p lo t ted as a funct ion of tempera 
ture. T h e monomer i on intensities increase i n bo th absolute a n d relat ive 
i on intensity. 

Some of the deformation frequencies of B 2 H 0 are such that one m i g h t 
argue that these modes are becoming excited a n d causing a change i n 
fragmentat ion pattern. T h e data i n F i g u r e 7 indicate that this is not the 
case. H e r e the percentage shutter effect, that is, the amount of molecules 
caused b y molecular beam species compared w i t h the amount exist ing 
as a stable background , is p lo t ted for the d iborane a n d the monoborane 
i o n peaks. A t the temperature where the monoborane /d iborane i on peak 
ratios start to increase, there is also an increase i n the monoborane i o n 
shutter effects. T h e shutterable fract ion of B 2 H r , + i o n remains constant. 
T h i s is a good ind i ca t i on that at the higher temperatures these ions have 
different neutra l progenitors. Fur thermore , the neutra l progenitor of the 
monoborane ions must be m u c h more reactive since i t is more r a p i d l y 
p u m p e d . It m a y st i l l be that the progenitor of the B H 3 ions is i n fact a n 
excited d iborane molecule , B 2 H 0 * . T h e mass spectrum of B H 3 obta ined 
f rom B H 3 C O , for example, is therefore h i g h l y desirable for comparison 
w i t h the one g iven below. 

T h e mass spectrum of monoborane obta ined (4) i n this fashion f r om 
B 2 H ( 5 is B H 3

+ ( 3 1 % ) , B H 2
+ ( 1 0 0 % ) , B H + ( 1 6 % ) , a n d B + ( 8 % ) . It is 

s imi lar to those of the boron tr ihal ides (21, 30) as w e l l as to those of 
certain a l u m i n u m (31) a n d s cand ium (26) t r ihal ides . 

T h i s technique of d iscerning reactive species shou ld cont inue to 
prove valuable . A l ternate ly , K lemperer , Buch le r , a n d co-workers (5 ) 
have used a strong inhomogeneous electric field alternately to select 
those molecules w i t h (e.g. L i O H ) a n d w i thout (e.g. ( L i O H ) 2 a d ipo le 
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moment. T h i s p robab ly w o u l d not have w o r k e d i n the present case, 
because of the l o w ion intensity at tr ibuted to B H : { and its probable D3h 

symmetry. 

500 Τ OK 1000 

Figure 6. Formation of BH3: Ratio of mass peak intensities 
Ι^ΒΗ^/Ι^Β,Η^'αηιΙΙΟοΒΗ,η/^Β,Η^) 

I n the study of the pyrolysis of d iborane ( 4 ) , equations were deve l 
oped for d e d u c i n g the rate constant for pyrolysis under l o w pressure 
conditions— i .e . , those condit ions where mater ia l leaves the reactor b y 
molecular flow, a n d where , i n add i t i on , the mean free p a t h is sufficiently 
large that the composit ion throughout the reactor is constant. It was 
shown also that anomalous effects seem to occur i f the conductance of 
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the exit orifice is comparable w i t h the conductance of the b o d y of the 
reactor. 

T E T R A B O R A N E - 8 . B 4 H 8 poses more compl i cated problems. It c o u l d 
be f o rmed b y dehydrogenat ion of tetraborane-10. 

B4H10 B 4 H 8 + H 2 

E v e n i f this react ion were shown to occur, another react ion also has been 
postulated. 

B4H10 B 3 H 7 + B H 3 

T h u s , i f B 4 H 8 were f o rmed f rom tetraborane-10, the format ion of the 
neutra l tr iborane a n d monoborane species c o u l d not necessarily be pre 
c l u d e d ; w i t h the l o w ion intensities avai lable it w o u l d be diff icult to 

ι 1 1 1 1 1 1 1 1 1 ι ι ι I I 

I 1 1 ι ι I 1 1 ι 1 I ι ι I I 
250 500 1000 

T°K 
Journal of the American Chemical Society 

Figure 7. Formation of BHti (continued): Percent shutter effect 
vs. reactor temperature showing that the monoborane ions have a 
different, more reactive neutral progenitor than mass 25(B2H5

+) 
frpm diborane A 4) Λ , . 

American Chemical Society 
Library 

1155 16th St, H.W. 
Washington, OX. 20Θ3* 
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make sufficiently accurate determinations of these appearance potentials. 
A c c o r d i n g l y , alternate routes to the tetraborane-8 intermediate w o u l d be 
desirable. These inc lude 

B 4 H * C O - » B 4 H 8 + C O 
a n d 

B r ) H n —» B 4 H 8 + B H 3 

A j 

1 
n

te
n

s
 i

 
ty

 

I 
ι 

ι 
ι 

ι B 4 H 8 V B 4 H 8 / / 

/ / 

8.8 e v / / . 

/ / B 4 H 8 VB 4 H 1 0 

/ / 
/ / 

υ 
E l e c t r o n E n e r g y ( V o l t s ) 

B 3 
75% d e c o m p . 

> 
Φ 
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-Η 
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Figure 8. Formation of B,tH8 from BhU10: BUH8 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 BhH8 neutral 

F i g u r e 8 shows some of the results for the pyrolys is of tetraborane-
10 ( 3 ) . In this case, there was enough i on intensity so that the change i n 
intensity of the parent for the reactive intermediate c o u l d be f o l l owed at 
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l o w i on i z ing electron energy. These results, ind i ca t ing the presence of 
the tetraborane-8 reactive intermediate , are corroborated b y observation 
of the ratios of other i o n peaks, a n d b y the percentage shutter effect. 

It is this b o d y of evidence that indicates that the difference between 
the zero source contact a n d the convent ional mass spectrum, shown i n 
F i g u r e 4, is i n fact caused b y the tetraborane-8. 

I n add i t i on , the difficulties i n s tudy ing these species are w e l l i l l u s 
trated b y the observation that even at these l o w pressures w i t h the reactor 
at 200°C. every mass peak f rom 55 to 110 showed the presence of boron 
h y d r i d e pyrolysis products . T h e most intense of these was on ly 2 % of 
the B 4 H 8

+ i on intensity, so i t is not l i k e l y that they made an apprec iable 
contr ibut ion to the B 4 H 8 mass spectrum observed. 

Γ ' 1 1 1 ' 1 1 1 ' 1 1 

t ° C 

Figure 9. Formation of BfiH8 from B>H8CO: Ion current at mass peak 48 
(squares) and percentage shutter effect (circles), both as a function of reactor 

temperature (17) 

I n subsequent work , H o l l i n s et al. (17) have f o l l owed the pyrolys is 
of tetraborane carbony l . A l t h o u g h this c o m p o u n d is extremely unstable 
a n d explosive, the tetraborane-8 intermediate c o u l d be c lear ly identi f ied 
( F i g u r e 9 ) b y the change i n mass spectra, a n d b y the shutter effects. 
Appearance potentials were measured. 
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A s imi lar s tudy of pentaborane-11 has not yet been reported. It w i l l 
be interesting to see the results. 

N I C K E L T E T R A C A R B O N Y L . N i ( C O ) 4 has been reported to f o rm a 
t r i carbony l d u r i n g its gas-phase pyrolysis a n d has been the subject of 
recent l i v e l y interest (32, 35, 36). Schi ldcrout et al. (32) have s tudied 
the pyrolysis of this molecule extensively but have not been able to find 
any evidence for intermediate formation i n agreement w i t h the recent 
w o r k of Kangas et al. (20). 

A M M O N I A B O R A N E . H3BNH3 y ie lds B N H 4 as w e l l as d iborane a n d 
a m m o n i a w h e n vapor ized . Pyrolys is of H3BND3 shows that the structure 
of the product is most l i k e l y H 2 B N D 2 . 

H i g h T e m p e r a t u r e Studies . Some of the problems i n the pyrolys is 
mechanism of the boron hydr ides c o u l d be solved i f B H 2 or B H 3 c o u l d 
be s tudied i n e q u i l i b r i u m w i t h hydrogen a n d boron. T h e r m o d y n a m i c 
predict ions indicate that one or bo th of these should be present i n ob
servable quantit ies under mass spectrometric condit ions at about 2000°C. 
F o r this s tudy the previous ly determined mass spectrum of borane-3 
should be par t i cu lar ly va luable . 

T h e avai lable data (19) can be c o m b i n e d to give the b o n d dissocia
t i on energy D ( B H — H ) for B H 2 , i n k c a l . / m o l e : 

B H 3 - » BH.> + H D ( B H 2 — H ) = 72 
B H . , - * B H + H ( D ( B H — H ) = 1 1 4 ) 
B H -> Β + H D ( B H ) == 79 

B H 3 - » Β + 3 H 3 D (Β—Η) = 2 6 5 

It is qui te l i k e l y that at least two of the three b o n d dissociation energies 
must be i n error. T h e m i d d l e one seems to be m u c h too large. 

S. J . Steck has undertaken e q u i l i b r i u m studies of the boron hydrogen 
system at about 2 0 0 0 ° C . H e r p r e l i m i n a r y results corroborate these specu
lations i n that B H 3 is r ead i l y observed but not B H 2 . F o r the condit ions 
used, the b o n d dissociation energies quoted above l ead to the pred i c t i on 
that B H 2 should be ~ 1 0 * more abundant , i n s t r ik ing disagreement w i t h 
the observations. 

M O D E R A T E L Y H I G H M O L E C U L A R W E I G H T A N D L I F E R E L A T E D C A R B O N 

S P E C I E S . W h e n hydrogen is a l l owed to flow through a graphite reactor 
heated to about 2 0 0 0 ° C , Steck observes ions of the type Cxlly c onta in ing 
u p to seven or more carbon atoms. T h e mass spectra indicate that the 
neutra l progenitors probab ly are noncyc l i c ; l ow appearance potentials i n 
some cases indicate the presence of free radicals . 

T h i s result is exc i t ing because i t affects calculations of the amount 
of mater ia l present i n stellar sources a n d because i t suggests a mechanism 
for the format ion of organic substances l ead ing to the or ig in of l i fe . T h e 
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poss ib i l i ty also is suggested that i f nitrogen were a d d e d to the react ion 
mixture , nitri les a n d eventual ly amines c o u l d be formed. 

Conclusion 

O u r various activities i n a p p l y i n g mass spectrometry to inorganic 
chemistry have been summar ized i n this report. F i r s t , a n d perhaps most 
un ique , is the measurement of molecular b e a m mass spectra of such lab i l e 
molecules as tertaborane-10, tetraborane carbonyl , a m m o n i a borane, a n d 
n i c k e l carbony l . I n this work , the effects of inter fer ing mass spectra f r o m 
pyrolysis on the i on source are e l iminated . S u c h effects have been shown 
to be significant i n interpret ing certain mass spectra ( 29 ) . T h e reactive 
intermediates B H 3 a n d B 4 H 8 have been c lear ly identi f ied a n d to some 
extent character ized. Some data have been obta ined also for the stepwise 
b o n d dissociation energies of gaseous B H 3 . H i g h e r molecular we ight 
hydrocarbon ions have been identi f ied c oming f rom species i n the vapor 
above graphite a n d hydrogen. 
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12 
Mass Spectrometry of Inorganic Halides 

ROBERT W. KISER,1 JOHN G. DILLARD 2 and DONALD L. DUGGER3 

Kansas State University, Manhattan, K a n . 

A mass spectrometric study has been made of TiCl4, N b C l 5 , 
TaCl5, ZnCl2, ZnBr2, HgCl2, HgBr2, HgI2, PCl3, PBr3, P O C l 3 , 
and PSF3. 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 us ing mass spectrometric analysis 
dates back to the classic studies conducted b y T h o m s o n (203) a n d 

A s t o n ( 2 ) . T h o m s o n was the first to recognize the app l i cab i l i t y of the 
mass spectrometer as a p o w e r f u l ana lyt i ca l too l a n d was successful i n 
ident i fy ing inorganic species f o rmed b y decomposit ion i n e lectr ical d is 
charges. Aston's p ioneer ing w o r k concerned the determinations of the 
relat ive abundances of natura l ly -occurr ing isotopes of the chemica l ele
ments (2). Interest i n the study of electron impact processes a n d the 
format ion of gaseous ions was s t imulated b y D e m p s t e r s (23) design a n d 
construct ion of a mass spectrometer e q u i p p e d w i t h an i on source capable 
of f o rming ions w i t h near ly the same energy a n d us ing a magnet ic field 
to carry out the mass analysis of the ions. 

D u r i n g the ensuing development of mass spectrometry, the invest iga
t i on of inorganic compounds assumed a secondary importance to the 
design a n d improvement of ana ly t i ca l methods for organic materials , 

1 Present address: University of Kentucky, Lexington, Ky. 
2 Present address: Virginia Polytechnic Institute, Blacksburg, Va. 
3 Present address: Texas Instruments, Dallas, Texas. 
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par t i cu lar ly those of p r i m a r y interest to the petro leum industry . T h i s 
decreased emphasis on inorganic studies also was probab ly caused i n part 
b y a lack of more sophist icated supplementary equipment needed for 
s tudy ing the general ly less volat i le inorganic materials . 

W i t h i n the last two decades, mass spectrometric studies of the nature 
of the vapor i zed species a n d the ion izat ion a n d dissociative i on izat ion 
processes for these gaseous inorganic substances have received renewed 
attention. T h i s has been p r i m a r i l y caused b y the advances i n h i g h t em
perature mass spectrometry a n d the significance such studies have h a d 
for inorganic chemistry. Too , the renaissance of inorganic chemistry that 
has occurred i n the past decade or so, o w i n g to increased ut i l i za t i on of 
phys i ca l methods a n d theoretical approaches, has occasioned the inor 
ganic chemist to rediscover the u t i l i t y of mass spectrometry as a means 
of at tacking his var ied problems. A l t h o u g h , as is noted be low, m a n y of 
the re lat ive ly " s imple " inorganic species have been subjected to mass 
spectrometric study, there is no reason that the more "complex" molecules 
should not be scrut in ized to y i e l d va luable in format ion that is either 
d i i f i cul t or imposs ib le to ob ta in b y other methods. 

I n subsequent paragraphs w e present a br ief rev iew of the var iety 
of studies of inorganic hal ides i n w h i c h mass spectrometry has p l a y e d a 
significant rôle, par t i cu lar ly w i t h respect to mass spectral identi f icat ion 
a n d energetics. Ne i ther isotopic abundances nor isotopic separations are 
inc luded . Because of the importance of photo ionizat ion studies, first done 
b y T e r e n i n a n d Popov ( 199, 200, 201 ) to the energetic data, references 
to such w o r k have also been inc luded . T h e order ing of this treatment 
fol lows the per iod i c arrangement. T h e remainder of this paper is con
cerned w i t h current studies of re lated halogen-containing systems that 
have been conducted i n our laboratory. 

Group I A . N u m e r o u s investigators have examined a l l of the fluorides 
a n d / o r chlorides of this f a m i l y save f ranc ium (6, 134, 135, 137, 183). 
Studies have also been reported of i n d i v i d u a l a l k a l i meta l hal ides ; these 
are: l i t h i u m (9, 44, 72,153,154,156), s od ium (72, 77,154), a n d 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 H A , A s i d e f rom the examinations that the a lka l ine earth 
fluorides have received (8, 11, 15, 35, 36, 54, 66, 67, 68, 216), on ly the 
magnesium halides have been studied mass spectrometrical ly (8). 

Group M B and Transitional Metals. A p p a r e n t l y y t t r i u m ch lor ide is 
the sole member of G r o u p I I I B that has been studied (132, 133). T h e 
on ly invest igation of the lanthanides a n d actinides that were f ound i n 
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the present l i terature search involve u r a n i u m fluoride a n d chlor ide (16, 
210,214). 

M a r r i o t t , T h o r b u r n a n d Craggs (128) investigated t i tan ium tetra
ch lor ide a n d Sidorov, A k i s h i n , a n d Belousov (188) have s tudied z i r 
c o n i u m tetrafluoride. D i l l a r d (31 ) has examined the b i scyc lopentad ieny l -
t i tan ium a n d - z i r con ium dichlor ides . W e report herein an add i t i ona l 
study of the t i tan ium tetrachloride system. O u r o w n recent studies (31) 
of n i o b i u m a n d tanta lum chlorides are reported i n this work . 

Numerous other investigations of first r o w transit ion element hal ides 
have been made (15, 31, 41, 86, 90, 91, 92, 130, 131, 155, 177, 178, 179, 
185, 204, 219). A d d i t i o n a l members of G r o u p I I B that have been s tudied 
inc lude c a d m i u m chlor ide (87) a n d mercury chlor ide , bromide , a n d 
iod ide (15, 31, 41, 53, 204). Recent reports have appeared concerning 
r h e n i u m chlor ide systems (14, 173). 

Group IIIA. A s i d e f rom the recent considerations of the t h a l l i u m 
halides (7,93), studies have been l i m i t e d to the halides of boron (55, 66, 
69, 84, 85, 98, 100, 107, 108, 122, 124, 125, 127, 129, 150, 164, 175, 186, 
190) a n d a l u m i n u m (11, 35, 153, 156, 216). 

Group IVA. There have been m a n y investigations of energetics i n 
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 a n d chlorides of 
two add i t i ona l members of this group inc lude w o r k on s i l i con a n d 
germanium (24, 36, 43, 62, 81, 125, 176, 191, 202, 206, 212, 213, 215, 216, 
219). 

Group V A . N i t rogen fluorides have been rather extensively exam
i n e d (13, 18, 33, 62, 63, 88, 106, 113, 169), whereas l i t t le attention has 
been g iven to other nitrogen halides (61, 152). Several investigators 
have reported the results of their investigations of phosphorus fluorides 
a n d chlorides (51, 56, 89, 94, 104, 163, 180, 207). N o add i t i ona l w o r k 
appears to have been done on ant imony halides since the early efforts of 
K u s c h , H u s t r u l i d a n d Tate (51, 104). O n l y a l i t t le more attention has 
been g iven to arsenic fluoride a n d chlor ide (51, 104, 179). 

Group V I A . T h e p r i n c i p a l studies of the hal ides of this group have 
been concerned w i t h sulfur (3, 22, 24, 34, 43, 68, 101, 102, 119, 151, 
174,176, 184, 217), a l though reports of oxygen-fluorine systems (26, 120, 
121) have appeared recently. 

Group VIIA. Var ious interhalogen compounds a n d negative ha l ide 
i o n studies are to be f ound i n the l i terature (48, 60, 79,152,193,194, 216). 

Noble Gas Halides. M a s s spectrometric studies have been of pr ime 
importance i n the excit ing investigations of this new class of compounds 
(12, 75, 196, 197, 218). 
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Oxyhalides and Thiohalides. I n add i t i on to the above systems, 
various oxyhalides a n d a few thiohalides have been examined mass spec-
trometr ica i ly (26, 27, 31, 40, 56, 69, 86, 114, 120, 121, 138, 145, 170, 171, 
172, 174, 176,184,207). 

T h e present w o r k is a report of a port ion of current mass spectro
metr ic studies in these laboratories of inorganic halides a n d oxy- ( a n d 
th io - ) halides. It has been f o und that there are some similarit ies as w e l l 
as differences between meta l a n d non-metal halides. A d d i t i o n a l l y , c a u 
t i on is urged i n the assignment of i on pa ir processes invo lv ing these 
halides. A f ter descr ib ing the experimental procedures and techniques 
employed i n this work , the results of our investigations are presented 
a n d discussed. 

Experimental Apparatus and Procedures 

Mass Spectrometers and Data Reduction. T h e mass spectrometer 
used p r i n c i p a l l y i n this study was a B e n d i x m o d e l 12-100 t ime-of- f l ight 
w h i c h has been par t ia l l y descr ibed prev ious ly (48, 49). T h e instrument 
has been modi f ied to permit studies of negative ions a n d e q u i p p e d w i t h 
a H e w l e t t - P a c k a r d m o d e l 175A 5 0 M c oscilloscope w i t h capabil it ies for 
record ing the oscilloscope trace. T h e s ignal f rom the W i l e y magnet ic 
electron m u l t i p l i e r was fed through an H P m o d e l 1759B d u a l trace vert i ca l 
ampli f ier p l u g - i n . Negat ive i on spectra were recorded d irect ly w i t h a 
heated-pen galvanometer on 5 cm. strip chart paper b y scanning the 
oscilloscope trace w i t h a r a m p pulse generated i n the H P m o d e l 1784A 
recorder p l u g - i n . 

A n Assoc iated E l e c t r i c a l Industries M S - 9 double- focusing mass spec
trometer was also employed i n this study. A r h e n i u m r i b b o n filament 
was heated to give a trap current of 100 juamp. T h e i o n repel ler was 
nomina l l y 2 volts. A t a m e d i u m resolution of 1100 (us ing the 2.08 Γ ι / 2 

def init ion) the mass spectrum was scanned i n 31 seconds/octave b y de
creasing the magnet ic field. H i g h resolution spectra ( > 20,000) were 
also obtained. A f t e r s ignal ampl i f i cat ion w i t h an 11-stage electron m u l t i 
p l ier , the spectra were traced w i t h a six-galvanometer recorder m i r r o r i n g 
ultravio let l ight onto a photosensitive paper. Other details of this ins t ru 
ment have been reported ( 50 ). 

Pressures, as determined b y A l p e r t i on izat ion gauges, were m a i n 
ta ined between 1 χ 10" 7 a n d 1 X 10" e torr i n the i on source a n d b e l o w 
1 X 10" 7 torr i n the M S - 9 analyzers. Samples were in troduced to the i on 
source of the M S - 9 b y heat ing a 4 / J . cav i ty i n a quartz probe. T h e 0.07 
m m . orifice of this cav i ty is 2.1 c m . f rom the electron beam. T h e tempera
ture of the sample i n the cavi ty was contro l led b y e lectr ical ly heat ing the 
n ichrome wind ings . A n iron-constantan thermocouple a n d a Leeds a n d 
N o r t h r u p potentiometer was used to monitor the temperature of the 
cavity . 

A n o m i n a l i o n i z i n g energy of 70 e.v. was employed i n determining 
the posit ive ion mass spectra in both instruments. T h e relat ive abundances 
reported here in are those for the monoisotopic mass spectra a n d therefore 
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12. KiSER E T A L . Inorganic Halides 157 

inc lude the contr ibutions f r om i on currents for a l l the isotopes i n a 
par t i cu lar ion . Negat ive i on mass spectra were taken w i t h the t ime-of -
flight instrument at a voltage where the ions were the most intense. T h i s 
voltage v a r i e d f r om c o m p o u n d to compound . 

Metastab le transitions were investigated us ing the M S - 9 instrument 
i n the usua l manner . B y a p p l y i n g a var iab le re tard ing potent ia l to the 
electron m u l t i p l i e r stack i n the t ime-of- f l ight instrument, i t also has been 
possible to employ this spectrometer for metastable transi t ion studies. 

Clastograms were determined b y scanning the entire mass spectrum 
as a funct ion of the electron energy. A t h igher electron energies the 
stepping in terva l was approx imate ly 5 e.v. T h i s interva l was reduced to 
about 1 e.v. for electron energies be l ow 25 e.v. L o g a r i t h m i c clastograms 
were constructed b y p lo t t ing the l ogar i thm of the f ract ional abundance 
of each i on at any g iven electron energy as a funct ion of the electron 
energy. F i g u r e 1 shows a t y p i c a l c lastogram. I n c l u d e d i n the present 

0 . 8 0 L 

0 . 0 4 h 

3 0 4 0 5 0 

E l e c t r o n E n e r g y ( e v ) , u n c o r r . 

6 0 7 0 

Figure 1. Logarithmic Clastogram for Titanium Tetrachloride 
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study is the first reported negative i o n c lastogram, determined for P O C l 3 

i n essentially the same manner b y record ing the oscil loscope trace. 
Ion izat ion a n d appearance potentials were determined f r om i o n i z a 

t i o n efficiency curves b y the semi- logari thmic p lot technique of L o s s i n g , 
T i c k n e r , a n d B r y c e (112) a n d b y the extrapolated voltage difference 
procedure out l ined b y W a r r e n (209) . E n e r g y cal ibrants used i n these 
studies were ni trogen ( I = 15.58 e.v.) (64), mercury ( I = 10.43 e.v.) 
(140,141,142), a n d water ( I — 12.59 e.v.) (213). G o o d interna l agree
ment was obta ined us ing the different cal ibrants . E r r o r values quoted i n 
this w o r k represent the r e p r o d u c i b i l i t y at one s tandard deviat ion . 

SAUEREISEN CEMENT 

Γ 
Ί Γ 

TO HEATER 
TRANSFORMER 

MOUNTING PLATE- *0.I5% 

THERMOCOUPLE L E A D S ' ^ 
-0.80"-
- i.ioM-

H I G H T E M P E R A T U R E S A M P L E C E L L 

Figure 2. High Temperature Sample Cell 

H e a t s o f S u b l i m a t i o n . A n add i t i ona l modi f i cat ion i n the t ime-of -
flight instrument was made (31) i n the i on source to permit instal lat ion 
of a h i g h temperature ce l l . T h e f o l l ow ing design is an improvement to 
the earl ier m o d e l reported b y Shadoff (185) . T h e ce l l (see F i g u r e 2 ) , 
constructed f r o m so l id brass stock, h a d a n enclosed cav i ty 0.8 inches i n 
length a n d 0.18 inches i n d iameter a n d two meta l wings for m o u n t i n g the 
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ce l l on the lower side of the i on source. Sauereisen # 3 1 cement was used 
as insulat ion and as a means of h o l d i n g the n i chrome heater co i l a n d 
chromel -a lumel thermocouple (sealed b y si lver solder through the w a l l 
of the chamber ) i n place. A n effusion insert p l u g about 0.2 inches i n 
length, contained a hole centered through the p l u g w h i c h terminated i n a 
5 m i l orifice. F i f t y to one h u n d r e d mi l l i grams of sample were p laced i n 
the cavi ty and the ce l l was sealed b y t ightening the brass effusion p l u g . 
Af ter attaching the ce l l to the ion source, the source assembly was inserted 
i n the flight tube, appropr iate ly sealed, a n d the mass spectrometer was 
evacuated to about 10" n torr. H e a t i n g of the ce l l and its contents was 
accompl ished b y passing a current f rom a var iable powerstat (0-12.6 
volts) through the heater co i l . T h e temperature of the ce l l was deter
m i n e d w i t h a T e m p c o portable pyrometer a n d mi l l ivo l tmeter ( m o d e l 
P M - 1 K 1 7 ) us ing a room temperature junct ion as the reference for the 
thermocouple . 

T h e experiments for de termin ing the heats of sub l imat ion were 
usua l ly carr ied out b y heat ing the sample rather than coo l ing because of 
the deleterious effects of the vapor ized species on the sensit ivity of the 
m u l t i p l i e r dynode strip. P r e l i m i n a r y measurements w i t h Z n B r 2 showed 
no deviat ion outside the precis ion l imits between heat ing a n d coo l ing 
curves. 

T h e heats of sub l imat ion were ca lcu lated us ing the f orm of the 
C l a u s i u s - C l a p e y r o n equat ion g iven b y H o n i g a n d coworkers (32, 74). 
U s i n g this technique, a plot of the ion current m u l t i p l i e d b y the absolute 
temperature as a funct ion of the rec iprocal of the absolute temperature 
yields a straight l ine . T y p i c a l plots for two hal ides are shown i n F igures 
3 a n d 4. T h e accuracy i n our measurements is about 2-3 k c a l . / m o l e , as 
m a y be seen f rom T a b l e I a n d F igures 3 a n d 4. 

Shadoff (185) used the earl ier design of this ce l l to f o l l ow the ther
m a l decomposit ion of cis, a n d trans-[Co(en)^CL]CI. T h e present design 
is m u c h superior to the earl ier mode l for the studv of "mass thermal 
analysis" (52, 105) . 

M a t e r i a l s . M o s t of the compounds invest igated here in were obta ined 
f rom commerc ia l sources, a l though several were prepared b y techniques 
pub l i shed i n the l i terature. 

T h e pentachlorides of n i o b i u m a n d tanta lum were obta ined f r om 
C i t y C h e m i c a l C o . , a n d transferred under a d r y nitrogen atmosphere to 
break-seal containers, evacuated, a n d sealed. M e r c u r y bromide a n d 
iod ide , z inc bromide , a n d phosphorus tr i ch lor ide were Baker a n d A d a m -
son products . M e r c u r y a n d z inc chlorides were rece ived f rom F i s h e r 
Scientific C o . Phosphorus t r ibromide and th iophosphory l chlor ide were 
purchased f rom Κ & Κ Laborator ies a n d the titanocene a n d zirconocene 
dichlor ides were obta ined f rom Arapahoe Chemica l s , Inc. 

T h e addi t ion c o m p o u n d T a C l r , · S(C2Hr>):> was synthesized as out
l i n e d b y Fa i rbro ther a n d N i x o n (37). D i e t h y l sulfide was d i s t i l l ed f rom 
P-jOr, and fractionated in an 18-inch co lumn packed w i t h borosi l icate 
glass rings. A n intermediate fract ion b o i l i n g at 90° C . was used i n the 
preparat ion . T h e react ion between the organic sulfide a n d tanta lum 
pentachlor ide was carr ied out inside a polyethylene glove b a g under a 
d r y nitrogen atmosphere. T h e result ing dark r e d solution was v a c u u m 
d is t i l l ed at about 5 X 10" ; ] torr. Smal l volumes of ye l l ow l i q u i d were 
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co l lected i n borosi l icate vials e q u i p p e d w i t h glass break seals. E l e m e n t a l 
analysis b y G a l b r a i t h Laborator ies gave good agreement w i t h the c a l c u 
la ted e lemental composit ions: T a C l r , · S(G>H 5)->; C a l e : T a , 40.58, C l , 
39.24; H. 2.24; C., 10 .76%. F o u n d : T a , 40.19; C l , 39.31; H. 2.14; a n d C., 10 .62%. 

T h e sample of th iophosphory l fluoride, P S F 3 , was prepared b y the 
technique out l ined b y T u l l o c k a n d C o f f m a n (205) . O n e mole of N a F 
was st irred w i t h 0.65 mole tetramethylene sulfone. A f ter evacuat ion of 
the system, 0.25 mole P S C l a was s l owly a d d e d a n d the mixture was heated 
to 150° C . T h e th iophosphory l fluoride gas evo lved was subsequently 
co l lected i n a —78° C . trap . T h e sample, w i thout further d i s t i l la t i on , 
was f o u n d to be greater t h a n 9 5 % pure b y mass spectrometric analysis. 

8 0 0 

6 0 0 

4 0 0 

2 0 0 

~ IOO 
φ 
5 8 0 
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>» 
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:t 
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A H s u b l . e 2 2 - 7 kcal mole" 

separate runs 

2 . 1 2 . 2 2 . 3 2 . 4 χ Ι Ο - 1 
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Figure 3. Second-Law Heat of Sublimation of Biscy-
clopentadienyltitantium Dichloride 
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4 0 0 

2 0 0 

- 1 0 0 

£ 8 0 

? 6 0 

σ 

Ι 4 0 

o 

+ H 2 0 

1 0 

8 

6 

4 

2 . 2 2 . 3 2 . 4 2 . 5 x 1 0 " * 

l / T 

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

Auxiliary Thermochemical Data. T h e f o l l o w i n g heats of f o rmat ion 
were u t i l i z e d i n calculations of ionic heats of f ormat ion f r om the appear
ance potent ia l data . A l l values refer to the gaseous species. F , 18.88 
(208); F " , - 6 4 . 7 (208); C I , 29.08 (208); B r , 26.74 ( 208); I., 25.54 ( 208); 
O , 59.55 (208); S, 66.64 ( 208); S", 17.42 (208); Z n , 31.19 (178); a n d 
H g , 14.54 (178) k c a l . / m o l e . 

Experimental Results. T h e experimental data obta ined i n these 
studies are grouped together a n d presented be low; a br ie f discussion of 
these data is incorporated into this presentation. 

T I T A N I U M T E T R A C H L O R I D E . T h e appearance potentials a n d relat ive 
abundances for the posit ive ions f o rmed f r o m T i C l 4 are g iven i n T a b l e I I . 
M a r r i o t t , T h o r b u r n , a n d Craggs ( 128 ) used a L o z i e r tube to study T i C l 4 

a n d f o u n d the i on izat i on potent ia l of T i C l 4 to be 11.7 e.v. a n d observed 
the appearance potentials of T i C V a n d C I " i n an i o n pa i r process to be 
12.9 e.v. It is r ead i l y seen u p o n examining T a b l e I I , that these appearance 
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Table I. Comparison of Measured and Accepted Heats of Sublimation 

AUsubl (kcal./mole) 

Molecule This Study Others References 

Z n B r 2 30.0 30.1 (178) 
H g C l 2 19.3 18.50,19.85 (20,178) 
H g l 2 20.5 20.46 (178) 
T i ( C 5 H 5 ) 2 C l 2 22.7 
Z r ( C 5 H 5 ) 2 C l 2 22.8 
F e ( C 5 H 5 ) 2 16.81 (82) 

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

Rehtive 
Abundance Appearance A H f (ion) 

Ion at 70 e.v. Potential (e.v.) Probable Process (kcal./mole) 

T i C l 4
+ 53.5 H.65 ± 0 .1 5 T i C l 4 -> T i C l 4

+ 87 
T i C V 100.0 13.3 ± 0.3 -> T i C l s

+ + CI 96 
T i C l 2

+ 33.0 16.7 ± 0.3 - » T i C l o + + 2C1 145 
T i C l + 39.0 20.6 ± 0.3 -> T i C l + + 3C1 206 
T i + 40.8 25.0 ± 0.3 -> T i + + 4C1 279 
T i C l s

2 + 1.9 30.0 ± 0.5 -> T i C l , 2 + + CI 481 
T i C L , 2 + 6.9 32.1 ± 0.8 -> T i C l 2

2 + + 2C1 500 
T i C l 2 + 13.0 35.6 ± 0.9 T i C l 2 + + 3C1 552 
T i 2 + 3.0 39.1 ± 1.3 -> T i 2 + + 4C1 604 

flAHf(TiCl4(g)) = -181.6 kcal./mole (1). 

potentials are i n reasonable agreement w i t h the data reported here in . 
T h e r e is no doubt concerning the process corresponding to the appearance 
potent ia l for the T i C l 4

+ i o n ; however , our assignment of the probab le 
process for the format ion of T i C l 3

+ i o n f r o m T i C l 4 does not agree w i t h 
that of M a r r i o t t , et al. (128). 

U s i n g the appearance potent ia l g iven i n T a b l e I I for T i + , a heat of 
f ormat ion of T i + is ca lculated to be 279 k c a l . / m o l e , i n good agreement 
w i t h a value of 269 k c a l . / m o l e determined b y c o m b i n i n g I ( T i ) = 6.83 
e.v. (140, 141, 142) w i t h AHf(Ti){g) = 112 k c a l . / m o l e (176). W e con 
c lude , therefore, that the process for the formation of T i + can not invo lve 
a C I " i on . It is diff icult to understand w h y the T i C V i o n should be f o rmed 
w i t h C I " i on i n an i o n pa ir process. T h e i on intensity of T i C l 3

+ is s igni f i 
cant ly greater than ( i t was not possible to obta in a quant i tat ive ra t io ) 
that observed for the C I " i o n ; this too is difficult to understand i f the 
T i C l 3

+ a n d C I " ions should be formed i n an i on pa i r process. F u r t h e r , i f 
the T i C l 3

+ i o n were f o rmed i n an i on pa i r process AHf(TiCh+) w o u l d be 
— 180 k c a l . / m o l e rather than the 96 k c a l . / m o l e assigned i n T a b l e I I ; 
i n this case the heats of format ion of the T i C l . / ions w o u l d not exhibi t 
a reasonably monotonie increase as χ is var i ed f r om four to zero. 
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A l o w intensity metastable i on at m * = 126.45 ( for the most a b u n 
dant isotopic species ) was observed i n the mass spectrum of T i C l 4 . T h i s 
corresponds to the metastable transit ion 

T i C l 4
+ -> T i C l H

+ + CI . (1) 

S u c h a transit ion is i n agreement w i t h the c lastogram for T i C l 4 , shown 
i n F i g u r e 1, i n w h i c h the T i C V i on is observed to increase sharply , pass 
through a m a x i m u m , a n d decrease s lowly simultaneous w i t h a monotonie 
decrease i n the intensity of the T i C l 4

+ i on as the i o n i z i n g energy of the 
electrons is increased. T h a t is, T i C V is f o rmed f rom T i C l 4

+ a n d further 
decomposes to other species. T h u s , w e are forced to conc lude the prob 
able process for the format ion of T i C V i on g iven i n T a b l e I I , a n d the 
accompany ing A H / ( T i C l 3

+ ) . Interest ingly, the data of M a r r i o t t , T h o r -
b u r n , a n d Craggs (128) can be made compat ib le w i t h the assignments 
g iven i n T a b l e I I b y e m p l o y i n g the ion pa i r process 

T i C l 4 - » CI" + T i C l 2 + CI . (2) 

T w o negative ions, C I " a n d T i C l 3 " , were observed to be f o rmed i n 
resonance processes f rom T i C l 4 . These are l i s ted i n T a b l e I I I . T h e inter 
mediate values determined for the resonance potentials (at the peak 
m a x i m a ) are i n agreement w i t h the nature of a dissociative electron 
capture react ion. T h e data indicate also a h i g h electron affinity of T i C l 3 . 

F i g u r e 1 also suggests that the T i C V i on un imo lecu lar ly decomposes 
to f o rm T i C l 2

+ through the loss of a C I atom; i n turn , the T i C l 2
+ i on con 

secutively decomposes to T i C l + , a n d finally to T i + . 
T h e energetic data g iven i n T a b l e I I suggest the same consecutive 

un imolecu lar decomposit ion of the rather abundant doub ly - charged ions. 
T h e T i C l 4

2 + i on was not observed; it is suggested that T i C l : r + is a "pseudo-
parent" doub ly - charged i on f ormed i n the i n i t i a l e lectron impact process. 
T h e c lastogram data support this mechanism. 

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

Resonance 
Ion Potential (e.v.) Resonance Process 

T i C L f 5.5 T i C l 4 -> T i C L f + CI 
c i - 6.5 T i C l 4 - » CI " 4- T i C l 3 

N b C l 4 " 2.3 N b C l , -> N b C l 4 " + CI 
c i - 4.7 N b C l 5 -> CI" + N b C l 4 

T a C l 4 " 2.6 T a C l 5 - » T a C l 4 " + CI 
c i - 5.5 T a C l 5 CI" + T a C l 4 

N I O B I U M A N D T A N T A L U M P E N T A C H L O R I D E S . T h e appearance poten
tials for the p r i n c i p a l ions f rom a n d mass spectra of n i o b i u m a n d tanta lum 
pentachlor ide are g iven i n Tables I V a n d V , respectively. T h e c lastogram 
for tanta lum pentachlor ide is shown i n F i g u r e 5; that for n i o b i u m penta 
chlor ide is s imi lar a n d therefore has not been i n c l u d e d here. 

U n l i k e the t i tan ium tetrachlor ide , the parent ions f rom these c o m 
pounds are extremely l o w intensity ions ( T a C l 5

+ was not detected) . 
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Table IV. Appearance Potentials and Heats of Formation for Positive 
Ions Produced from Niobium Pentachlorideα 

Ion 

N b C l 5
+ 

N b C l 4
+ 

N b C l 3
+ 

N b C l 2
+ 

N b C l + 

N b + 

N b C l 4
2 + 

N b C l 3
2 + 

N b C l 2
2 + 

N b C l 2 + 

N b 2 + 

Relative 
Abundance 
at 70 e.v. 

0.3 
100.0 

30.0 
27.1 
24.9 
19.8 

0.8 
trace 

8.5 
7.5 
1.8 

Appearance 
Potential (e.v.) 

(11 .0 ) 6 

11.3 4 ± 0.2 2 

(14 .3 ) 6 

18.8 ± 0.3 
22.8 ± 0.5 
28.0 ± 0.7 

Probable Process 

N b C l R • N b C l 5
+ 

• N b C l 4
+ + CI 

• N b C V + 2C1 
• N b C l o + + 3C1 
• N b C l + + 4C1 
• N b + + 5C1 

A H f (ion) 
(kcal./mole) 

(80 ) » 
59 

( 9 9 ) b 

173 
236 
327 

a AH,( NbCl5(g> ) = -173.3 kcal./mole (178,187). 
b Estimated values. 

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

Relative 
Abundance Appearance A H f (ion) 

Ion at 70 e.v. Potential (e.v.) Probable Process (kcal./mole) 

T a C l 5
+ (11 .6 ) 6 

12.0 ± 0.28 
T a C l 5 -> T a C l 5

+ ( 8 4 ) 6 

T a C l 4
+ 100.0 

(11 .6 ) 6 

12.0 ± 0.28 - » T a C l 4
+ + C l 64 

T a C l 3
+ 22.9 15.0 ± 0.4 - > T a C l 3

+ + 2 C l 104 
T a C l 2

+ 23.9 19.6 ± 0.6 - » T a C l 2
+ + 3C1 181 

T a C l + 17.9 25.0 ± 0.5 -> T a C l + + 4C1 277 
T a + 13.0 29.5 ± 0.4 - » T a + + 5 C l 352 
T a C l 4

2 + 2.3 
T a C l 3

2 + 11.5 
T a C l 2

2 + 7.2 
T a C l 2 + 3.9 
T a 2 + 1.9 
a A H r ( T a C W ) = -183.3 kcal./mole (103,178). 
6 Estimated values. 

T y p i c a l of the hal ides is the fact that the (parent minus one halogen)* 
i o n is the most intense i on i n the mass spectrum. A l s o t y p i c a l of the m e t a l 
hal ides is the re lat ive ly large intensities of the doub ly - charged ions. 

T h e fragmentat ion mechanisms are proposed to be s imi lar to the 
mechanism suggested for the t i tan ium tetrachlor ide study. T h i s proposa l 
is supported b y the clastograms. T h e clastograms for the doub ly - charged 
ion , a l though not as w e l l defined as for the s ingly -charged ions, s imi la r l y 
argue for such mechanisms. 

O n this basis, a n d o n the basis of the energetic data , the processes 
shown i n T a b l e I V a n d V have been assigned a n d heats of format ion for 
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the ions ca lculated . F r o m arguments s imi lar to those employed i n the 
t i t a n i u m tetrachlor ide case, w e do not be l ieve that C I " f o r m e d b y a n i o n 
p a i r process is significant i n any of the processes s tud ied here. Because 
of the very l o w abundance of the parent ions, i on izat i on potentials were 
not determined . H o w e v e r , b y u t i l i z i n g the statist ical theory of mass 
spectra i t is possible to estimate that the i on iza t i on potentials w i l l b e 
0.3 to 0.4 e.v. b e l o w the lowest appearance potent ia l . Therefore , w e 
estimate I ( N b C l 5 ) ^ 11.0 e.v. a n d I ( T a C l 3 ) ^ 11.6 e.v. Because the 
m e r c u r y b a c k g r o u n d inter fered w i t h a direct determinat ion , A P ( N b C l 3

+ ) 
— 14.3 e.v. has been est imated b y interpo lat ion f r o m the regular var ia t i on 
i n the appearance potentials a n d heats of formation. 

T a b l e I I I records the negative ions observed a n d the ir energetics of 
formation. It is easi ly seen that these molecules behave very m u c h l i k e 
t i t a n i u m tetrachlor ide under electron impact . 

F r o m the i on i c heats of f ormat ion for the various M C 1 M
+ species i n 

Tables I I , I V , a n d V , the i on izat i on potentials of the MC1„ were ca l cu lated 
us ing the heats of f ormat ion for the T i C L , (1 ,176) a n d TaCl„ (103,176) 
moieties. T h e second ion izat ion potentials of the T i C l f ( species were 
de termined i n l ike manner. A f f ^ N b C l s ) a n d A f f , ( N b ) are qui te s imi lar 

- J I • I I L . 
2 0 30 4 0 5 0 6 0 

E lect ron Energy (ev) 

Figure 5. Logarithmic Clastogram for Tantalum Penta
chloride 
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to AHf(TsiClô) a n d A f f , ( T a ) , respectively, so that A H / ( N b C l „ ) were 
read i ly est imated b y comparison to the A H / ( T a C l „ ) values. T h e results 
of the calculations are presented i n T a b l e V I a n d compared to the first 
i on izat ion potentials of the metals. It is observed that I ( M C I ) — I ( M ) , 
b u t as chlor ine atoms are successively added , I ( M C 1 W ) increases, a n d 
that for T i C l 4 , N b C l 5 a n d T a C l 5 the i on izat ion potentials are m u c h greater 
a n d approach I ( C I ) . A l t h o u g h exh ib i t ing the same trend , the second 
ion izat ion potentials of TiCl„ do not approach the second i on i za t i on 
potent ia l of chlor ine as dist inct ly . 

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

Molecule 

First 
Ionization 

Potential (e.v.) 

T i C l 4 11.65 ± 0.15 
T i C l s 9.7 ± 0.3 
T i C l 2 9.3 ± 0.3 
T i C l 8.1 ± 0.4 
T i 

N b C l 5 11.0 e 

N b C l 4 8.3 ± 0.3 
N b C l 3 7.5 ± 0.3 
N b C l 2 7.6 ± 0.4 
N b C l 6.7 ± 0.5 
N b 

T a C l 5 11.6 e 

T a C l 4 8.9 ± 0.3 
T a C l s 8.1 ± 0.3 
T a C l 2 7.9 ± 0.6 
T a C l 8.2 ± 0.5 
T a 

Spectroscopic Values 

First 
Ionization 

Potential (e.v.) Ref. 

6.82 (140,141,142) 

6.84 (140,141,142) 

7.88 (140,141,142) 

Second 
Ionization 

Potential (e.v.) 

16.7 ± 0.6 
15.4 ± 0.9 
15.0 ± 1.0 
14.1 ± 1.4 

1 Estimated values. 

It is suggested f rom these results that the molecular o rb i ta l f r o m 
w h i c h the electron is w i t h d r a w n u p o n ion izat ion is one i n w h i c h b o t h 
the meta l a n d the halogen orb i ta l contr ibutions are important . It w o u l d 
be expected that the meta l orbitals make a greater contr ibut ion for the 
lower ox idat ion states of the meta l , a n d that the halogen o r b i t a l c o n t r i b u 
tions w o u l d be more important for h igher ox idat ion states of the m e t a l ; 
this expectation appears to be borne out b y these results a n d also b y 
the results of previous mass spectrometric studies of the meta l carbonyls . 

Z I N C C H L O R I D E A N D B R O M I D E . T h e mass spectra of z inc ch lor ide a n d 
bromide (Tab les V I I a n d V I I I ) were obta ined b y heat ing samples of 
the compounds to approximate ly 4 0 0 ° C . i n the h i g h temperature sample 
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Table VII. Appearance Potentials and Heats of Formation for Positive 
Ions Produced from Zinc Chloride (at 6 8 3 ° K . ) " 

Relative 
Abundance Appearance A H f (ion) 

Ion at 70 e.v. Potential (e.v.) Probable Process (kcal./mole) 

ZnCl> + 100.0 11.7 5 ± 0.2 S Z n C l 2 - » Z n C L / 208 
Z n C l + 12.3 13.7 ± 0.2 -> Z n C l + + CI 224 
Z n + 18.6 14.6 ± 0.3 -> Z n + + 2C1 216 
C l + 74.3 19.6 ± 0.3 - » C l + + Zn + CI 329 

a àHf (ZnCl2(g>) = -63 .0 kcal./mole (178). 

Table VIII. Appearance Potentials and Heats of Formation for Positive 
Ions Produced from Zinc Bromide (at 6 7 3 ° K . ) " 

Relative 
Abundance Appearance A H f (ion) 

Ion at 70 e.v. Potential (e.v.) Probable Process (kcal./mole) 

Z n B r 2
+ 100.0 10.3 9 ± 0.3, Z n B r 2 -> Z n B r 2

+ 192 
Z n B r + 11.3 13.4 ± 0.2 - » ZnBr* + Br 234 
ZnBro 2 + 4.8 
Z n + 12.4 14.7 ± 0.3 - » Z n + + 2Br 237 
B r + 23.0 17.7 ± 0.3 - » B r + + Z n + Br 302 

• A H r ( Z n B r 2 ( g ) ) = -48.1 kcal./mole (178). 

ce l l shown i n F i g u r e 2. N o apparent variat ions i n the 70 e.v. monoisotopic 
mass spectrum were noted over the temperature range s tudied ; this i n d i 
cates that these materials vapor i zed as monomers under the e q u i l i b r i u m 
condit ions ( p r o b a b l y undersaturated) obta ined w i t h the h i g h tempera
ture ce l l . A s a result, the ions observed are caused b y the fragmentat ion 
of the parent molecule i on a n d are not i on ized decomposit ion products . 
T h i s is also borne out b y the magni tude of the appearance potentials 
determined for these ions. 

T h e processes assigned for the dissociative i on izat ion are consistent 
w i t h the appearance potentials measured, w i t h the processes assigned for 
the other meta l hal ides s tudied i n this work , a n d w i t h the heats of f o rma
t ion of the metal ions. T h e ionizat ion potent ia l determined for Z n C l 2 is 
lower than the value of 12.9 e.v. f ound b y Foote a n d M o h l e r (41). 

T h e heat of sub l imat ion determined w i t h the Second L a w for Z n B r 2 

(see T a b l e I ) is i n good agreement w i t h the l iterature value (176). It is 
of part i cu lar interest to note that i n the mass spectra of bo th molecules 
the parent-molecule i on is the most intense i on . T h e proposed f ragmenta
t ion process for these compounds is that the Z n X + , f o rmed un imolecu lar ly 
f rom Z n X 2

+ , decomposes via compet i t ive paths to form Z n + a n d X + . 
T h e negative ha l ide ions were observed i n the mass spectrum of b o t h 

compounds at very l o w electron energies (resonance potentials of ap 
prox imate ly 5 e.v.). O n l y i n z inc bromide was Z n X " observed; this i on 
was determined to have a sharp resonance capture peak at 4.5 e.v. a n d 
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was not f o u n d to be p r o d u c e d i n any i on pair process. N o Z n C l " was 
noted at any electron energy. 

M E R C U R I C C H L O R I D E , B R O M I D E , A N D I O D I D E . T h e mass spectra a n d 
appearance potentials for mercur i c chlor ide , bromide , a n d i od ide are 
reported i n Tables I X - X I . I n each of these studies the H g + i o n f o r m e d 
b y dissociative i on izat ion c o u l d not be determined because of the m e r c u r y 
b a c k g r o u n d spectra caused b y the use of a mercury dif fusion p u m p w i t h 
the time-of- f l ight mass spectrometer. H o w e v e r , the H g + peaks observed 
were m u c h less intense than the parent molecule ion . I n every case, the 

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

AHt (ion) 
Probable Process (kcal./mole) 

HgClo -> H g C l 2
+ 214 

- » H g C l + + CI 213 
- * H g C l 2

2 + 616 
- ^ H g C l 2 + + C l 672 
-> C l + + H g + CI 328 

'Atf , (HgCl 2 ( g >) = -36 .5 kcal/mole (178). 

Relative 
Abundance Appearance 

Ion at 70 e.v. Potential (e.v.) 

H g C l 2
+ 72.7 10.86 ± 0.25 

H g C l + 9.2 12.06 ± 0.26 
H g C l 2

2 + 1.6 28.3 ± 0.5 
H g C l 2 + 0.2 32.0 ± 0.5 
C l + 100.0 17.7 ± 0.3 

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

Relative 
Abundance Appearance ΔΆ{ (ion) 

Ion at 70 e.v. Potential (e.v.) Probable Process (kcal/mole) 

H g B r 2
+ 100.0 9.94 ± 0.15 H g B r o - * H g B r 2

+ 208 
H g B r + 17.5 12.09 ± 0.17 - » H g B r + + Br 230 
H g B r 2

2 + 6.4 25.7 ± 0.3 - * H g B r 2
2 + 571 

H g B r 2 + 2.0 31.1 ± 0.7 -> H g B r 2 + + Br 669 
B r + 34.3 16.7 ± 0.2 - > B r + + H g + B r 322 

ftAHr(HgBr2(îr)) = - 2 1 . 7 k c a l / m o l e (178). 

Table XI . Appearance Potentials and Heats of Formation for Positive 
Ions Produced from Mercuric Iodide (at 445° and 4 9 3 ° K . ) a 

ΑΆ{ (ion) 
Probable Process (kcal./mole) 

H g I 2 - » H g I o + 200 
- » H g P 4-1 230 
- > H g I 2

2 + 489 
- » I 2

+ + ? 
- • Γ + H g + I 313 

Relative 
Abundance Appearance 

Ion at 70 e.v. Potential (e.v.) 

H g V 100.0 8.87 ± 0.22 
H g l + 18.8 11.3 ± 0.4 
H g l 2

2 + 7.6 21.4 ± 0.5 
V 1.7 
I + 41.6 15.5 ± 0.4 

°AH,(HgI 2 < 8 , ) = -4 .8kcal . /mole (178). 
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parent molecule ions were the most intense ions except for the H g C l 2 

study, i n w h i c h the parent molecule i on is second-most intense after the 
C l + i on . 

T h e probable processes are consistent w i t h the determined appear
ance potentials a n d w i t h the heats of format ion of C l + , B r + , a n d Γ. It is 
interesting to note that the ion izat ion potent ia l of H g B r 2 a n d H g l 2 are 
less than the ion izat ion potent ia l of their constituent atoms. I n the H g C l 2 

case, the ion izat ion potent ia l is on ly s l ight ly greater than that of mercury , 
but is signif icantly less than the ion izat ion potent ia l of the chlor ine atom, 
a n d is also l ower than the value of I ( H g C l 2 ) reported b y Foote a n d 
M o h l e r (41). 

T h e parent doub ly - charged species i n T a b l e I X to X I are noted to be 
re lat ive ly intense a n d that this intensity increases f r om the chlor ide to 
the iodide . T h e second ion izat ion potentials ca lculated f rom the data i n 
these tables for the chlor ide , b romide a n d iod ide are 17.4 ± 0.6, 15.8 ± 
0.3, a n d 12.5 ± 0.6 e.v., respectively. T h i s decrease i n the second i o n i z a 
t i o n potentials as one goes f rom the chlor ide to the iod ide paral lels the 
decrease i n the first i on izat ion potentials of these molecules, as w e l l as 
the var iat ion i n the second ion izat ion potentials of H g C l a n d H g B r ( 19.9 
± 0.6 a n d 19.0 ± 0.7 e.v., respectively. ) 

I n a study of negative ion format ion f rom these three compounds w e 
observed no H g X " i on at any electron energy, a l though the CI " , B r ' , a n d 
Γ ions were f o u n d to be formed b y dissociative resonance capture at 
2 - 4 e.v. N o negative ions were noted to be formed i n i o n p a i r processes. 

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

Relative 
Abundance Appearance Δ Η , (ion) 

Ion at 70 e.v. Potential (e.v.) Probable Process (kcal./mole) 

P C 1 3
+ 37.0 10.7 5 ± 0.2 P C 1 3 -> P C 1 3

+ 179 
P C 1 2

+ 100.0 12.3 ± 0.2 -> PCL>+ + CI 186 
PC1 + 19.0 16.8 ± 0.3 -> PC1 + + 2C1 261 
C l + 31.2 20.2 ± 0.5 - » C l + + PCI + CI ( 3 7 ) b 

P + 10.0 21.2 ± 0.5 - » P + + 3C1 333 

" Δ Η , ( P C l 3 ( g ) ) = - 68 .6 kcal./mole (208). 
*AH,(PCl<g>). 

P H O S P H O R U S T R I C H L O R I D E A N D T R I B R O M I D E . T h e energetic data g iven 
i n T a b l e X I I for phosphorus t r i ch lor ide are results reported b y Sandova l , 
Moser , a n d K i s e r (180). T h e heats of format ion for the posit ive ions 
have been recalculated us ing more recent thermochemica l data (208). 
B o t h the monoisotopic mass spectral c rack ing pattern a n d the energetic 
values are i n good agreement w i t h data reported subsequently b y H a l -
m a n n a n d K l e i n ( 56 ) . T h e mass spectrum reported here in , obta ined at 
70 e.v., is i n fa ir agreement w i t h that reported b y K u s c h , H u s t r u l i d , a n d 
Tate (104) us ing 120 e.v. i o n i z i n g energy. 

T h e monoisotopic mass spectrum, appearance potentials of the pos i 
t ive ions, a n d heats of format ion of the posit ive ions f r om phosphorus 
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t r ibromide are presented i n T a b l e X I I I . A comparison of Tables X I I 
a n d X I I I reveals a m a r k e d s imi lar i ty i n the mass spectral c rack ing pat 
terns of the ch lor ide a n d bromide compounds, a n d i n the processes for 
the format ion of these ions i n their threshold regions. 

It is to be noted that the probable processes assigned for the f o rma
t ion of the posit ive ions do not involve i on pa i r format ion processes. 
H a l m a n n a n d K l e i n (56) have suggested that P C 1 2

+ is f o rmed f r o m P C 1 3 

i n the react ion 

P X 3 - » P X 2
+ + Χ " (3) 

U s i n g the arguments out l ined above ( even though a metastable transi t ion 
was not observed) w e conclude that React ion 3 does not assume a signi f i 
cant rôle i n the fo rming of P X 2

+ ions f rom P C 1 3 a n d P B r 3 . A l t h o u g h a 
careful search for metastable transitions i n these compounds was made 
us ing b o t h the time-of- f l ight a n d the M S - 9 instruments, no "metastable 
peaks" were observed. T h e behavior of the P X 2

+ curve i n the clastograms 
indicates that P C 1 2

+ arises f rom P C 1 3
+ . These facts are compat ib le w i t h a 

"fast" metastable transit ion. 

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

Relative 
Abundance Appearance A H f (ion) 

Ion at 70 e.v. Potential (e.v.) Probable Process (kcal./mole) 

P B r 3
+ 60.0 10.0 ± 0.2 P B r 3 -> P B r 3

+ 197 
P B r 2

+ 100.0 11.4 ± 0.2 -> P B r 2
+ + Br 203 

P B r + 30.7 15.6 ± 0.3 -> P B r + + 2Br 273 
B r + — 17.1 ± 0.5 -> B r + + PBr + Br ( 3 3 ) h 

P + 19.0 20.1 ± 0.5 - » P + + 3Br 350 

• Δ Η , ( Ρ Β Γ 8 ( Β ) ) = -33.3 kcal./mole (208). 
" Δ Η , ( Ρ Β Γ ( Β > ) . 

T w o features w h i c h warrant attention concerning these phosphorus 
ha l ide systems i n contrast w i t h the meta l ha l ide systems discussed above 
concern doub ly - charged ions a n d negative ions. A s po inted out earlier, 
the meta l hal ides show a tendency to f o rm re lat ive ly intense d o u b l y -
charged ions, whereas only a few doubly - charged ions are observed i n 
phosphorus t r i ch lor ide a n d t r ibromide a n d they are of a m u c h lower 
intensity. T h e re lat ive intensities o f the X " ions ( the o n l y negative ions 
observed ) f ormed b y both dissociative resonance capture a n d b y i o n pa i r 
format ion , are m u c h greater i n the phosphorus halides than i n the meta l 
hal ides . T h e phosphorus hal ides are s imi lar to the meta l hal ides i n one 
important respect: they a l l have as their base peak the (parent -ha logen ) + 

i on . 
P H O S P H O R Y L C H L O R I D E A N D T H I O P H O S P H O R Y L F L U O R I D E . H a l m a n n 

a n d K l e i n (56) have reported mass spectral data for P O C l 3 . T h e data 
reported i n this w o r k ( T a b l e X I V ) differs i n several important respects 
f r om the studies of the earl ier investigations. 
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Table X I V . Appearance Potentials and Heats of Formation for Positive 
Ions Produced from Phosphorus Oxytrichloride" 

Relative 
Abundance Appearance A H f (ion) 

Ion at 70 e.v. Potential (e.v.) Probable Process (kcal./mole) 

P O C l 3
+ 44.2 11.4 ± 0.3 P O C l 3 - » P O C l 3

+ 129 
P O C l 2

+ 100.0 12.8 ± 0.3 - » P O C l 2
+ + C l 133 

P O C l + 4.1 15.6 ± 0.3 - » P O C l + + 2C1 168 
PC1 + 6.9 20.2 ± 0.4 - * P C I + + O + < X 273 
P O + 37.3 16.6 ± 0.4 -> P O + + 3C1 162 
P + 12.6 28.1 ± 0.5 -> P + + Ο + 3C1 369 
C l + 23.7 -> C l + + ? 

" A H r ( P O C l 3 ( g ) ) = -133.48 kcal./mole (208). 

T h e mass spectral c rack ing patterns f rom the two investigations are 
i n fa ir agreement, w i t h the exception of the data for three ions. H a l m a n n 
a n d K l e i n have reported a 3 % abundance of the P C 1 3

+ i on a n d 8% 
abundance of the P C 1 2

+ ion . W e observed no P C 1 3
+ a n d on ly a very smal l 

P C 1 2
+ i on intensity. W e d i d find the P O C l + i on ( w i t h about 4 % relat ive 

abundance ) a n d were able to obta in energetic data for this i o n ; H a l m a n n 
a n d K l e i n d i d not report the presence of this i on i n the ir investigations 
of POCI3. It is be l ieved that their sample contained some amount of P C 1 3 

as i m p u r i t y , as ev idenced also f rom the l o w appearance potentials re 
ported for the P C l a * a n d P C 1 2

+ ions. 
A l t h o u g h these few discrepancies i n the mass spectrum of P O C l 3 

exist, the more important disagreement between the two studies concerns 
the energetic data. W e reca l l f rom the inorganic ha l ide results discussed 
above that an increase of approx imate ly 1.5 to 2.0 e.v. occurs for the 
lowest appearance potent ia l above the ion izat ion potent ia l i f any signif i 
cant amount of the parent-molecule ion is observed. I n T a b l e X I V w e 
show that this holds true as w e l l for P O C l 3 . T h e results do not agree w i t h 
those obta ined b y H a l m a n n a n d K l e i n (56) where on ly a 0.2 e.v. dif fer
ence i n the ion izat ion potent ia l a n d the lowest appearance potent ia l was 
reported. If the appearance potent ia l of the P O C l 2

+ i on , reported to be 
13.3 e.v., is accepted, then the ion izat ion potent ia l of P O C l 3 is expected 
to be / — 11.5 e.v., i n agreement w i t h our results. 

F r o m pre l iminary studies of P O F 3 a n d P O B r 3 i n this laboratory, w e 
find the ion izat ion potentials of these molecules to be 13.4 e.v. a n d 10.46 
e.v., respectively. T h e ion izat ion potent ia l of P O C l 3 is expected to be 
intermediate between these t w o values, aga in substantiat ing a n ion izat ion 
potent ia l of P O C l 3 d is t inct ly l ower than 13 e.v. 

T h e value of the appearance potent ia l of P C 1 + obta ined b y H a l m a n n 
a n d K l e i n is m u c h l ower than the value w e report i n T a b l e X I V . T h i s is 
to be expected i f they have P C I 3 contaminat ing their P O C l 3 sample. I n 
fact, the appearance potent ia l of P C 1 + f rom P C 1 3 a n d f rom P O C l 3 reported 
b y H a l m a n n a n d K l e i n agree. W e conclude, therefore, that m a n y of the 
processes assigned b y H a l m a n n a n d K l e i n are i n error. 

T h e posit ive i on clastogram for P O C l 3 is shown i n F i g u r e 6. It is 
interest ing to note that the consecutive unimolecu lar decomposit ion reac-
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tions w h i c h appear to be the major decomposit ion paths i n the meta l and 
phosphorus ha l ide systems no longer are the on ly pathways occurr ing i n 
POCÎ3. A decomposit ion scheme w h i c h includes bo th consecutive a n d 
compet i t ive modes of decomposit ion is more probable . T h e clastogram 
a n d energetic data suggest the f o l l owing decomposit ion scheme: 

1.4 e.v. 2.8 e.v. 4.6 e.v. 7.9 e.v. 
P O C V - » P O C L + -> P O C I + -> PC1 + -> P + 

I 3.8 e.v. 
P O + 

A l t h o u g h a search was made for metastable transitions i n POCI3, none 
were identi f ied. Thus , the c lastogram informat ion is of part i cu lar i m p o r 
tance to this study. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

96
8 

| d
oi

: 1
0.

10
21

/b
a-

19
68

-0
07

2.
ch

01
2

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



12. KISER E T A L . Inorganic Halides 173 

T h e f o l l ow ing negative ions were observed f r om P O C l 8 : P O C l 2 ~ , 
P O C I " , P C I " , P O " , a n d CI" . E x c e p t for the P O " i on , H a l m a n n a n d K l e i n 
(56) observed these same ions a n d PC1 3 ~, PC1 2 ~, a n d O " i n add i t i on to 
those w e report. F i g u r e 7 is a negative i on c lastogram of P O C l 3 . O n e 
m a y observe that this negative i on clastogram, the first such treatment 
of negative i o n spectra as a funct ion of the electron energy, is bas ica l ly 
different f rom the posit ive i on clastograms discussed above. T h e i on 
intensities vary i n a manner u n l i k e the posit ive i on analogs because of 
the two different types of i on izat ion processes w h i c h occur w i t h negative 
ions; namely , resonance processes a n d ion pa i r formation. Abso lute ener
getic data were not obtained for these ions because of the difficulties 
encountered i n the ca l ibrat ion of the energy axis. I t is not possible to 
assign a u n i q u e decomposit ion mechanism of the negative ions f r o m 
F i g u r e 7. 

Figure 7. Logarithmic Clastogram of Negative Ions from 
Phosphoryl Chloride 

Simi lar to the other hal ides discussed i n this work , the (parent -minus 
one halogen ) + i on is a very intense ion i n the mass spectrum of P O C l 3 . 
I n contrast to POCI3 a n d m a n y of the other hal ides, th iophosphory l 
fluoride, exhibits a large parent ion (see T a b l e X V ) . M o r e unusual is the 
observation that the S + i on is the second most intense i on i n the mass 
spectrum. T h e ion izat ion potent ia l of P S F 3 is qui te l o w suggesting the 
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Table X V . Appearance Potentials and Heats of Formation for Positive 
Ions Produced from Thiophosphoryl Fluoride 0 

Relative 
Abundance Appearance A H f (ion) 

Ion at 70 e.v. Potential (e.v.) Probable Process (kcal./mole) 

P S F 3
+ 100.0 11.1 ± 0 . 3 P S F 3 - > P S F 3

+ 2 
P S F . / 27.1 16.0 ± 0.2 - » P S F 2

+ + F 96 
P F 3

+ 6.9 14.3 ± 0.2 - » P F 3
+ + S" 58 

P F o + 26.0 17.2 ± 0.3 - » PF„ + + F + S" 106 
P F + 6.8 22.9 ± 0.4 - » P F + + F 2 + S 207 
P S + 2.4 19.2 ± 0.5 - » P S + + 2 F + F~ 216 
F + trace 
S + 73.5 

" A H / ( P S F 3 ( g ) ) = - 2 5 4 kcal./mole (196). 

remova l of a n electron f rom a n orb i ta l on the phosphorus or sul fur rather 
than the halogen atoms. 

W e have h a d to treat the P S F 3 , shown i n T a b l e X V , i n a manner 
different f r o m the preceeding compounds ; i on pa i r formations have been 
w r i t t e n for three of the processes assigned. F " was observed f r o m P S F 3 

at h igher e lectron energies. AHf(FS+) = 216 k c a l . / m o l e agrees w i t h 
values of 209 a n d 240 k c a l . / m o l e determined f rom P S C 1 3 a n d P S B r 3 b y 
W a d a (207). N o S" i on was observed at any electron energy i n our 
studies; however , i t is postulated i n T a b l e X V to give agreement of 
A H / ( P F 8

+ ) = 58 k c a l . / m o l e w i t h values of 78 k c a l . / m o l e f r om W a d a ' s 
P F 5 s tudy (202), a n d a n u n p u b l i s h e d va lue of 40 k c a l . / m o l e f r o m P F 3 . 
I f the process y i e lded S rather than S", the ca lculated A i / , ( P F 3

+ ) w o u l d 
be m u c h lower (—9 k c a l . / m o l e ) . S imi lar reasoning was used i n m a k i n g 
the assignment for the P F 2

+ i on i n T a b l e X V . 
I n an effort to attempt to observe T a S C l / , where η = 0 to 3, 

T a C l 5 * S ( C 2 H 5 ) 2 was prepared a n d studied. Fa i rbro ther a n d N i x o n 
(38) report that this c o m p o u n d withstands decomposit ion at reduced 
pressure a n d elevated temperatures. U p o n introduct ion of this mater ia l 
to the mass spectrometer i on source, fragmentation d i d occur; however , 
on ly fragment ions ind icat ive of T a C l 5 a n d S ( C 2 H 5 ) 2 were observed. 
T h e S ( C 2 H 5 ) 2 f ragmentation pattern agreed w i t h the k n o w n mass spec
t r u m of d i e t h y l sulfide, a n d the T a C l 5 pattern was ident i ca l to that ob 
served for T a C l 5 (see above d iscuss ion) . T h e clastogram a n d appearance 
potentials determined conf irmed that w e were observing only the decom
posi t ion products of T a C l 5 · S ( C 2 H 5 ) 2 a n d that T a S C l 3 was not f ormed 
i n the decomposit ion. Therefore , a comparison of this system to other 
M Y X 3 compounds was not possible. 

Conclusions 

I n the meta l hal ides , a significant contr ibut ion of the halogen orbitals 
to the highest molecu lar orb i ta l is deduced f rom the values of the i o n i z a 
t i on potentials of these compounds. C o m m o n l y , the most intense i on 
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observed i n the 70 e.v. mass spectrum is the (parent minus one halogen) + 

i on , a l though several of the meta l halides have the ( parent ) + i on as the 
base peak. Ion pa i r processes are found general ly not to p lay a significant 
rôle i n the formation of posit ive ions. M a n y of the fragmentation mecha 
nisms, as suggested f rom the clastograms and energetic data, m a y be 
descr ibed b y consecutive unimolecu lar decompositions of the parent i on . 

A l t h o u g h a large number of studies of inorganic ha l ide systems have 
been made, m a n y more investigations are requ i red before detai led gen
eralizations of the fragmentation pathways a n d predict ions of the ener
getics can be made, a n d these compounds constitute only a smal l f ract ion 
of inorganic chemistry. Studies of the meta l carbony l , various meta l 
a lkyls , a n d sandwich compounds (45) have been reported. C u r r e n t l y , 
studies of W e r n e r complexes such as the metal acetylacetonates ( a n d 
substituted acetylacetonates) (198) , glyoximates ( 96 ) , a n d 8-quino-
linolates are underway . W h a t is requ i red to a i d i n understanding the 
react ion of gaseous inorganic ions ( a n d the effects of the var ia t ion o f the 
meta l atoms i n s imi lar compounds) is a large effort i n s tudy ing m a n y 
systems mass spectrometrical ly . T h e techniques a n d instrumentat ion are 
n o w avai lable to permit these investigations w h i c h should be of part i cu lar 
va lue i n inorganic chemistry ; it w o u l d indeed be w o r t h w h i l e to attempt 
to obta in rout ine ly at least the mass spectrum of each new inorganic 
c o m p o u n d 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. 

A s the source of a mass spectrometer operates at e levated temperatures, 
the mass spectrometry— i .e . , re lat ive abundances a n d appearance 

potentials of the p r i n c i p a l ions p r o d u c e d b y electron i m p a c t — o f thermal ly 
unstable substances can be obscured b y decomposit ion occurr ing i n the 
i on source. D iphosph ine -4 is a c o m p o u n d that decomposes r a p i d l y at 
room temperature. I n order to obta in unambiguous in format ion , some 
method of col l ision-free sampl ing must be used ( 5 ) . T h e results are 
interest ing since i t appears that the mass spectrometry of pure d iphos 
phine-4 has not been prev ious ly observed. 

Experimental 

T h e mass spectrometer a n d sampl ing system used here are bas i ca l ly 
s imi lar to instruments prev ious ly descr ibed (4, 5, 16), a n d only a br ie f 
character izat ion is g iven be low. 

T h e sampl ing system is i l lustrated i n F i g u r e 1. T h e gas or mixture 
of gases to be examined flows f rom a c o l d reservoir through the center 
tube of the quar tz flow reactor, whose temperature m a y be v a r i e d f r o m 
r o o m temperature to about 800°K. T h e center port ion of the efflux of 
the reactor is sampled b y means of a c i r cu lar orifice l ead ing into a 
separately p u m p e d chamber . T h e pressure on the h i g h side of the leak 
is kept be l ow the value where the mean free p a t h is comparable to the 
orifice dimensions. T h e b e a m is co l l imated a n d then i o n i z e d i n a sepa
rate ly p u m p e d mass spectrometer chamber . T h e total b e a m length is 
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3.1 c m . T o introduce d i s c r iminat ion against b a c k g r o u n d a n d other source 
effects, the neutra l beam is modu la ted i n the second chamber at 590 c.p.s., 
us ing a v i b r a t i n g reed d r i v e n b y an audio oscil lator. T h e total output of 
the mass spectrometer, w h i c h is a n o r m a l c irc le , 90 ° , 8.75 c m . radius of 
curvature , magnet i c sector mach ine h a v i n g a quadrupo le i o n lens, a n d 
us ing electron m u l t i p l i e r detect ion, is f ed into a n a r r o w - b a n d ampli f ier 
l o cked - in to the f requency a n d phase of the chopper . B y e m p l o y i n g a 
m o d u l a t e d b e a m system, any u n m o d u l a t e d signals ar is ing f r o m back
g r o u n d gas, res idua l beam molecules (molecules w h i c h enter the source 
as b e a m molecules a n d are i on i zed after be ing scattered a n d before 
b e i n g p u m p e d a w a y ) pyrolysis products , etc. are e l iminated a l though 
they s t i l l compete w i t h the m o d u l a t e d s ignal as noise. 

Shutter 

Pump 

4 0 l /« 

Pump 

115 l / s 

Pump 

50 •/sec 

Figure 1. Schematic drawing of sampling system 

There are three other effects w h i c h can result i n signals coherent 
w i t h the beam s ignal (4). L a r g e pressure fluctuations i n the source can 
have substantial components at the c h o p p i n g frequency. These are m i n i 
m i z e d b y us ing a di f ferential ly p u m p e d beam co l l imat ion system. H o w 
ever, w i t h the di f ferential ly p u m p e d system there is a net flow between 
the different chambers. Part of this flow w i l l co inc ide w i t h the beam, 
w i l l be chopped , a n d w i l l be indist inguishable f rom the beam. A solenoid-
operated shutter, w h i c h blocks the b e a m but does not affect the flow, 
al lows this extraneous s ignal to be determined. W i t h ni trogen as a test 
gas this s ignal was only 3 % of the total modu la ted s ignal i n this a p p a 
ratus. F i n a l l y , w h e n the neutra l beam is in t roduced into the i on izat ion 
chamber , a density of res idual molecules is bu i l t u p o w i n g to the finite 
p u m p i n g speed at the source exits. I n the present apparatus the density 
of these res idua l molecules is about 0.1 times the density of b e a m mole 
cules at the steady state for nitrogen gas even though a rather open 
source construct ion was employed . W h e n the b e a m is modulated , there 
is a tendency for the res idual gas density to f o l l ow the beam density 
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changes. T h i s effect is not important p r o v i d e d the modula t i on per i od is 
short w i t h respect to the t ime constant of the v a c u u m system (4, 5). 
H e r e a m odu l a t i on per i od of 1.7 msec, a n d a v a c u u m t ime constant of 
50 msec, gave an inphase component of the total pressure var iat ion of 
3 Χ 10" 5 . 

W i t h this system the i on s ignal observed is a t tr ibuted to gas in tro 
d u c e d into the source i n an essentially col l ision-free manner. T h i s con
trasts w i t h convent ional sampl ing where gas is s imp ly leaked into the 
source a n d suffers m a n y coll isions w i t h the hot wal ls of the source before 
be ing i on i zed or p u m p e d away. 

Appearance 'Potentials 

Appearance potentials of the parent ions of phosphine a n d d iphos 
phine-4 were determined using a m o d e l 12-107 B e n d i x t ime-of- f l ight mass 
spectrometer, w h i c h was previously modi f ied for re tard ing potent ia l d i f 
ference (RPD) appearance potent ia l measurements (6, 10). X e n o n a n d 
k r y p t o n were used as ca l ibra t ing gases, a n d the ion izat ion potentials, 
de termined for bo th the protonated a n d deuterated molecules, were i d e n 
t i c a l w i t h i n experimental error. Results b y the RPD method can be 
compared w i t h those obta ined b y photo ionizat ion since a value of 
10.18 e. v. was obta ined here for the i on izat ion potent ia l of N H 3 ; this is 
i n good agreement w i t h the photo ionizat ion va lue of 10.154 e. v. ( 1 8 ) . 

Appearance potentials of the fragment ions were determined on the 
mass spectrometer us ing molecular beam sampl ing us ing a semilog tech
n i q u e ( 5 ) . T h e parent i on was used to cal ibrate the voltage scale. T h e 
P H / ions f r om P 2 H 4 were an exception to this since the van ish ing current 
method (8 ) was used because of the l ow intensity of these ions a n d the 
presence of smal l P H 3 impuri t ies . T h e stated error i n the appearance 
potentials is an estimate based on the prec is ion of each measurement, 
the n u m b e r of determinations, a n d the method used to determine the 
value . 

I n order to calculate the ionic heats of formation, the process for 
f o r m i n g the i on must be k n o w n . D e t e r m i n i n g the correct process is not 
easy; however , appearance potentials can general ly be est imated, a n d the 
most probable process can be chosen b y comparison w i t h the exper i 
menta l values. B y assuming that the appearance potent ia l measured 
refers to the i on formed i n its g round state w i t h no excess energy, the 
heat of format ion can be ca lcu lated ( 9 ) . 

Phosphine 

Phosphine was prepared as descr ibed prev ious ly ( 1 ). T h e results of 
this s tudy along w i t h those of the previous studies (3 , 11, 13,15,17) are 
g iven i n T a b l e I . A ( P + / P H 3 ) — i . e . , the appearance potent ia l of P + 
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Table I. Relative Abundances and Appearance Potentials of the 

Refotive abundance 

Phosphine 

Diphosphine-2 

Diphosphine-4 

"See (17). 
b See (14). 
cSee (15). 
dSee (11). 

This work 
m/e (50 e. υ.) Others (70 e. V.) 

34 61 75 .2 e 85.0* 68.0 e 

33 30 21 .8 α 27.6 * 25.4 e 

32 100 100.0 e 100.0* 100.0 e 

31 35 2 4 . 1 e 26.4 d 40.2 e 

64 70 
63 60 
62 100 

66 100 100 α 100 b 

65 8 12 e 16» 
64 52 68 e 6 9 6 

63 46 59 e 6 7 b 

62 60 77 e 1190* 
34 1 m a x / 70 e (5)b 

33 3 ' 28" ev 
32 8 ' 134" 2b 

31 8' 8 8 a 14 6 

f r om P H 3 , is somewhat d o u b t f u l since the i on efficiency curve exhib i ted 
considerable t a i l i n g . 

F o r this molecule the spectrum obta ined on the machine w i t h 
col l ision-free sampl ing was nearly ident i ca l to that obta ined w i t h con
vent iona l sampl ing . W i t h i n exper imental error, two of the ion izat ion 
potentials prev ious ly measured (11, 17) agree w i t h the RPD va lue 
reported here. 

F r o m A ( P H 2
+ / P H 3 ) a n d the ion izat ion potent ia l of P H 3 one notes 

that D ( H 2 P — H ) = 3.2 e. v. i n the P H 3
+ ion. B y assuming that the 

average P H b o n d energy, Ε ( Ρ — Η ) , i n the ions is 3.2 e. v., appearance 
potentials of the fragment ions can be estimated for various processes. 
T h e results g iven i n T a b l e I I for the most probable process are consistent 
w i t h the measured appearance potentials. F o r P + an alternative va lue of 
15.9 is obta ined us ing an ion izat ion potent ia l of Ρ = 10.5 e. v. (8) a n d a 
P H b o n d energy i n P H 3 of 77 k c a l . / m o l e ( 7 ) . 

W i t h the heat format ion of P H 3 taken to be 1.3 k c a l . / m o l e ( 7 ) , the 
ion ic heats of format ion g iven i n T a b l e I I are ca lcu lated f r om 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 e 10.0 d 11.5* 10.4 ' 
13.2 ± 0.2 13.2 a 13.9 d 14.4 € 14.0 ' 
12.6 ± 0.2 13.3 a 12.0* 12.4 e 13 .1 ' 
15.9 (?) 17 .2 e 16.7 d 16.5 e 16.0 1 

10.2 ± 0.2 
13.3 ± 0.4 
11.9 ± 0.4 

9.17 ± 0.05 8.7 ± 0 .3 a 10.6» 
12.2 ± 0.2 9 .1 a 11.3» 
11.1 ± 0.2 10.5" 12.7» 
14.6 ± 0.3 13.2° 13.6» 
13.2 ± 0.2 12.2 e 13.7» 

— (10 .1 ) a 

15.3 ± 0.5 (13 .2 ) a 12 .5 e 

17.4 ± 0.5 (13 .4 ) a 

19.4 ± 0.5 (17 .3 ) a 16.7» 

'See (13). 
fSee (14). 
9 Uncorrected for multiplier discrimination. 

Diphosphine-2 

P 2 H 2 was or ig ina l ly prepared b y p y r o l y z i n g P 2 H 4 i n the flow reactor 
shown i n F i g u r e 1 ( 2 ) . L a t e r i t was f o u n d that the steady-state concen
trat ion of P 2 H 2 f o rmed f rom P 2 H 4 at r oom temperature a n d l o w pressures 
us ing a near ly static system was sufficient to study this molecule . P 2 H 2 

has not been isolated i n a pure state, a n d consequently its mass spec
trometry is incomplete . 

T h e results on this molecule are g iven i n T a b l e I . T h e re lat ive 
abundances for P 2 H 2 g iven here are somewhat different f r o m the a p 
proximate values reported prev ious ly ( 2 ) . T h e former were obta ined b y 
subtract ing the room temperature spectrum of pure P 2 H 4 f r o m the room 
temperature spectrum of a mixture of P 2 H 4 a n d P 2 H 2 , w h i l e the latter 
were obta ined b y subtract ing the room temperature spectrum f r o m a 
h i g h temperature spectrum of the mixture . A smal l temperature effect i n 
the spectrum of P 2 H 4 c o u l d easily account for the difference observed, 
a n d the values reported here are the better values. 

T h e i on izat ion potent ia l of P 2 H 2 was de termined us ing the semi- log 
technique a n d is less certain than the other i on iza t i on potentials. W h e n 
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Table I I . Calculated Appearance Potentials and Heats of Formation 

Ion Process 

Phosphine P H 3
+ P H 3 -> P H 3

+ 

P H 2
+ P H 3 -> P H 2

+ + H 
P H + P H 3 - » P H + + H 2 

P + P H 3 -> P + + H 2 + H 

Diphosphine-2 P.,Ho+ P 2 H 2 - » P 2 H 2
+ 

ΡΓ,Η7 P 2 H 2 -> P , H + + Η 
P 2

+ P 2 H 2 -> P 2
+ + H 2 

Diphosphine-4 Ρ.,Η/ P 2 H 4 - » P.>H4
+ 

P 2 H 3
+ P 2 H 4 - * P 2 H / + Η 

P 2 Ho + P * H 4 - » P , H . / + H 2 

P 9 H + P 2 H 4 -> P 2 H + + H 2 + Η 
P 2

+ P 2 H 4 - » P 2
+ + 2 H 2 

P H . / (a) PoH 4 P H / + P H 2 

(b) ~> P H / + Ρ + H 2 

(c) -> P H / + PH + Η 
P H + (a) P.>H4 ~> P H + + P H 3 

(b) -> P H + + P H + H., 
(c) P H + 4- P H 2 + Η 
(d) - » P H + + Ρ + H 2 + Η 

P + (a) P , H 4 -> P* + P H 2 + H 2 

(b) - » P + + P H 3 + Η 
(c) -> P + + Ρ + H 2 + H 2 

(d) - » P + + PH + Ho + Η 

Ε ( Ρ — Η ) = 3.2 e. v. is used for the ions, the est imated appearance 
potentials are consistent w i t h the measured values for the chosen proc 
esses. T h e heats of format ion of the ions for these processes are g iven 
i n T a b l e II i n terms of the heat of format ion of P 2 H 2 . 

Diphosphine-4 

P 2 H 4 was prepared as previous ly descr ibed (I) . T h e results of this 
s tudy along w i t h those of the other two studies (14, 17) are g iven i n 
T a b l e I. T h e relat ive intensity of P H 3

+ f r om P 2 H 4 is a m a x i m u m va lue 
as the appearance potent ia l measurement for this i on showed the presence 
of a smal l P H 3 i m p u r i t y . N o good value for A ( P H 3

+ / P 2 H 4 ) c o u l d be 
obtained. A comparison of the fragmentation pattern obta ined w i t h 
col l ision-free sampl ing a n d those reported previously for convent ional 
s a m p l i n g shows c lear ly that decomposit ion occurs i n the spectrometer 
source. 

T h e ion izat ion potent ia l reported here does not agree w e l l w i t h 
either of the previous values (14, 17). A tentative explanat ion m a y be 
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13. F E H L N E R A N D C A L L E N Phosphorus Hydrides 187 

of Ions from Phosphine, Diphosphine-2, and Diphosphine-4 

Calculated appearance AHf
+ 

potential e. v. kcal./mole 

233 
254 
291 
316 

235 + Δ Η , ( P 2 H 2 ) 
13.4 254 + A H f ( P 2 H 2 ) 
12.1 274 + Δ Η £ ( P 2 H 2 ) 

216 
12.4 234 
11.1 261 
14.3 289 
13.0 309 
12.0 
14.1 
15.2 
12.4 
14.6 
15.8 
17.8 
14.6 
15.8 
16.8 
18.0 

put for th on the basis of the shape of the ion izat ion efficiency curve. 
F r o m F i g u r e 2 one sees that the i o n efficiency curve for d iphosphine-4 
w i l l exhibi t considerably more " t a i l i n g " than the rare gas curve. A close 
look at the methods (8 ) shows that the l inear extrapolat ion technique 
w i l l y i e l d a h i g h ionizat ion potent ia l , and the energy compensation tech 
n ique w i l l g ive a l o w value. Saal fe ld a n d Svec used the former m e t h o d 
a n d obta ined a h i g h ion izat ion potent ia l , w h i l e W a d a a n d K i s e r used the 
latter a n d obta ined a l o w result. 

O n c e again us ing E ( P — H ) = 3.2 e. v. for the ions, the estimated a p 
pearance potentials for the P 2 H / ions are consistent w i t h the chosen proc 
esses a n d the measured values. T a k i n g the heat of format ion of P 2 H 4 to be 
5.0 k c a l . / m o l e (7 ) the ionic heats of f ormat ion are ca lculated . C o m b i n 
ing the values for P 2 H 4 a n d P 2 H 2 y ie lds the heat of f ormat ion of P 2 H 2 , 
the best value be ing 26 ± 8 k c a l . / m o l e . 

T h e A ( P H / / P 2 H 4 ) values are rather uncerta in . Since these values 
have been previous ly used to der ive b o n d energies ( 1 5 ) , it is of interest 
to estimate the appearance potentials of the various processes. T h i s c a n 
be done us ing the heats of format ion of the P H . / ions f rom Tablé I I , the 

13.2 
12.0 
15.2,15.9 
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heats of f ormat ion of H a n d Ρ (12), a n d b y assuming D ( H 2 P — H ) = 
D ( P — Η ) — E ( P — H ) — 77 k c a l . / m o l e ( 7 ) . T h e results g iven i n 
T a b l e I I show that the measured appearance potentials are not consistent 
w i t h the lowest energy processes. I n part i cu lar , it appears that P H 2

+ is 
f o rmed b y process c w i t h no excess energy or b y process b w i t h 1.2 e. v. 
excess energy rather than b y process a as previous ly assumed (15 ) . 

T h e substantial disagreement between the results of this study a n d 
the previous studies can be expla ined i n terms of decomposi t ion of P 2 H 4 

i n the mass spectrometer source. C o m p a r i n g fragmentation patterns 
shows that produc t i on of P H S explains the difference between Α ( Ρ Η / / 
P 2 H 4 ) values reported b y W a d a and K i s e r and the values reported here. 
It also probab ly accounts for the l o w values of Saal fe ld a n d Svec. 

T h e disagreement for P 2 H . / ions is not as easily explained. T a b l e I 
shows that there is a dist inct s imi lar i ty i n W a d a a n d Kiser 's values for 
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13. F E H L N E R A N D C A L L E N PhosphofUS Hydrides 189 

A ( P 2 H 2 7 P 2 H 4 ) , A ( P 2 H 7 P 2 H 4 ) , a n d A ( P 2
+ / P 2 H 4 ) , a n d the values for 

the same ions f rom P2H 2 de termined here. T h i s was an ind i ca t i on that i n 
a d d i t i o n to P H 3 , P 2 H 2 was f o rmed i n the source. 

T o test this, the f o l l o w i n g experiment was carr ied out. T h e appear
ance potentials of ions f rom P 2 H 4 were measured us ing the energy c o m 
pensation technique ( the method of W a d a a n d K i s e r ) a n d us ing the 
modu la ted molecu lar b e a m sampl ing system. T h e mass spectrometer was 
then swi t ched over to operat ion i n the u n m o d u l a t e d mode w i t h the 
shutter c losed to approximate the operat ing condit ions of W a d a a n d 
Kiser . T h e appearance potentials were determined b o t h b y the energy 
compensation a n d the vanish ing current techniques. T h e results are 
g iven i n T a b l e I I I . 

Table III. Appearance Potentials of Ions from Diphosphine-4 for 
Beam and Conventional Sampling 

Modulated Unmodulated 

Ion 
Beam 
e. c.a e. c.a v. c.b 

Ref. 17 
e. c.a 

P 2 H 3
+ 

P 2 H 2
+ 

P 2 H + 

12.4 ± 0.3 
11.1 
14.6 
13.2 

12.0 ± 0.3 
10.8 
13.7 
12.2 

11.8 ± 0.3 
10.2 
13.6 
11.8 

9.1 ± 0.3 
10.5 
13.2 
12.2 

. refers to 

. refers to 
energy compensation technique, 
vanishing current technique. 

W i t h i n exper imental error the values % determined b y the energy 
compensat ion technique i n the m o d u l a t e d case agree w i t h those i n T a b l e I 
l i s ted under this work . I n the u n m o d u l a t e d case the measured appear
ance potentials of P 2 H 2

+ , Ρ2ΓΓ, a n d P 2
+ are ident i ca l to those of P 2 H 2 . I t 

m a y be conc luded then that P 2 H 2 was present i n W a d a a n d K i s e r s 
source, a n d the best values for the appearance potentials of these ions 
f r om P2H4 are those reported i n T a b l e I for this research. 

T h e last experiment also shows that the appearance potent ia l of 
P 2 H 3

+ is the same i n bo th the modu la ted a n d u n m o d u l a t e d cases, a n d 
the l o w value reported b y W a d a a n d K i s e r is not confirmed. It is possible 
that the P 2 H 3 , w h i c h they suggest is present i n their source, was p r o d u c e d 
b y a surface react ion on the wal l s or filament a n d consequently depends 
rather specif ically on the source condit ions. I t m a y be noted that the 
pressure i n the source used here was 2 X 10" 7 torr d u r i n g operat ion 
w h i c h is p r o b a b l y a factor of 10 less t h a n the pressure i n W a d a a n d 
K i s e r s source. A l s o the s imulated convent ional spectrum obta ined i n 
this experiment shows less P H 3 than does the spectrum of W a d a a n d 
Kiser . 

F i n a l l y , i t is not complete ly clear w h y the appearance potentials 
reported b y Saal fe ld a n d Svec (14,15) differ f r o m b o t h those g iven here 
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a n d f r o m those of W a d a a n d Kiser . O n e notes that w i t h one exception 
the differences i n A ( P 2 H x

+ ) - A ( P 2 H 4
+ ) reported b y Saal fe ld a n d Svec are 

the same w i t h i n experimental error to those reported b y W a d a a n d Kiser . 
I f one makes the ad hoc assumption that the former's voltage scale c a l i 
b ra t i on was i n error o w i n g to the use of the l inear extrapolat ion method , 
then they too were p r o b a b l y observ ing a mixture of pyrolys is products . 
T h e magni tude of the P 2

+ i o n intensity suggests that i n this case P 4 was 
one of the products . 
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14 
Analysis of Boranes and Carboranes by 
Mass Spectrometry 

J . F . D I T T E R , F . J A M E S G E R H A R T , and R O B E R T 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 
13C-containing ion that appears above the normal cut-off 
peak, as illustrated for C4Β6Η12, the dimethyl derivative 
of C 2 Β 6 Η 8 . 

Various i on groups i n the mass spectral patterns of boron hydr ides 
(na tura l abundance of n B / 1 0 B = 4.0) have character ist ical ly broad , 

r o u n d e d profiles that general ly a l l ow easy identi f icat ion i n chemica l m i x 
tures (24). I n each i on group the boron isotopes are essentially d is 
t r i bu ted i n a statist ical manner , and , as a consequence, the greater the 
n u m b e r of borons i n a par t i cu lar i on group, the farther removed w i l l be 
the peak of m a x i m u m intensity f rom the top mass number . A n even more 
inf luent ia l factor i n de termin ing the point of m a x i m u m intensity , h o w 
ever, is the ease of abstraction of hydrogen atoms, a n d i n boranes this 
abstract ion occurs re lat ive ly easily. W i t h o u t exception, at n o r m a l i o n i z i n g 
voltages, the i o n of highest intensity has fewer hydrogens than the parent 
molecule . Fur thermore , these same spectral characteristics are carr ied 
over to a l k y l derivatives of the boranes. 

191 
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Figure 1. Molecular configurations of typical boron hydrides 

O n the other h a n d , for the stable closed-cage cZoso-carboranes the 
fragmentat ion patterns are representative of m i n i m a l hydrogen abstrac
t ion . ( T h e terms closo- a n d nido-, per ta in ing to carboranes, were adopted 
at the latest meet ing of the B o r o n Nomenc la ture Commit tee , A m e r i c a n 
C h e m i c a l Society M e e t i n g , N e w Y o r k C i t y , September 12-16, 1966. ) T h e 
spectral patterns d isp lay sharp cut-oflEs at the highest mass numbers , a n d 
the highest intensity peak almost invar iab ly is that of the parent i o n ; i n 
a f e w cases the i on w i t h one or two hydrogens abstracted is of s l ight ly 
h igher intensity than the parent ion. T h e second, t h i r d , etc. generations 
of ions ( those w i t h one, two , etc. boron a n d / o r carbon atoms abstracted ) 
have intensities that are only smal l percentages of their parent group 
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14. D i T T E R E T A L . Boraties and Carboranes 193 

intensities. As w i t h boranes, these characteristics are reflected i n the 
re lated a lky la ted cZoso-carboranes, and once again the over -a l l profile 
serves as a ready " f ingerpr int" for qu i ck identi f ication. Because of the 

Figure 2. Molecular configurations of typical closo-carboranes 
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resistance to hydrogen abstraction, cZoso-carborane spectra resemble, 
somewhat, the spectrum of e lemental boron. 

Nido-carboranes , w h i c h have open molecular structures a n d w h i c h 
general ly contain hydrogen br idge bond ing , resemble boranes more than 
they resemble cZoso-carboranes i n their fragmentat ion patterns. A t least 
this is the case w i t h the f ew nido-carboranes that have been synthesized 
a n d ana lyzed mass spectral ly . 

I n the f o l l o w i n g discussion the s tructural configurations of boranes 
w i l l be compared w i t h the two classes of carboranes, a n d structural d i f 
ferences w i l l then be re lated i n a general w a y to mass spectral f ragmen
tation patterns. T h e mass spectra of a l l cZoso-carboranes a n d derivatives 
a n d the spectrum of the m e t h y l der ivat ive of the rado-carborane, C B r > H 9 , 
were obta ined w i t h a P e r k i n - E l m e r H i t a c h i R M U - 6 D spectrometer (80 
volts i o n i z i n g potent ia l ) located at W e s t Coast T e c h n i c a l Service, San 
G a b r i e l , C a l i f . T h e r e m a i n i n g spectra were obta ined w i t h a Conso l idated 
M o d e l 21-620 spectrometer. A l t h o u g h there are some dissimilarit ies i n 
fragmentat ion patterns w i t h different instruments a n d w i t h different 
voltages, the over -a l l mass spectral p ro f i l e s—which are our m a i n interest 
here—do not change apprec iably . I n several instances, as ind i ca ted , the 
exact isomeric structures of some of the cZoso-carboranes were u n k n o w n , 
but i t is h i g h l y doubt fu l whether isomeric differences c o u l d effect any 
gross changes i n spectral patterns. 

Borane Structures 

M o l e c u l a r structures of some t y p i c a l boron hydr ides are shown i n 
F i g u r e 1. Those h a v i n g the more condensed structures ( B r , H 9 , B 6 H i 0 , 
a n d B10H14) have one t e rmina l hydrogen for each boron atom, w h i l e 
those w i t h open structures ( B 4 H i 0 a n d B 5 H n ) also have B H 2 groups. 
T h e former are the so-cal led "stable" boranes, w h i l e the latter, except ing 
d iborane , are the "unstable" boranes, denoted as such i n accordance w i t h 
the ir re lat ive thermal stabil it ies (25 ) . A better designation is the f o rmula 
( B H ) w ( B H 3 ) a . , where η has an integra l value , a n d χ = 2 for stable 
boranes a n d 3 for unstable boranes (6). O n e significant characterist ic 
of a l l boranes is the presence of three-center Β — Η — Β (hydrogen b r idg e ) 
b o n d i n g (12 ) . O n electron impact there is a pronounced tendency for 
the hydrogen atoms to be abstracted i n pairs , a n d some mass spectral 
evidence w i t h br idge-deuterated decaborane (23) a n d labe led tetra-
borane (7 ) ind i ca ted that the first pa i r of hydrogens abstracted consists 
of a t e rmina l hydrogen a n d its adjacent hydrogen br idge atom. L a t e r 
w o r k w i t h zero source contact mass spectrometry (14), however , suggests 
that, for tetraborane at least, this mechanism m a y be incorrect . 
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Figure 3. Structural similarities of hexaborane-10 and three 
of the nido-carboranes. The structure of C/tB2He> which is 

analogous to the others, is not shown 

Closo-Carborane Structures 

A s ment ioned previously , two general classes of carboranes are 
k n o w n : closed cage (closo-) a n d open (nido-) compounds. T h e closo-
compounds as a class are signif icantly more stable under electron impact , 
are less reactive chemica l ly , a n d are thermal ly more stable than either 
the boranes or nicZo-carboranes. A d d i t i o n a l l y , each boron a n d each carbon 
i n a rfoso-carborane has a single termina l hydrogen , a n d general ly there 
are no hydrogen bridges. W i t h one exception, C B r > H 7 (15), the closo-
carboranes reported to date contain two carbon atoms a n d have the 
general f o rmula C 2 B „ H „ + 2 . T h e structures of representative compounds 
of this type are shown i n F i g u r e 2. 

T h e simplest member of the series a n d the one first d iscovered is 
C2B3H5, cZoso-l ,5-dicarbapentaborane (5 , 10, 13, 19, 2 1 ) , a t r igona l b i -
p y r a m i d w i t h a carbon i n each of the two apex positions. Recent ly 
G r i m e s (9 ) has presented evidence for an a l k y l der ivat ive of the 1,2-
isomer i n w h i c h one skeletal carbon is i n an apex posi t ion a n d the other 
is equator ia l . T h e second carborane i n the closo -series is C 2 B 4 r I e , a 
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tetragonal b i p y r a m i d , of w h i c h two isomers are k n o w n : the 1,2- a n d the 
1,6-dicarba-compounds (10,13, 17, 19, 22). S i m i l a r l y , go ing u p the scale 
b y successive add i t i on of BH units , there are C 2 B r ) H 7 (1,10,11,13,17,19, 
21 ), C 2 B 6 H 8 (13,28,31), C 2 B 7 H 9 (13, 28), C 2 B 8 H 1 0 (13,20, 28), C 2 B 9 H 1 3 L 

(8, 13, 26), a n d C 2 B 1 0 H i 2 (5, 12, 13, 19). I n each case there are k n o w n 
or potent ia l isomers w i t h carbons arranged i n various positions i n the 
molecular skeletons. I n the case of C 2 B i 0 H i 2 , the structure is a closed 
icosahedron, a n d a l l atoms occupy equivalent posit ions; the n u m b e r i n g 
system is such that one arb i t rar i ly selects one of the carbons as the apex 
( N o . 1 ) , a n d the equator ia l positions are then n u m b e r e d c lockwise i n 
each plane. 

Monocarbahexaborane ( 7 ) , the on ly reported cZoso-carborane w i t h 
one carbon atom ( I S ) , is isoelectronic w i t h C 2 B 4 H 6 . It has a br idge 
hydrogen a n d is the only cZoso-carborane to date w i t h this feature. 

Nido-Carborane Structures 

T h e nido-carboranes that have been discovered a n d character ized 
to date i n c l u d e four, CB 5 H 9 (16), C 2 B 4 H 8 (18, 19), C 3 B 3 H 7 (4), a n d 
C 4 B 2 H 6 ( 3 ) , that arise f rom systematic subst itut ion of CH groups for 
BH 2 groups w i t h i n B 6 Hi 0 w i t h w h i c h they are isoelectronic. A l l of these 
species, i n c l u d i n g B 6 Hi 0 , have pentagonal p y r a m i d structures. B 6 Hi 0 has 

a B2 B3 B4+ 

10 11 20 22 30 32 40 42 44 50 52 54 60 62 64 66 

B 5
+ 

*7 B8 B9 B|0 

Id ft 74 76 78 80 82 84 86 88 90 92 « * * 100 102 
m/e 

T o n k 1Ô8 110 

Figure 4. Synthetic polyisotopic mass spectrum of boron of naturally 
occurring abundance 
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four br idge hydrogens, w h i l e the nido-carboranes have three, two , one, 
a n d zero br idge hydrogens, respect ively ; excepting C 4 B 2 H 6 the structures 
of these compounds are shown i n F i g u r e 3. I n the case of C B 5 H 9 , on ly 
m e t h y l derivatives have been reported, w h i l e the parent species itself 
remains undetected. S i m i l a r l y , evidence for the parent c o m p o u n d C 3 B 3 H 7 

is s t i l l tentative, but three C - m e t h y l derivatives have been isolated a n d 
character ized. A fifth nido-carborane, C 2 B 9 H i 3 (19, 2 9 ) , presumably 
conta in ing two br idge hydrogens a n d h a v i n g an open icosahedral struc
ture, also has been prepared . 

Tebbe , Garret t , a n d H a w t h o r n e (27) have reported an example of a 
t h i r d type of carborane, C 2 B 7 H i 3 , w h i c h tentatively has been determined 
to contain two methylene groups a n d two hydrogen bridges. It does not 
f a l l into either the closo- or nido- categories. 

General Characteristics of Boron Spectra 

I f e lemental boron consist ing only of 1 0 B- i so tope were subjected to 
electron impact a n d then analyzed mass spectrometrical ly , one w o u l d 
observe on ly monoisotopic species at m/e 10, 20, 30, etc., corresponding 
to 1 0 B + , 1 0 B 2

+ , 1 0 B 3
+ , etc. S i m i l a r l y , the n B - i s o t o p e i n pure e lemental f o rm 

w o u l d generate peaks at m/e 11, 22, 33, 44, etc. ( n B + , . . . ) . In boron of 
natura l ly occurr ing composit ion ( n B / 1 0 B == 4.0), however , the result 
w o u l d be a poly isotopic mass spectrum of essentially statist ical ly d is 
t r i bu ted l l B a n d 1 0 B , as dep i c ted i n F i g u r e 4. F o r i on groups conta in ing 
s m a l l numbers of borons (say B i + to B 4

+ ) the spectral profile is statis
t i c a l l y we ighted i n favor of the h igher mass numbers of the group, 
because of the h i g h concentration ( 8 0 % ) of n B ; — i . e . , i n the B 3 - g r o u p , 
n B 3

+ is the most abundant i on , w h i l e i n the B 4 - g r o u p , n B 4
+ a n d 1 1 B 3

1 0 B 1 

are i n equa l abundance. A s the number of borons increases beyond four, 
however , the m a x i m u m intensity peak (or peaks) begins to shift a w a y 
f r om the cut-off peak. I n the B r , -group, n B 4

1 0 B i + is the most abundant 
ion , w h i l e in the Bio -group, it is " B s ^ B / , w h i c h is 2.81 times as abundant 
as n B 1 0

+ . 

T h e abundance ratios of a l l the isotopic species i n a part i cu lar ion 
group are read i l y ca lculated b y s imple statistics. I f the boron occurs i n 
natura l abundance , the concentration of any ion , n B x

1 0 B y , is g iven b y 

[ H B / o B J = W(.80)*( .20)*. 

I n this expression, W is the statistical w e i g h t — t h e number of different 
ways n B a n d 1 0 B atoms can be arranged i n the avai lable skeletal positions 
— n u m e r i c a l l y equa l to (x + y)\/x\y\. T h e values of W are tabulated 
i n mathemat i ca l handbooks as " b i n o m i a l coefficients." 
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POLYISOTOPIC MONOISOTOPIC 

B 5 H 9 

52 54 56 58 60 62 64 

m/e 

8 6 4 2 0 

H'S ABSTRACTED 

B9H|5 

.1 
102 104 106 108 110 112 14 12 10 8 6 4 2 

Figure 5. Parent group mass spectra of pentaborane-9 and 
nonaborane-15 

A s an example, consider a c o m p o u n d w i t h five boron atoms. Based 
o n the above equat ion the concentrations a n d isotopic abundance ratios, 
re lat ive to 1 1 B 5 , are as fo l lows : 

Isotopic Species 

ιΐΒ 4 ιοβ 
" B g ^ B * 
" B o ^ B a 
1 1 B^°B 4 

1 0 B 5 

Concentration 

1 ( .80 ) 5 

5( .80) 4 ( .20) 
10( .80)3 ( .20)2 
10 ( .80 ) 2 ( . 20 ) 3 

5 ( .80 ) ( . 20 ) 4 

1 ( .20 ) δ 

Abundance Ratio 

1.0 
5 /4 = 1 . 2 5 

1 0 / 4 2 = 0.625 
1 0 / 4 3 = 0.156 

5 / 4 4 = 0.0195 
1 / 4 δ = 0.00098 

S i m i l a r calculations can be carr ied out for a l l other i on groups ( a lready 
tabulated i n T a b l e I of Ref . 2 4 ) , a n d the e lemental boron spectrum i n 
F i g u r e 4 is based on these data. T h e u t i l i t y of such data lies i n ca l cu lat ing 
monoisotopic spectra f rom poly isotopic data since the concentrations of 
a l l isotopic species can be determined b y measur ing only those ions con
ta in ing 1 1 B - a t o m s . 

F o r example, the monoisotopic spectrum of B r >H 9 is obta ined b y first 
measur ing n B 5 H 9

+ ( m . / e . 6 4 ) , then subtract ing n B 4
1 0 B H 9

+ , l l B 8
, o B 2 H 0

+ , 
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etc. (re lat ive values 1.0, 1.25, 0.625, etc.) f rom m/e 63 d o w n to m/e 59 
( 1 0 B 5 H 9

+ ) . T h e res idua l of m/e 63 then is n B 5 H 8
+ , a n d f rom this the 

intensities of 1 1 B 4
1 0 B H 8

+ , n B 3
1 0 B 2 H 8 \ etc., a n d u l t imate ly a l l ions, B r , H 9

+ , 
B 5 H 8

+ , B 5 H 7
+ , . . . B 5

+ are determined. N e x t i n l ine is the B 4 H / group, 
then Β 3 Η / , etc. 

I n each group, i f the correct number of boron atoms is assumed, the 
data should reduce to a neat monoisotopic spectrum. I f the n u m b e r of 
boron atoms assumed is smaller than the actual number present, the data 
also m a y reduce to neg l i g ib ly smal l residuals, but i f the number assumed 
is greater than the actual n u m b e r present, inord inate ly large negative 
residuals w i l l occur d u r i n g the reduct ion process. T h e cr i ter ion , therefore, 
is the largest n u m b e r of boron atoms that w i l l su i tably reduce the data. 

Mass Spectra of Boranes 

If, to the boron i on species i n F i g u r e 4 w e c o u l d a d d hydrogens, the 
cut-off peak w o u l d shift u p w a r d i n proport ion to the n u m b e r of hydrogens 
added , a n d the profiles w o u l d be the same as for e lemental boron. F o r 

METHYLPENTABORANE 

66 68 70 72 74 

m/e 

7T 

I 

10 8 6 4 2 0 

H'S ABSTRACTED 

ETHYLPENTABORANE 

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 , B 5 H 9
+ w o u l d occupy the regime f rom m/e 59 to m/e 64, corre

spond ing to the mass range of 1 0 B 3 H 9
+ to 1 1 B 5 H 9

+ rather than the range 
m/e 50 to m/e 55 of the B 5

+ species; the highest intensity peak w o u l d be 
m/e 63 because the species n B 4 1 0 B H 9

+ w o u l d be statist ical ly most p r o b 
able. H o w e v e r , since electron impact also knocks hydrogens off some of 
the pentaborane molecules, the entire spectrum of ions f rom m/e 50 
( 1 0 B 5

+ ) to m/e 64 ( 1 1 B r , H +
9 ) shows up . Fur thermore , B 5 H 5

+ is the i on of 
highest intensity, a n d var i ed yie lds of the various Β δ Η „ + ions c o m b i n e d 
w i t h the statist ical d i s t r ibut ion of boron isotopes causes the profi le to 
peak at m/e 59 to m/e 60, as shown i n F i g u r e 5. T h e effect is even more 
pronounced for the B H 2 - c o n t a i n i n g "unstable" borane, B 9 H i 5 , w h i c h has 
its m a x i m u m intensity peak n ine mass numbers be low its molecular we ight 
of 114. A l s o , the two ions B 9 H i 5

+ a n d B 9 H X 4
+ are of neg l i g ib ly smal l 

intensities, a characterist ic w h i c h holds true for a l l "unstable" boranes. 
I n essence, then, the boron isotope d is t r ibut ion a n d the ease of abstraction 
of hydrogens g ive boranes their broad , r o u n d e d profiles, a n d this con
tributes to easy identi f icat ion. 

B 5 H 9 

• 1 1 I I 1 I I I I 1 1 1 
52 54 57 58 60 62 64 

m/e H'S ABSTRACTED 

8 6 4 2 0 

C 2B 3H 5 

ι I I 1 1 I I I 
56 58 60 62 4 2 0 

Figure 7. Comparison of mass spectra of 1,5-C2B3H5 and 
2,4-C2B5H7 closo-carboranes with that of B5H9 
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B|0H|4 

110 112 114 116 118 120 122 124 

m/e 

14 12 10 8 6 4 2 

H'S ABSTRACTED 

C2BgH,0 

, . M i l l 
108 110 112 114 116 118 120 122 10 8 6 4 2 0 

C 2B, 0H | 2 

4 130 132 134 136 138 140 142 T44 I? 

Figure 8. Comparison of mass spectra of C2B8H10 and 1,2-
C2B10H12 closo-carboranes with that of B10 Hu 

T h e same general f ragmentat ion patterns h o l d true for the re lated 
alkyl -boranes , a n d two t y p i c a l examples are shown i n F i g u r e 6. A d d i n g 
m e t h y l a n d e thy l groups mere ly shift the cut-offs u p w a r d 14 a n d 28 mass 
numbers , respectively, reflecting the add i t i on of C H 2 a n d C 2 H 4 to the 
molecular weight . T h e fact that the parent group profile is changed on ly 
s l ight ly suggests that the hydrogen abstract ion u p o n electron impact 
occurs preferent ia l ly on the borane skeleton, not on the a l k y l s ide chains, 
a n d this has been veri f ied b y mass spectral analysis of compounds w i t h 
deuterated a l k y l groups ( 3 0 ) . 

Mass Spectral Profiles of Carboranes 

CJoso-Carboranes . I n F i g u r e 7 the parent group spectra of two 
cZoso-carboranes, 1 , 5 - C 2 B 3 H 5 a n d 2 , 4 - C 2 B 5 H 7 , are compared w i t h the 
spectrum of B 5 H 9 . ( C 2 B 5 H 7 has the same number of borons as B 5 H 9 , 
w h i l e C 2 B 3 H 5 has the same n u m b e r of skeletal atoms.) T h e spectral 
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differences are qui te pronounced . T h e smal l degree of hydrogen abstrac
t i on i n the cZoso-carboranes can be seen i n their monoisotopic spectra; 
i n each case the parent ion is of considerably greater intensity than any of 
its offspring. T h e same general profile is evident for the carborane, 
C 2 B 8 H i o , shown i n comparison w i t h B i 0 H i 4 i n F i g u r e 8. C 2 B 8 H i o was 
prepared i n yields of less than 1 % , a n d we do not k n o w w h i c h isomer 
was formed. T h e spectrum of l , 2 - C 2 B 1 0 H i 2 , also shown i n F i g u r e 8, has 
a f a i r l y intense parent ion , but its highest intensity peak for some reason 
is two mass numbers be l ow that of its parent. T h e reason for this appar 
ent d iscrepancy is not k n o w n . I n F i g u r e 9 are spectra of the 1,2- a n d 1,6-
isomers of c Z o s o - C 2 B 4 H 6 , a n d here we see that the C 2 B 4 H r , + i on is the 
one of highest intensity. I n general , however , the over -a l l spectral char
acteristics c losely resemble other cZoso-carboranes. 

A s w i t h boranes, a l k y l derivatives of carboranes fragment near ly the 
same as do the nona lky lated parents. T h e hydrogens f rom the a l k y l side 
chains a n d those f rom the carborane skeleton appear to have about the 
same general resistance to abstraction. F i g u r e 10 compares the spectrum 
of 2 , 4 - C 2 B 5 H 7 w i t h that of a C - m e t h y l der ivat ive , C H 3 C 2 B 5 H 6 , w h i l e 
F i g u r e 11 shows spectra of the d i m e t h y l derivatives of C 2 B 8 H i 0 , C 2 B 7 H 9 , 

SYM-

m/e H'S ABSTRACTED 

UNSYM 

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 C2BAH6 
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C 2 B 5 H 7 

74 76 78 80 82 84 86 

m/e 

6 4 2 0 

H'S ABSTRACTED 

CH 3 -C2B 5H 6 

. . . . ι ι ι I 
88 90 92 94 96 98 100 

Figure 10. Similarities in the mass spectra of 2,4-C2B5H7 and a 
C-methyl derivative 

C 2 B 6 H 8 (exact isomeric structures as yet u n k n o w n ) . T h e spectra are 
self -explanatory. 

2V/do-Carboranes. A s ment ioned previous ly the nido-carboranes con
ta in hydrogen bridges , a n d they are not as thermal ly or chemica l ly stable 
as their cZoso-counterparts. F i g u r e 12 shows the spectra of C 2 B 4 H 8 a n d 
the m e t h y l der ivat ive of C B - , H 9 , a n d it is apparent that their f ragmenta
t ion patterns are more closely a l l i ed w i t h boranes than w i t h the closo-
carboranes. T h i s is also demonstrated rather dramat i ca l l y b y comparison 
w i t h the spectra of the two cZoso-carborane isomers of C 2 B 4 H 6 i n F i g u r e 9. 

Over-all Comparison of Boranes and Carboranes 

T o show i n a general w a y h o w the poly isotopic mass spectra of the 
borane a n d carborane series change as the n u m b e r of boron atoms i n 
creases, w e have p lo t ted i n F i g u r e 13 the relat ive positions of the m a x i 
m u m intensity peaks for a l l the compounds for w h i c h w e have spectra. 
F o r example, for the lower molecular we ight cîoso-carboranes the m a x i 
m u m intensity peak occurs one mass n u m b e r less than the molecular 
we ight of the parent molecule , w h i l e for B i 0 H i 4 , w h i c h is a " B H " - t y p e 
borane, the relat ive posit ion of this peak is seven mass numbers b e l o w 
the mass number of the parent. I n several instances—e.g., B r , H 9 , the 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

96
8 

| d
oi

: 1
0.

10
21

/b
a-

19
68

-0
07

2.
ch

01
4

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



204 MASS S P E C T R O M E T R Y IN INORGANIC C H E M I S T R Y 

spectra show two peaks of essentially e q u a l " m a x i m u m " intensity, a n d 
w e chose to use average (nonun i t ) values i n the plot . 

I n the p lot w e note a general t rend u p w a r d for a l l boron compounds 
o w i n g to the w a y i n w h i c h boron isotopic species are d i s t r ibuted ; h o w 
ever, the predominant factor governing the pos i t ion of the m a x i m u m 
intensity peak arises f rom the ease of abstract ion of hydrogens f rom parent 
ions. B H 2 - c o n t a i n i n g boranes lose hydrogens most read i ly , w h i l e the 
4 s tab le " B H - b o r a n e s a n d the nido-carboranes are somewhat more resistant 
to hydrogen abstract ion. T h e cZoso-carboranes are w i t h o u t quest ion the 
most stable of these species. O n e w o u l d predic t that the mass spectra of 
such re lated species as B i 0 H 8 ( C O ) 2 w o u l d also resemble the closo-
carboranes. 

Determination of Boron and Carbon by ^C-lsotope Analysis 

W i t h any carbon-conta ining c o m p o u n d of natura l isotopic abundance , 
there w i l l be mass spectral contr ibutions f r om i on species containing the 

(0Η3) 20 2Β 8Η 8 

140 142 144 146 148 150 

m/e 

JL_L M i l l 
10 8 6 4 2 0 

H'S ABSTRACTED 

(CH^JgCgByHy 

128 130 132 134 136 138 
ι • » . I I » I I 

10 8 6 4 2 0 

( C H 3 ) 2 C 2 B g H 6 

116 118 120 122 124 126 
1 I ι 1 I I I 1 _ 

10 8 6 4 2 0 

Figure I I . Parent group mass spectra of three dimethyhted 
closo-carboranes 
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B 6 H I 0 

64 66 68 70 72 74 76 

m/e 

I I t 
10 8 6 4 2 0 

H'S ABSTRACTED 

C H 3 C B 5 H 8 

M i l l 
78 80 82 84 86 88 90 10 8 6 4 2 0 

C 2 B 4 H 8 

66 68 70 72 74 76 8 6 4 2 

Figure 12. Comparison of the spectra of two nido-carboranes 
with that of hexaborane-10 

1 3 C - i s o t o p e . There also w i l l be smal l contributions f r om d e u t e r i u m -
conta in ing species, but i n ca l cu la t ing abundance ratios the deuter ium can 
be convenient ly l u m p e d together w i t h the 1 3 C-spec ies . I n some cases, 
where the n u m b e r of hydrogen atoms is smal l , i t can be neglected entirely . 
F o r a c o m p o u n d w i t h an u n k n o w n combinat ion of carbon, boron , a n d 
hydrogen (or other elements, for that m a t t e r ) , mass spectral analysis gen
eral ly can be used to determine the exact n u m b e r of boron and carbon 
atoms i n the parent compound . T h e requirements are: (1 ) a mass spec
trometer that gives good peak def init ion, a n d ( 2 ) neg l ig ib le contr ibutions 
f r o m impuri t ies i n the v i c i n i t y of the parent i on mass number . Sharp 
cut-offs at the parent i on m/e are also desirable , a n d . i n this respect the 
cZoso-carboranes are almost idea l ly suited. T h e method can be i l lustrated 
w i t h C 4 B 6 H i 2 , the d i m e t h y l der ivat ive of C 2 B 6 H 8 . 

First Approximation. T h e c o m p o u n d i n quest ion has a closo-car-
borane profi le and , except ing a smal l 1 3 C - i s o t o p e peak at m/e 127 ( re la 
t ive intensity 1.0), the h i g h mass cut-off occurs at m/e 126 ( intensity 
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23.9) . N o w the cut-off peak w o u l d have to be attr ibuted to 1 1 B - c o n t a i n i n g 
ions f r om species such as C 3 B 7 H i 3 , C 4 B o H i 2 , or C 5 B 5 H n , etc. Conse 
quent ly , the 1 3 C - i s o t o p e peak at m/e 127 w o u l d then have to be 
1 3 C 1

1 2 C 2
1 1 B 7 H 1 3

+ , 1 3 C 1
1 2 C 3

1 1 B 6 H 1 2
+ , o r 1 3 C 1

1 2 C 4
n B 5 H 1 1

+ , etc. A s w i t h boron 
isotopes, i t is a f a i r l y s imple matter to calculate relat ive abundances of 
ions conta in ing 1 3 C a n d 1 2 C ; based on natura l abundance of the two iso
topes, the calculations are as fo l lows : 

General formula: 

F o r C 3 B 7 H 1 3 : 

For C 4 B 6 H 1 2 : 

[ l 2 C x 1 3 C y ] = W( .98931 ) x ( . 01069 ) y 

[ l 2 C 2 1 3 C l ] 3( .98931) 2 ( .01069) = 0.03242 
[ 1 2 c 3 ] 1 (.98931)3 

= 0.03242 

[ l 2 C 3 1 3 C l ] 4 (.98931) 3 (.01069) = 0.04322 
[ 1 2 c 4 ] 1( .98931) 4 

= 0.04322 

[ l 2 C 4 1 3 C l ] 5 ( .98931) 4 (.01069) = 0.05402 
[ 1 2 c 5 ] 1 ( .98931) 5 

= 0.05402 For C R B K I L 

T h e observed rat io of m/e 127 to m/e 126 is 1/23.9, or 0.0418, po in t ing 
to C 4 B 6 H i 2 as the correct f o r m u l a for the c o m p o u n d i n question. 
W e c o u l d also have i n c l u d e d the deuter ium isotope contr ibut ion , 
1 2 C 4

1 1 B 6
1 H n

2 H i + , to m/e 127, a l though this is unnecessary w h e n the 

Lu 

4 5 6 7 8 9 

NO. OF BORONS IN MOLECULE 

Figure 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 B6C,tH]2— 
"second approximation' 

(Legend: Similar cross-hatched areas represent related boron isotopic species; ion 
formulas in boxes represent related carbon isotopic species of interest) 

ca lculat ion is on ly a first approx imat ion . Just for the sake of complete
ness, however , the contr ibut ion of this i on w o u l d be 

P E W ] 12(.99984)«(.0001β) 
[ Ή 1 2 ] ~ ~ (Λ8984)~ΰ ~ °'00192 

A d d e d to the previous result for 1 H C we get a total ca lculated contr ibut ion 
of .04322 - f .00192 — .04514, c ompared w i t h the observed intensity rat io 
of 0.0418. 

It is not necessary to der ive these values for each situation, however , 
since tables of isotopic abundance ratios are already avai lable . Beynon 
(2) for example , has tabulated them for various combinat ions of carbon, 
hydrogen , ni trogen, and oxygen ( no boron, unfortunately ) u p to mass 250. 
I n some cases ( i n c l u d i n g the C 4 H 1 2 port ion of C 4 B « H 1 2 ) , it is necessary 
to extrapolate ( l inear ly ) the data i n his table. 

Second Approximation. I n the first approx imat ion w e assumed that 
on ly one i on was contr ibut ing to m/e 126, namely 1 2 C 4

l l B ( { H i 2
+ . T h i s is 
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Figure 15. Distribution of ion species in the mass 
spectrum of B6CJtH12—"third approximation' 

(Legend: same as in Figure 14) 

not str ict ly true, however , because two 1 3 C - c o n t a i n i n g isotopes ( d e u 
t e r i u m neglected again for s i m p l i c i t y ) also are present. O n e is the 
1 1 B 5

1 0 B i - c o u n t e r p a r t of m/e 127 and , f r om statistical calculations, i t is 
1.5 t imes the intensity of m/e 127; the other i on is the 1 3 C - c o u n t e r p a r t of 
C 4

1 1 B 6 H n + — t h e p r i n c i p a l i on of m/e 125. A s shown i n F i g u r e 14, sub
tract ion of 1.5 f rom the intensity of m/e 126 leaves a res idua l value of 22.4, 
w h i c h , as a second approx imat ion , w e can attr ibute to the 1 2 C 4

n B 6 H i 2
+ 

i on . T h e observed ratio of 1 3 C 1 2 C 3 / 1 2 C 4 n o w is 1.0/22.4, or 0.0446. T h i s 
is closer to our ca lcu lated value (deuter ium i n c l u d e d ) of 0.04514 than 
was our first approx imat ion ( .0418). 

S i m i l a r l y , i f i t were necessary to per form these same computations 
for C 3 B 7 H i 3 a n d C 5 B 5 H n , the amount subtracted f r o m m/e 126 w o u l d 
be 1.75 a n d 1.25, respectively, since these are the n B 6 l 0 B i a n d n B 4

1 0 B i 
counterparts of m/e 127. T h e residuals of m/e 126 then w o u l d be 22.1 
a n d 22.6, respect ively , a n d the ratios of m/e 127 to these residuals w o u l d 
be 0.0452 a n d 0.0442, respect ively ; these figures deviate b y about 2 5 % 
f r o m the r e q u i r e d abundance ratios of 0.032 a n d 0.054 ( de r i ved b y m e t h 
ods g iven i n the "first approx imat i on" section ) . 
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Further Refinement of Spectral Data. A s ment ioned i n the previous 
section a n d as shown i n F i g u r e 15, the data can be further ref ined b y 
t a k i n g into account the 1 3 C - a n a l o g of C 4

1 1 B 6 H i i + , the p r i n c i p a l contr ibutor 
to m/e 125. Moreover , several i terative processes can be u t i l i z e d to "zero 
i n " on the exact contr ibut ion of this i on , f r om w h i c h one can calculate 
precisely the intensity of 1 3 C i 1 2 C 3

1 1 B e H i 1
+ i n m/e 126. W e per formed this 

task w i t h the data at h a n d a n d obta ined near ly exact checks w i t h the 
statist ical ly ca lculated value of 0.04514 for the abundance rat io of 
1 3 C 1

1 2 C 3
1 1 B e H 1 2

+ . 

T h e po int of this who le procedure is that g iven good spectra, one 
can use them to determine the exact numbers of borons, carbons, h y d r o 
gens, etc. ( b a r r i n g the absence of parent ions) i n a compound . I n m a n y 
instances this technique can prec lude the necessity for e lemental chemica l 
analyses. I f the mater ia l i n quest ion is impure , the mass spectral analyses 
m a y not give correct answers—but , then, neither w i l l e lemental analyses. 
F u r t h e r m o r e , w i t h a smal l amount of fract ionat ion, it is general ly easy to 
t e l l b y shifts of spectral peaks whether or not i t is a re lat ive ly pure c o m 
p o u n d . T h e technique can be u t i l i z e d w i t h any isotopic elements of 
k n o w n abundance. 
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15 
High Molecular Weight Boron Sulfides 

IV. Mass Spectrometric Investigation of the Conversion 

of Metathioboric A c i d to Boron Sulfide 

JIMMIE G . E D W A R D S and PAUL W. GILLES 

University of Kansas, Lawrence, K a n . 

The decomposition of metathioboric acid, HBS2(s), to pro-
duce boron sesquisulfide, B2S3(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 HBS2 have 
been measured. Six metastable ionic reactions have been 
found, and other ionic fragmentations have been studied. 
The vapor species below 100°C. are H2S(g), (HBS2)3(g), 
H3BS3(g), and H2B2S5(g). The existence of gaseous boron 
sulfides having molecular weights over 800 has been con
firmed by studies of the vaporization of B2S3 at temperatures 
over 250°C. Many new ionic species, including polymers of 
BS2+, are reported. Variations of ionic intensity ratios with 
temperature indicate that several neutral molecules exist in 
the vapor of B2S3. 

Τ) ecent investigations of the vapor izat ion of condensed materials i n the 
H 2 S - B 2 S 3 system have revealed a var iety of gaseous molecules. T h e 

important condensed phases i n this system are H B S 2 a n d B 2 S 3 . T h e i n 
f rared spectra of H B S 2 ( s ) a n d of the gaseous products of reactions 
between H 2 S ( g ) a n d B 2 S 3 ( g l a s s ) have been invest igated b y Greene (3 , 
4). H e a t t r ibuted some of the bands to ( H B S 2 ) 2 ( g ) a n d some to a H B S 2 -
( H B S 2 ) 3 mixture . Sommer, W a l s h , a n d W h i t e (12) examined the mass 
spectrum of vapor f rom a mixture of ZnS a n d boron at 700° to 8 0 0 ° C , 
b u t f o u n d no i o n more massive than B 2 S 3

+ . 

211 
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Three n e w series of h i g h molecular we ight molecules were discovered 
b y Greene a n d G i l l e s (5 , 6) i n their mass spectrometric investigations of 
the vapor izat ion of boron sulfide prepared b y decomposit ion of H B S 2 ( s ) . 
Series I ions contained boron a n d sulfur on ly ; Series I I contained boron , 
sul fur , a n d a t h i r d element or rad i ca l , p r o b a b l y s i l i con ; a n d Series I I I 
contained boron, sulfur, a n d oxygen. T h e decomposit ion of H B S 2 ( s ) 
was s tudied mass spectrometrical ly b y E d w a r d s , W i e d e m e i e r , a n d Gi l l e s 
( 2 ) ; they discovered the vapor to be composed of H 2 S ( g ) , ( H B S 2 ) 3 ( g ) , 
H 3 B S 3 ( g ) , a n d H 2 B 2 S 5 ( g ) . 

T h e purpose of this paper is to report n e w mass spectrometric results 
on this system a n d to b r i n g these together w i t h previous results to reach 
conclusions about the number a n d nature of the neutra l molecules i n the 
vapor , about their dependence on temperature a n d sample composi t ion , 
a n d about their i on ic fragmentation reactions. 

Experimental 

Samples. Preparat ion of H B S 2 a n d B 2 S 3 was b y the method used b y 
Greene a n d Gi l l e s (6 ) a n d is i l lustrated b y the f o l l o w i n g chemica l equa
tions, 

4 H 2 S ( g ) + 2B(s ) = 2 H B S 2 ( g ) + 3 H 2 ( g ) , (1) 

H B S 2 ( g ) = H B S 2 ( s ) , (2) 

2 H B S 2 ( s ) = B 2 S 8 ( glass) + H 2 S ( g ) . (3) 

React ion 1 was accompl ished at 600° to 800°C. i n a 9 6 % s i l i ca glass tube; 
the H 2 S was carr ied over Β i n a stream of H 2 to restrict the decomposit ion 
react ion, 

x H 2 S ( g ) = x H 2 ( g ) + S x ( g ) . (4) 

React ion 2 occurred i n the cooler regions of the preparat ion tube. 
T h e boron i n React ion 1 was a sample w i t h an isotopic composi t ion 

of 9 3 % 1 0 B a n d 7 % n B obta ined f rom O a k R i d g e N a t i o n a l Labora tory . 
H y d r o g e n sulfide was obtained f r om commerc ia l cy l inders of the com
pressed mater ia l a n d was d r i e d before use. 

A p p a r a t u s . A deta i led invest igation of the decomposit ion React ion 3 
constituted a major part of this study. T h e react ion was per formed i n the 
stainless steel mass spectrometer v a c u u m enclosure at res idua l gas pres
sures be l ow 10" 6 torr. 

T h e mass spectrometer was a N u c l i d e , 12 i n c h radius , 60° m a g 
netic sector, h i g h temperature mass spectrometer. T h e v a c u u m enclosure 
consisted of three regions separately p u m p e d b y mercury diffusion pumps 
w y ith l i q u i d nitrogen t r a p s : — ( 1 ) T h e molecular source region contained 
the sample i n a graphite K n u d s e n ce l l ; (2 ) T h e ion izat ion region con
ta ined the i on source a n d i on beam f o rm ing plates; ( 3 ) T h e analyzer a n d 
col lector region was crossed b y the ana lyz ing magnet ic field, a n d con
ta ined the i on col lector a n d electron mul t ip l i e r . Regions 2 a n d 3 were 
separated b y the final i on focussing slit . 
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Regions 1 a n d 2 were separated b y an externally moveable slit w h i c h 
c o u l d be used to interrupt or scan the molecular b e a m before i t entered 
the ion izat ion region. W i t h this beam shutter closed, the molecular 
source a n d the ionizat ion source were effectively isolated. Pressures i n 
the three regions were measured w i t h hot cathode i on izat ion gages. 

T h e sample was contained i n a graphite K n u d s e n ce l l w h i c h h a d 
been outgassed in vacuo at 1500°C. T h e ce l l contained an effusion orifice 
w h i c h was 0.4 m m . i n diameter a n d 6.3 m m . long , a n d was heated b y 
rad ia t i on f rom tungsten resistance filaments. Temperature un i f o rmi ty was 
achieved b y use of tanta lum rad iat ion shields. Temperatures were meas
u r e d w i t h a P t , P t - 1 0 % R h thermocouple , the hot junct ion of w h i c h was 
inserted into a w e l l i n the bottom of the cruc ib le . 

Procedure . T h e incongruent vapor izat ion of a sample of about 0.5 
grams of H B S 2 was s tudied i n deta i l at progressively increasing tempera
tures u p to 665°C. T h i s sample was the one used i n an earl ier study ( 2 ) . 
T h e sample was heated to the temperature des ired for a g iven study, 
a n d was mainta ined constant at this temperature w h i l e measurements 
were be ing made. W h i l e observations were not be ing made— i .e . , over
n ight or on weekends, the sample was not heated a n d was kept under 
h i g h v a c u u m at room temperature. W h e n maintenance of the mass 
spectrometer r e q u i r e d shutdown of the v a c u u m system, d r y h e l i u m was 
introduced , but the sample was not exposed to the atmosphere. 

I n i t i a l studies were made at temperatures f r o m 55° to 95 ° C . for 
about three months, f r om 70° to 80 ° C . for about one m o n t h , a n d f r om 
80° to 90°C . for two weeks. A t this po int the cruc ib le w i t h the sample was 
removed f r om the mass spectrometer for the first t ime a n d stored for four 
months i n a plast ic v i a l i n a desiccator. 

T h e final measurements were made at h igher cruc ib le temperatures. 
Studies were per formed d u r i n g a one-month per i od at 25 different t e m 
peratures f r om 100° to 665°C. T h e sample was s tudied for several hours 
at a g iven temperature, a n d then the temperature was increased b y 10° 
to 40 °C . for a n e w study. A s i n the i n i t i a l studies, the sample was heated 
on ly w h i l e observations were be ing made ; between experiments the 
sample was often cooled to room temperature. 

T h e cruc ib le w i t h the sample was w e i g h e d i m m e d i a t e l y before in t ro 
duc t i on into or after r emova l f rom the mass spectrometer. Ionic intens i 
ties were measured as functions of magnet ic field strength, i o n acceler
at ing potent ia l , c ruc ib le temperature, energy of i o n i z i n g electrons, a n d 
pos i t ion of the b e a m shutter. I n add i t i on , the monotonie manner i n w h i c h 
the temperature was var i ed a l l o w e d deductions about the dependence of 
intensities on the degree of sample decomposit ion. 

T h e studies of intensity as a funct ion of magnet ic field strength a n d 
i o n accelerat ing voltage y i e l d e d s imple scans of the mass spectrum, the 
mass to charge ratio , m/e, of a g iven i on b e i n g determined b y its pos i t ion 
i n the mass spectrum. Intensity of an i on as a funct ion of i o n i z i n g electron 
energy y i e l d e d the ion izat ion efficiency curve, f rom w h i c h the appear
ance potent ia l , AP, was determined b y the van i sh ing current method . 
T h e energy axis was ca l ibrated f r om the AP of H g + . Intensity as a func 
t ion of shutter pos i t ion gave shutter profiles a n d total shutter effects—i.e., 
percentage intensity decrease u p o n c losing the shutter. W h e n the shutter 
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214 MASS S P E C T R O M E T R Y IN INORGANIC C H E M I S T R Y 

effect was less than 100, it was also measured on isotope peaks to estab
l i sh the extent to w h i c h permanent background gases contr ibuted to the 
intensity. 

Measurements of i on intensity as a funct ion of temperature y i e l d 
temperature coefficients for the parent molecules i f the composit ion of 
the condensed phase i n the K n u d s e n ce l l is constant. Studies of intensity 
ratios as functions of temperature y i e l d e d in format ion about ionic de
composit ion i n the ion source of the mass spectrometer. 

N o r m a l ions were identi f ied f rom their m/e values. T h e identi f ica
tions were confirmed b y compar ing the observed intensities w i t h the 
theoret ical intensity d i s t r ibut ion ca lculated f rom the proposed chemica l 
f o r m u l a a n d the k n o w n isotopic compositions of the elements. T h e con
firmation procedure is i l lustrated i n F i g u r e 1 w i t h the use of data pre 
sented b y Greene a n d Gi l l e s (6 ) for the i on B 8 S i 4

+ . T h e so l id l ine on the 
r ight connects the observed intensities for the b a n d of peaks w h i c h was 
proposed to represent B 8 S i 4

+ conta in ing natura l boron , a n d the one on 
the left is for the same b a n d conta in ing 9 3 % 1 0 B - e n r i c h e d boron. T h e 
dashed lines represent isotopic intensity distr ibutions ca lculated f rom 
the ionic formulas shown a n d the k n o w n isotopic contents of the samples. 

T h e excellent agreement for the f o rmula B 8 S ] 4
+ identifies the ion . T h e 

s l ight disagreement at l o w m/e values for the ions w i t h na tura l boron 
arose because of overlap w i t h a weak b a n d of Series I I I ions w i t h the 
f o r m u l a B 9 S i 3 0 + . 

W h e n isotopic ions of two or more species over lapped i n the mass 
spectrum, the contributions were separated b y a s t r ipp ing technique. 
T h e first peak i n the b a n d was at tr ibuted to a single species composed 
on ly of the l ightest isotope of each element. Contr ibut ions f rom this 
species at h igher m/e values were then ca lculated a n d subtracted f rom 
the observed intensities to obta in intensities caused b y the r e m a i n i n g 
species. T h i s process was repeated u n t i l a l l contributions were separated. 

I n scans of the mass spectrum the shapes of the peaks a n d the re
gions between peaks were s tudied closely to discover the presence of 
"metastable" ions. These result f rom ionic fragmentations of the type, 

A + - » B + + C., (5) 

o c curr ing after the ion A + has entered the electric acceleration field, but 
before i t enters the ana lyz ing magnet ic field. H i p p i e , F o x , a n d C o n d o n 
(7 ) have shown that i f the fragmentat ion occurs after acceleration is 
complete then the m/e va lue , m * , at w h i c h the metastable i on appears 
i n the mass spectrum is re lated to the m / e values of A + a n d B + b y 

m * = m B V m A . (6) 

Metas tab le ions were d is t inguished f r om others i n the mass spectrum 
b y their diffuse appearance a n d b y the fact that they m i g h t appear at 
nonintegra l m/e values. T o ident i fy the ions A + a n d B + i n React ion 5 for 
a par t i cu lar metastable i on , the observed apparent mass m * was c om
p a r e d w i t h values ca lculated f r om E q u a t i o n 6 for a l l possible decomposi 
tions among the ions i n the mass spectrum. It was r e q u i r e d that E q u a t i o n 
6 be satisfied, that the ions A + a n d B + have re lat ive ly h i g h intensities, a n d 
that the neutra l product C be a reasonable chemica l species. 
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15. E D W A R D S A N D C I L L E S Boron Sulfides 215 

CALCULATED AND OBSERVED INTENSITIES 

" 1 1 1 1 1 1 1 1 1 Γ 

5 2 8 5 3 0 5 3 2 5 3 4 5 3 6 5 3 8 5 4 0 5 4 2 

M A S S NO. 

Figure 1. Observed and Calculated Intensity Distributions for Identification 
°f ^8^n+- On the Left—Ions Containing Boron Enriched in 10B. On the Right 
—Ions Containing Natural Boron. Solid Lines—Observed Relative Intensities, 
Broken Lines—Calculated Relative Intensities for the Following Formulas. 
1—B8Sn

+, 2—B2S16
+, 3—B5Slft

+, 4—B8SU
+, 5—BjjSls

+, 6—BnS12
+, 7—B17Sn

+ 

Results 

T h e H B S 2 was obta ined f r om Reactions 1 a n d 2 as w h i t e needle 
crystals among some gray a n d less c lear ly crystal l ine product . T h e mass 
spectra observed at a l l temperatures i n these experiments consisted of 
a large number of w e l l resolved peaks grouped i n bands. Some bands 
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216 MASS S P E C T R O M E T R Y IN INORGANIC C H E M I S T R Y 

consisted of ions w i t h a single sto ichiometry but different isotopic c om
positions. M o r e complex bands resulted f rom over lap of two or more 
s imple bands. 

E v e n though the same sample was used for a l l measurements, the 
results are grouped accord ing to the temperature of the cruc ib le . I n the 
lowest region the v a p o r i z i n g substance was H B S 2 ( s ) a n d i n the highest 
region, p redominant ly B 2 S 3 ( g l ) . Separat ing these regions is a transit ion 
one extending f r om 100° to 250°C. 

Table I. Ions Observed from 60° to 100°C. During 
Vaporization of H 1 0 B S 2 

Mass of Relative Appearance Shutter 
Prominent No. of Atoms/Molecule Intensity Potential Effect (%) 

Peak H Β S 85°C, 70 e.v. (e.v. ± 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 ι 2 16 12.4 62 
76 2 ι 2 20 11.8 67 

106 0 1 3 2.5 16.1 74 
107 1 ι 3 3.0 11.6 65 
108 2 ι 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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15. E D W A R D S A N D G I L L E S Boron Sulfides 217 

V a p o r i z a t i o n o f H B S 2 B e l o w 100°C . These studies have been re 
por ted b y E d w a r d s , W i e d e m e i e r , a n d Gi l l e s ( 2 ) . T h e mass loss of their 
sample d u r i n g the investigations be l ow 100°C. was 19 .7% of the i n i t i a l 
mass. I f H 2 S were the on ly vo lat i le substance;—i.e. , i f the decomposit ion 
occurred on ly b y React ion 3, the mass loss on complete decomposit ion 
w o u l d be 2 2 . 8 % ; because other gases were observed, the extent of con
version was less than 8 6 % . 

T h i r t y ions w h i c h appeared i n the mass spectrum at temperatures 
f r o m 60° to 100 ° C . are l isted i n T a b l e I., co lumns 2-4. I n columns 1 a n d 5 
are l i s ted the m/e values a n d relat ive intensities observed i n a t y p i c a l 
invest igat ion at 8 5 ° C . T h e intensities g iven were obta ined as intensity 
decreases p r o d u c e d b y c losing the beam shutter, a n d are the sum of a l l 
isotopic intensities for each i on relat ive to ( H B S 2 ) 3

+ w h i c h was taken to 
be 100. 

Appearance potentials were measured for a l l ions w h i c h were suffi
c ient ly intense, a n d are reported i n co lumn 6 of T a b l e I. T h e ind i ca ted 
uncertainty of ± 0 . 3 e.v. i n these values was deduced b y measur ing some 
of the values several times. 

T h e shutter effect for the ions var i ed w i t h t ime. W h e n the H B S 2 ( s ) 
was p l a c e d i n the mass spectrometer, the shutter effects of most ions were 
i n i t i a l l y approximately 100. H o w e v e r , after several hours of vapor izat ion 
the shutter effects decreased not iceably , a n d this decrease cont inued 
throughout the experiments be l ow 100°C. T h e shutter effect for each of 
the ions, g iven i n c o l u m n 7 of T a b l e I., was obta ined ear ly i n the decompo
sit ion but after the shutter effects h a d decreased considerably . T h e 
temperature was 60 ° C . 

Six metastable ions were discovered i n the studies be l ow 100°C. T h e 
relat ive intensities of these were less than 0.2 w i t h the intensity of 
( H B S 2 ) 3

+ taken as 100. T h e metastable decomposit ion reactions w h i c h 
were deduced are l i s ted i n T a b l e I I i n w h i c h the first two columns give 
apparent a n d ca lculated m/e values. T h e next three sets of three c o l 
umns ident i fy the reactions. 

Appearance potentials of four metastable ions were measured a n d 
are l i s ted i n C o l u m n 14 of T a b l e I I ; the intensities of the other two 
identi f ied metastable ions were too l o w to obta in dependable A P values. 
I n co lumns 12 a n d 13 of T a b l e I I are l isted A P values of the proposed 
parents a n d fragments for a l l six metastable reactions. 

Three different groups of two metastable reactions are designated 
b y the letters A., B , a n d C i n the last c o l u m n of T a b l e I I . F o r group A 
the metastable i on a n d the proposed fragment have the same A P ; the A P 
values for group Β were not determined . F o r group C the A P of the 
metastable i on is lower than that of the proposed fragment, an occurrence 
for w h i c h no satisfactory explanation read i ly appears. 
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O t h e r metastable ions were careful ly sought, b u t not found . A spec ia l 
search w h i c h p r o v e d to be unsuccessful was devoted to the reactions, 

( H B S 2 ) 3
+ -+ H 2 B 3 S 5

+ + H S , (7) 

( H B S 2 ) 3
+ - » H B 3 S 5

+ + H 2 S , (8) 

H 2 B 2 S 5
+ -> H B S 3

+ + H B S 2 (9) 

Quant i tat ive in format ion about ionic fragmentat ion processes can 
be obta ined b y consideration of shutter effects. A s imple der ivat ion yie lds 
the equat ion 

38.5 ± 0.08 38.50 
46.8 ± 0 . 1 46.77 
48.5 ± 0.08 48.49 
71.3 ± 0.1 71.27 
89.7 ± 0.2 89.66 

100.0 ± 0.08 99.95 

Σ'< 

(10) 

i = l 

i n w h i c h S j is the shutter effect of i on j to whose intensity η i on ic f rag 
mentat ion processes contr ibute , a n d S i Is t n e shutter effect of i on i , one 
of the η ions w h i c h fragment to y i e l d i on j . T h e part contr ibuted b y i on i 
to the intensity of i o n j is symbo l i zed b y i i . T h u s , w h e n the shutter effects 
are k n o w n , one has a re lat ionship among the contributions f r om various 
fragmentations to a g iven ionic intensity. 

E q u a t i o n 10 is especial ly useful w h e n η = 2, because one obtains 
the ratio of intensities f r om the two fragmentations. S u c h is surely the 
case for B 2 S 2

+ , since there are only two neutra l molecules w i t h two or 
more boron atoms, H 2 B 2 S 3 a n d ( H B S 2 ) 3 . F o r this case, η i n E q u a t i o n 10 

T a b l e I I . Metastab le Decomposit ions f r o m H 1 0 B S 2 be low 100°C . 

No. Atoms/Molecule Appearance Potential 
Mass (e.v. ± 0.3) 

Frag- Identifi-
Calcu- Parent ment Neutral Par- Frag- Meta- cation 

Apparent lated H B S H B S H B S ent ment stable Group 

2 2 4 2 1 2 0 1 2 10.5 11.8 11.8 A 
1 2 3 0 1 2 1 1 1 13.1 16.4 13.5 C 
1 2 4 1 2 2 0 0 2 11.4 16.6 14.9 C 
2 3 5 1 2 3 1 1 2 11.5 13.1 N D b B 
2 2 4 0 2 3 2 0 1 10.5 13.1 N D b B 
3 3 6 2 2 4 1 1 2 9.3 10.5 10.4 A 

a Group A. Identification established by mass, intensity, and ΑΡ. 
Group B. Identification indicated by mass and intensity. 
Group C. Identification indicated by mass and intensity, but contraindicated by AP. 

ftNot Detected. 
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15. EDWARDS AND GILLES Boron Sulfides 219 

is 2, i on j is B 2 S 2
+ , i on 1 is H 2 B 2 S n \ a n d ion 2 is ( H B S 2 ) 3

+ . W i t h shutter 
effects f r om T a b l e I w e have 

w h i c h reduces to I2/h — 4.5. T h u s , four to five times as m u c h B 2 S 2
+ r e 

sults f rom fragmentations of ( H B S 2 ) 3
+ as f rom H 2 B 2 S r )

+ . A s imi lar c a l c u 
la t ion for B 2 S 3

+ y ie lds I2/h = 6.5, a n d the result is the same for H B 2 S 3
+ , 

because its shutter effect is the same. F o r on ly one other i on i n T a b l e I I 
is i t clear that η — 2. T h i s is H B 2 S 2

+ , b u t app l i cat ion of E q u a t i o n 10 to 
this i o n is compl i ca ted b y the fact that isotopic ions of B 2 S 2

+ , w i t h a d i f 
ferent shutter effect appear at the same m/e value a n d must be taken 
into account. 

V a p o r i z a t i o n F r o m 100° t o 2 5 0 ° C . Scans of the mass spectrum were 
successively per formed i n the transit ion region at 100°, 110°, 130°, 155°, 
170°, 190°, 215° , a n d 240°C. T h e y were usual ly taken i n the decreasing 
mass d irect ion a n d r e q u i r e d several hours each. These scans were char 
acter ized b y changing relat ive intensities of ions a n d b y the absence of 
h i g h molecular we ight ions. 

A l l ions present b e l o w 100°C. were observed i n these scans. T h e 
intensities for most ions var i ed i r regular ly w i t h temperature, even to the 
extent that some intensities sometimes were less than i n the preced ing 
scan at l ower temperature. T h e general t rend for the intensities of a l l 
the ions except H 2 S + was to attain a m a x i m u m at about 1 5 5 ° C , then 
to decrease w i t h increasing temperature. T h e intensity of H 2 S + also d i d 
not v a r y smoothly, b u t a lways increased w i t h increas ing temperatures. 

T w o ions not observed be low 100°C. were f ound i n this temperature 
range. T h e i on S 8

+ was present i n a l l scans, a n d H 2 B 4 S 9
+ was f ound i n the 

scans above 150°C. T h e intensity of S 8
+ was always less than 1 0 % r e l a 

t ive to that of ( H B S 2 ) 3
+ , a n d its var iat ion w i t h temperature was s imi lar 

to that of the major i ty of the ions. T h e intensity of H 2 B 4 S 9
+ was l o w ; at 

155°C. i t was less than 0 . 3 % that of ( H B S 2 ) 3
+ . It increased monotonica l ly 

w i t h temperature a n d at 240°C. was 2.5 times as large as at 155°C. N o 
n e w metastable transit ion was observed, a n d no boron sulfide i on larger 
than B 3 Sr , + was f ound i n this temperature range. 

F e w measurements r e q u i r i n g constant ionic intensities at a g iven 
temperature were per formed because of r a p i d sample decomposit ion. 
T h e appearance potent ia l of H 2 B 2 S r > + at 202°C. was f ound to be 8.9 e.v. 
± 0.3 e.v. 

V a p o r i z a t i o n A b o v e 2 5 0 ° 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° , a n d 665°C. T h e h i g h molecular we ight ions d is 
covered b y Greene a n d Gi l l e s (6 ) were observed, a n d m a n y n e w ions 

87 = 
501! + 95 I 2 

( i i ) 
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conta in ing no hydrogen were discovered. A few l o w molecular weight , 
hydrogen-conta in ing ions,—e.g. , H 2 S + a n d H B S 2

+ r emained i n the mass 
spectrum at these temperatures, a n d their intensities relat ive to those of 
the h i g h molecular we ight ions were very h ig h . 

T h e Series I ions w i t h formulas s impler than B 3 S G
+ were present w i t h 

significant intensities at 265°C. a n d remained i n the spectrum at the 
highest temperature. Three larger Series I ions, B 7 S i 2

+ , B 8 S i 4
+ , a n d B 8 S 1 ( $ + 

were observed at 2 6 5 ° C , a n d one larger, hydrogen-conta in ing ion , 
H 2 B 4 S 9

+ , was s t i l l present. N o Series I I or I I I i on was detectable at 
265°C. A f e w ions conta in ing five a n d six borons were first detected at 
275°C. 

A t 300°C. the mass spectrum was m u c h r icher i n ions; B 8 S i 5
+ ap 

peared along w i t h B 7 S i 4
+ , B 7 S i 3

+ , B 8 S i 2
+ , B 6 S i 2 \ a n d several others. I n 

add i t i on , two Series I I I ions, B 8 S i 5 0 + a n d B 8 S i 3 0 + , became detectable. 
A s the temperature was increased above 300°C. the mass spectrum 

became very r i c h . M a n y Series I a n d I I I ions were f ound , a n d above 
400°C. the Series II ions appeared. A t about 350°C. ions w i t h as m a n y 
as ten boron atoms achieved detectable intensities. 

I n a l l three series of ions the intensities of the l o w molecular we ight 
ions var i ed w i t h temperature differently than d i d the intensities of the 
h i g h molecular we ight ions. T h e intensities of most Series I ions w i t h 
m/e less than 250 increased monotonica l ly w i t h temperature, but for 
heavier ions the intensities reached a m a x i m u m at about 400° to 500°C. 
then decreased. A t temperatures s l ight ly above 250°C. and also above 
600°C. the intensities of l o w m/e ions were greater than those for the 
heavier ions, but i n the region 300° to 6 0 0 ° C , the heavier ions were more 
intense than the l ighter ions except for H 2 S + , H B S 2

+ , S 2
+ , a n d B 2 S 3

+ . 
Intensities of Series I I ions w i t h m/e b e l ow about 450 increased 

w i t h increasing temperature. Ions w i t h h i g h m/e values h a d intensities 
that reached a m a x i m u m between 550° to 6 5 0 ° C , then decreased w i t h 
increasing temperature. Series I I I ions w i t h m/e less than about 300 
increased i n intensity w i t h increasing temperature. T h e others reached 
a m a x i m u m intensity between 400° a n d 600°C. then decreased w i t h t em
perature. A l t h o u g h m a n y of the n e w ions were present i n the spectrum 
over on ly short temperature ranges, B 8 S i 6

+ was observed i n a l l scans 
above 250°C. 

I n F i g u r e 2 the intensities of the boron-sul fur ions relat ive to that 
of B 8 S i o + as 100 w h i c h were observed i n the scan at 490°C. are shown 
graphica l ly . T h e locat ion of each n u m b e r represents an i on w i t h the 
f o r m u l a B n S m

+ , i n w h i c h η a n d m are, respectively, the ordinate a n d 
abscissa of the location. T h e two dashed lines on the graph connect l oca 
tions of the i on i c polymers of B 2 S 3 a n d B S 2 , respectively. M o s t ions f a l l 
w i t h i n the reg ion enclosed b y these l ines. N o t shown are ions conta in ing 
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15. E D W A R D S A N D G I L L E S Boron Sulfides 221 

only one element, a l though B + as w e l l as a l l i on ic sulfur polymers u p to 
S 8

+ were observed. A relat ive intensity of zero means that the i on was 
not observed at 490°C. but was observed i n one or more of the other 
scans; a G represents an ion observed b y Greene a n d Gi l l e s ( β ) but not 
observed i n this work ; a n d u n d e r l i n i n g indicates an i on not observed b y 
them. 

—ι 1 1 1 rp^i τ
ο 

y 
y 

/ G 
/ y 

β>' 1.9 5.3 3.7 12 ±' 
2.7 .8 ^ ^ 

4.6 ^52 140 180 J00^ 

£ 5 ^ 2 2 48 58 JL\" 
y s - ' 

. I 5.1 ' 82 3.5 6.6^ 
- y 

2.2 7.2/23 13 . 9 ^ 

.9 a2x|.l 1.6 2.6 

.4 3.3 3.5 .9 

. 3 y%\ ' . 4 

_J I I I I L 
I 2 3 4 5 6 7 8 9 10 II 12 13 14 15 16 17 18 19 20 21 

SULFUR 

Figure 2. Relative Intensities of Series I Boron Sulfide Ions at 490°C. The 
numbers of boron and sulfur atoms in the ion are given as ordinate and abscissa. 
Intensity of B8S16

+ equals 100. Underlining indicates an ion not observed by 
Greene and Gilles, and a G represents each ion observed by them hut not 

observed in this work 

Relat ive intensities of the Series I ions observed at the same t e m 
perature, 490°C. , are also represented on a schematic mass spectrum i n 
F i g u r e 3. T h e ordinate gives on a l ogar i thmic scale the percentage i n 
tensity relat ive to that of B 8 S H î

+ . T h e abscissa identifies the i on , first b y 
the n u m b e r of boron atoms, then b y the n u m b e r of sul fur atoms; thus i t 
is not continuous i n m/e. 

I n F igures 4 a n d 5 are shown, respectively, the Series I I or s i l i con -
containing ions w h i c h were observed in the scan at a h igher temperature, 
640° C . , a n d their relative intensities on a schematic mass spectrum of the 
same type as i n F i g u r e 3. F igures 6 and 7 i l lustrate i n the same w a y the 
Series I I I , or boron-sulfur-oxygen ions, a n d their re lat ive intensities i n 
the scan at 565 ° C . 

C o m p o s i t i o n variations i n the samples prevented direct use of i n 
tensity vs. temperature data to obta in thermodynamic quantit ies , bu t 
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SULFUR Ο123 2 3 4 5 3 ^ 6 7 Q 9 

BORON 1 2 3 4 

6789|0
 8 9 I 0 | | , 2 , 0 , , I2|3 |4 , 2 , 3 * I 5 | 6 I 3 , 4 I 5 | 6 , 6 | 7 » 8 | 9 2 0 

5 6 7 8 9 10 

Figure 3. Logarithms of Relative Intensities of Series I Boron Sulfide Ions at 
490°C. Intensity of B8Sir; Equals 100 

in format ion on fragmentat ion processes can be obtained. Cons ider the 
ion ic fragmentat ion react ion 

A + - > B + + C (12) 

I f on ly one molecular source yields A + , a n d i f React ion 12 is the only 
source of B \ then the intensity ratio Z( A + ) / J ( B + ) is independent of sam
ple composit ion. H o w e v e r , i f more than one molecular source exists for 
either ion A + or i on B + , then the value of the intensity ratio w i l l depend 
on sample composit ion a n d temperature. 

I n F i g u r e 8 logarithms of three intensity ratios, Z ( B 8 S i r > + ) / Z ( B 8 S i ( î
+ ) , 

7 ( B 7 S 1 2
+ ) / 7 ( B 8 S 1 4

+ ) , a n d Z ( B 8 S 1 2
+ ) / Z ( B 8 S i 4

+ ) are p lotted as functions of 
the inverse temperature. T h e variations of these three ratios w i t h t e m 
perature are t y p i c a l of those f ound for other ions. A t K n u d s e n ce l l 
temperatures b e l o w 750°K. (1/T = 1.33 X 10"*) intensity ratios 
Z ( B 8 S 1 2

+ ) / Z ( B 8 S 1 4
+ ) a n d Z ( B 7 S l 2

+ ) / Z ( B 8 S 1 4
+ ) were effectively i n d e p e n d 

ent of temperature and composit ion, and , therefore, bo th ions whose i n 
tensities appear in the rat io p robab ly h a d a single molecular precursor. 
A b o v e this temperature a new source arose for the ion whose intensity 
appears in the numerator i n each of these two ratios as ind icated b y the 
increasing value of the intensity ratio w i t h increasing temperature. 
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Figure 4. Relative Intensities of Series II Boron Sulfide Ions at 640°C. Each 
ion contains one silicon atom. The numbers of boron and sulfur atoms are 
given as ordinate and abscissa. Intensity of B.S8Si+ 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 

SULFUR 3 

BORON I 

9 I0| | 
5 

I2|3|4 , 5I6|7 , 6 I7 I 8I920 
7 8 9 10 

Figure 5. Loganthms of Relative Intensities of Series II Boron Sulfide Suicide 
Ions at 640°C. Intensity of B^S8Si+ Equals 100 
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Figure 6. Relative Intensities of Series III Boron Sulfide Ions at 565°C. Each 
ion contains one oxygen atom. The numbers of boron and sulfur atoms are 
given as ordinate and abscissa. Intensity of B8S16

+ 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 

SULFUR 2 
BORON 2 

Figure 7. Logarithms of Relative Intensities of Series III Boron Sulfide Oxide 
Ions at 565°C. Intensity of B8S16

+ equals 100 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

96
8 

| d
oi

: 1
0.

10
21

/b
a-

19
68

-0
07

2.
ch

01
5

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



15. E D W A R D S A N D G I L L E S Boron Sulfides 225 

T h e observed var iat ion of the intensity ratio i ( B 8 S i 5 + ) / i ( B 8 S i 6
+ ) i n 

F i g u r e 8 shows that at least two molecular precursors for one or bo th of 
these ions existed over the entire range of temperatures represented, a n d 
that the nature of these sources d i d not change apprec iab ly at tempera
tures b e l o w 600°K. (1/T = 1.55 X 10" 3 ) . T h e curvature at h i g h t e m 
peratures is p r o b a b l y caused b y a disappearance of a source of B 8 S i r , + . 

1.0 1.2 1.3 1.4 1.5 

l/T H0"3deg.K') 

1.6 

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(B8S15

+)/I(B8S1(!
+), 

n—I(B7S12+)/I(B8Su
+), 0—I(B8S12

+)/I(B8Su
+) 

M o l e c u l a r precursors of ions cannot be deduced unequ ivoca l l y f r o m 
in format ion about intensity ratios such as that discussed above. O t h e r 
changes w h i c h occurred i n the mass spec trum at temperatures of the 
breaks i n the curves suggest, however , some fragmentat ion relat ionships. 
F o r example, at about 3 7 0 ° C , w h i c h is also the temperature at w h i c h a 
break occurs i n two curves i n F i g u r e 8, the first ions containing ten boron 
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atoms appeared i n the mass spectrum. O n e deduces f r om this observa
t i on the poss ib i l i ty that molecules w i t h ten or more borons are neutra l 
precursors for some of the ions i n F i g u r e 8. 

Discussion 

V a p o r i z a t i o n of H B S 2 B e l o w 100°C . T h e in format ion w h i c h has 
been obta ined f rom the l o w temperature vapor izat ion experiments is 
sufficient to a l l o w identi f icat ion of the important neutra l molecules i n 
e q u i l i b r i u m w i t h H B S 2 ( s ) at temperatures be low 100°C. T h i s evidence 
inc ludes the identi f icat ion, intensities, AP values, a n d shutter effects of 
the ions a n d the metastable reactions. F i g u r e 9 i l lustrates the mass spec
t r u m a n d re lat ive intensities b y means of ver t i ca l l ines. Appearance po 
tentials a n d shutter effects are represented b y circles a n d triangles, 
respectively. O n e sees that the most intense ions or ig inat ing f r om the 
c ruc ib le reg ion be l ow 100°C. are ( H B S 2 ) 3

+ ; the pa i r ( H B S 2 ) 2
+ a n d 

H B 2 S 4
+ ; the group H 2 S + , H S + , a n d S + ; the group H 2 B S 2

+ , H B S 2
+ , a n d B S 2

+ ; 
a n d the pa i r H B 2 S 3

+ a n d B 2 S 3
+ . T h e ions w i t h lowest AP values are 

H 2 B 2 S 5
+ , ( H B S 2 ) 3

+ , H 3 B S 3 \ a n d ( H B S 2 ) 2
+ . 

T h e agreement of the measured AP of H 2 S + w i t h the k n o w n value , 
the un ique shutter effect of H 2 S + , a n d the k n o w n decomposit ion of H B S 2 

to B 2 S 3 show that H 2 S + results f rom ion izat ion of H 2 S . T h e l o w AP a n d 
h i g h intensity of ( H B S 2 ) 3

+ , the absence of any h igher molecular weight 
hydrogen conta in ing species, a n d the fact that the t r imer has the same 
composi t ion as H B S 2 ( s ) show that it also is a neutra l molecule . T h e l o w 
AP a n d l o w shutter effect of H 3 B S 3

+ a n d the fact that H 3 B S 3 , orthothio -
bor i c a c id , lies on the jo in conta in ing H 2 S , H B S 2 , a n d B 2 S 3 of the ternary 
H - B - S system indicate that H 3 B S 3 is an important neutra l molecule i n 
this system. 

T h e i on w i t h the lowest AP is H 2 B 2 S 5
+ , a n d this fact indicates that 

i t also is a parent i on . T h e on ly h igher molecular we ight ions, and , there
fore, those to w h i c h i t m i g h t be re lated b y a fragmentat ion process i n 
v o l v i n g negative i on format ion , a l l have m u c h larger shutter effects, thus 
substantiat ing the conclusion that i t is a parent i on . 

T h e l o w A P , h i g h intensity, a n d the composit ion of ( H B S 2 ) 2
+ suggest 

that i t too is a parent i on . O n the other h a n d , the observation of the 
metastable decomposit ion f rom the tr imer to the d i m e r at m/e = 100, the 
agreement of the AP values for the metastable a n d the d imer ions, a n d 
the fact that the d i m e r a n d t r imer have the same shutter effect a l l suggest 
that ( H B S 2 ) + is a fragment. T h e d imer molecule p r o b a b l y is not i m p o r 
tant at temperatures b e l o w 100 ° C . 

T h e other ions w i t h m/e values greater than 110 have AP values 
greater than 11 e.v. a n d large shutter effects, a n d they most l i k e l y arise 
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Figure 9. Relative Intensities, Appearance Potentials, and Shutter Effects of 
Ions Observed from H10BS2 (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 

f rom fragmentation of ( H B S 2 ) 3 + . T h e ions w i t h m/e values between 50 
a n d 108 also have AP values greater than 11 e.v. a n d intermediate shutter 
effects, a n d they probab ly arise f r om two or more processes f rom parent 
molecules w i t h different shutter effects—e.g., ( H B S 2 ) 3 , H3BS3, a n d 
H 2 B 2 S 5 . 

Some of these decomposit ions were observed as metastable ions. I n 
part i cu lar , the observations prove the existence of two fragmentat ion 
series. 

( H B S 2 ) ; / -> ( H B S 2 ) 2
+ -> B 2 S 3

+ (13) 

a n d 

H 2 B 8 S 5
+ -> H B 2 S ; , + - » B S 2

+ . ( 14) 

F r o m the AP values a n d shutter effects of ( H B S 2 ) a
+ a n d H 2 B : { S 5

+ one 
m a y deduce that the latter series also originates w i t h ( H B S 2 ) 3 , but no 
other evidence of this has been found. 

T h e AP reported here for B 2 S : {
+ is 13.1 =b 0.3 e.v. a n d that g iven 

prev ious ly (6) was 10.4 ± 0.3 e.v. T h e difference arises f r om the fact 
that at cruc ib le temperatures be l ow 100°C. the ion is a fragment f rom 
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one of the a c i d species, a n d i n the earlier, h igher temperature studies 
on B 2 S 3 the i on is a parent. 

Inasmuch as bo th the i n i t i a l reactant H B S 2 and the p r i n c i p a l u l t imate 
p roduc t B2S3 l ie on the H 2 S - B 2 S 3 j o in , the a priori hypothesis is that the 
m a i n gaseous product of the decomposit ion w i l l be H 2 S . T h e results show 
that H 2 S ( g ) , H 3 B S 3 ( g ) , a n d ( H B S 2 ) 3 ( g ) are indeed the p r i n c i p a l gas
eous products of the l o w temperature vapor izat ion ; thus the overal l result 
is a loss of H 2 S as w e l l as H B S 2 f rom the condensed phase. T h e parent 
i o n H 2 B 2 S r > + does not l ie on the H 2 S - B 2 S 3 j o in , but its intensity is sma l l 
b e l o w 100°C. 

Vaporization at Higher Temperatures. T h e observations f rom 100° 
to 250°C. revealed on ly add i t i ona l ions, S 8

+ a n d its fragments a n d 
H 2 B 4 S { ) + . T h e fact that hydrogen-conta in ing species remained important 
shows that decomposit ion of the H B S 2 ( s ) was not yet complete. 

A t h igher temperatures, above 2 5 0 ° C , the observations of h i g h m o 
lecular we ight ions b y Greene a n d Gi l l e s (6) were conf irmed i n m a n y 
experiments under a var iety of conditions. I n add i t i on , n e w ions were 
discovered. T h e fact that m a n y of these n e w ions were present i n the 
mass spectrum only i n re lat ive ly short temperature ranges explains w h y 
they were not observed earl ier. T h e vapor at temperatures above 250°C. 
p robab ly contains m a n y neutra l molecules, their var ie ty a n d concentra
tions depend ing on the temperature a n d sample composit ion. 

T h e presence of ions w i t h formulas u p to B i 2 S 2 i + a n d the imposs i 
b i l i t y of significant ion-molecule reactions at the l o w pressures i n the i on 
source a n d analyzer prove that molecules at least as large as B i 2 S 2 i must 
exist. It is probable that B i 2 S 2 i + is a fragment of a s t i l l larger, but unde 
tected ion . T h e observation of re lat ive ly intense B 8 S i 6

+ over a w i d e t e m 
perature range is significant because it h a d been pred i c ted (6) that 
B 8 S i 6 should be an important neutra l molecule . 

Greene a n d Gi l l e s (6) a t t r ibuted the existence of h i g h molecular 
we ight boron sulfide molecules i n the vapor to excess sulfur i n the con
densed state. T h e sample used i n this w o r k was prepared b y their method 
a n d p r o d u c e d S 8

+ ; thus this sample also was su l fur - r i ch . T h e i r fa i lure to 
observe B S 2 po lymers m a y have arisen because their sul fur ac t iv i ty was 
not as h i g h as ours. T h e fa i lure b y Sommer, W a l s h , a n d W h i t e (12) to 
observe any boron-sulfide i on more complex than B 2 S 3

+ was probab ly 
caused b y the m u c h lower sul fur act iv i ty i n their system. 

F e w conclusions about the Series I I a n d Series I I I ions can be ob
ta ined f r om these investigations. T h e Series I I I ions most l i k e l y result 
f r o m subst i tut ion of one oxygen for one sul fur i n Series I ions. S u p p o r t i n g 
this chemica l argument is the fact that i f one sulfur is added to each i on 
i n F i g u r e 6 their locations w i t h respect to the B 2 S 3 a n d B S 2 po lymer lines 
become m u c h l ike those of the Series I ions i n F i g u r e 2. 
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T h e same type of comparison of F igures 2 a n d 4 reveals that the two 
representations almost superimpose i f one sul fur is r emoved f r o m each 
Series I I i on . T h u s , these ions c o u l d be obta ined b y a d d i n g one s i l i con 
atom a n d one sulfur atom to the appropriate Series I ions. 

O u r results obta ined b e l o w 100 ° C . appear to indicate that ( H B S 2 ) 3 

is the on ly important gaseous molecule w i t h the stoichiometry of H B S 2 . 
Greene (3 , 4) i n his investigations of the in frared spectrum of this sys
tem interpreted his results i n terms of H B S 2 ( g ) , ( H B S 2 ) 2 ( g ) , a n d 
( H B S 2 ) 3 ( g ) . H o w e v e r , his w o r k was done at h igher temperatures, where 
the monomer achieves importance . 

W o r k on the H - B - O system can be d i v i d e d into two categories, one 
conta in ing the several papers b y Porter ( 1 ) a n d his coworkers on boroxine 
H 3 B 3 0 3 ( g ) a n d its derivatives, a n d the other containing w o r k on the 
spectra a n d thermodynamic properties of substances i n the H 2 0 - B 2 0 3 

system, H B 0 2 ( g ) , ( H B 0 2 ) 3 ( g ) , B 2 0 3 ( s ) , a n d B 2 0 3 ( g ) , b y Greene 
(3, 4), M e s c h i , C h u p k a , a n d B e r k o w i t z ( 8 ) , b y R a n d a l l a n d M a r g r a v e 
( 9 ) , a n d b y W h i t e , M a n n , W a l s h , and Sommer (13). 

There is l i t t le analogy between the present w o r k a n d that on the 
boroxine system. T h e p r i n c i p a l neutra l species i n the present study l ie 
on the H 2 S - B 2 S 3 jo in or s l ight ly to the su l fur - r i ch side, bu t the boroxine 
compounds are on the oxygen-deficient side of the corresponding jo in i n 
the H - B - O system. 

A major difference between the studies on the bor i c acids a n d this 
w o r k on the th iobor ic acids lies i n the temperature range. T h e present 
experiments on the hydrogen conta in ing species were per formed mostly 
be l ow 1 0 0 ° C , where the p r i n c i p a l species were ( H B S 2 ) 3 ( g ) a n d H 2 S ( g ) , 
b u t the experiments on the bor i c acids employed the react ion between 
water a n d bor i c oxide above 8 0 0 ° C , where the p r i n c i p a l species is 
H B 0 2 ( g ) . T h e difference i n volati l i t ies arises presumably because of 
greater hydrogen b o n d i n g i n the bor i c acids. 

N o oxygen analog of H 2 B 2 S 5 has been discovered. T h e structure of 
this n e w molecule is not k n o w n but it p robab ly contains the five m e m -
bered 1,3,4-trithiadiborolane r i n g (10, I I ) , w h i c h includes a S—S bond . 
O n the basis of this structure, the absence of Η 2 Β 2 Ο δ is exp la ined b y the 
instabi l i ty of the requ i red peroxide bond . 

T h e second major difference between the sul fur a n d oxygen systems 
is that i n the latter no h i g h molecular we ight species has yet been d is 
covered. P r o b a b l y the reason for the difference lies i n the greater t end 
ency of sulfur to catenate. Poss ib ly the greater dif f iculty of f o r m i n g 
oxygen-r ich solutions of B 2 0 3 a n d the necessity of w o r k i n g at h igher 
temperatures bo th mi l i tate against the existence of h i g h molecular w e i g h t 
boron oxides. 
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16 
A Modified Mass Spectrometer Ion Source 
for the Study of High Temperature 
Vaporization 

Vaporization of Zinc, Cadmium, Arsenic, Selenium, 

Cadmium Arsenide, and Cadmium Selenide. 

J . B. W E S T M O R E 

University of Manitoba, Winnipeg, Canada 

H . F U J I S A K I 

Research Institute for Scientific Measurements, Tohoku University, 
Sendai, Japan 

A. W. TICKNER 

Division of Appl ied Chemistry, National Research Counci l , Ottawa, Canada 

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 

Zη(solid) Zη(gas) 

Cd(solid) Cd(gas) 

As(solid) 
As4(gas) 

Se(solid) Sen(gas) where n = 5, 6, 7, 8 

Cd3As2(solid) 3Cd(gas) + As4(gas) 

CdSe(solid) Cd(gas) + Se2(gas) 

The accommodation coefficient for the vaporization of 
As4 from solid arsenic or from Cd3As2 is small and also may 
be small for the vaporization of Se2 from CdSe. 

231 
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he most c ommonly used method of s tudying re lat ive ly invo lat i le 
materials i n a mass spectrometer is b y means of a K n u d s e n or effu

s ion ce l l . These are n o w avai lable as accessories to c ommerc ia l ins t ru 
ments. A molecu lar beam f rom the ce l l intersects an electron b e a m i n 
the i o n i z i n g region. T h e recorded i on current is propor t i ona l to the 
concentration of a par t i cu lar molecular species i n the b e a m a n d can be 
re lated to its p a r t i a l pressure inside the effusion ce l l . B y v a r y i n g the 
temperature of the effusion ce l l a n d record ing the i on current o w i n g to 
the various species emerging f r om the ce l l at each temperature, thermo
d y n a m i c data can be obtained. I f the effusion ce l l can be ca l ibrated so 
that absolute p a r t i a l pressures can be determined, then free energies a n d 
entropies as w e l l as enthalpies can be obta ined for the vapor izat ion 
reactions. 

A modi f ied i o n source has been constructed i n w h i c h the i o n i z i n g 
electron b e a m actual ly passes through a chamber containing vapor above 
the condensed phase as shown i n F i g u r e 1. T h e details of its construction 
w i l l be g iven i n the exper imental section. T h e p a r t i a l pressure of the 
vapor i n the i o n i z i n g region is d i rec t ly contro l led b y the temperature of 
the sample. 

O n e advantage of this i on source over the convent ional K n u d s e n ce l l 
source arises because the sample vapor is actual ly generated i n the 
i o n i z i n g region. T h i s results i n greater sensit ivity a n d the ab i l i t y to w o r k 
at l ower vapor pressures. U s i n g a F a r a d a y cup col lector a n d v i b r a t i n g 
reed ampli f ier , i on currents were measured at pressures est imated to be 
i n the range 10" 7 to 10" 4 torr. Greater sensit ivity shou ld be achieved w i t h 
an electron m u l t i p l i e r detector. It becomes possible to study systems at 
l ower temperatures a n d different conditions than previously , a n d i n some 
cases different behavior has been observed. Since at these pressures the 
mean free p a t h is m u c h larger than the ce l l dimensions i t is possible to 
w o r k at condit ions where coll isions i n the vapor are of neg l ig ib le 
importance . 

A disadvantage of this i on source is that because of the re lat ive ly 
large area of the slits some vapor can diffuse back into the i on izat ion 
region f rom outside the ce l l . A l t h o u g h the amount of back dif fusion is 
re lat ive ly smal l , i n some cases i t prevented an unambiguous conclusion 
as to whether a smaller molecule arose b y vapor izat ion f rom the con
densed phase or b y thermal decomposi t ion of a larger molecule on the 
mass spectrometer filament. A further consequence of the re lat ive ly large 
sl i t area is the effect on the steady state pressure i n the sample chamber . 
T h i s effect w i l l be ana lyzed i n the theoret ical section. 

T h e potent ia l of the sample chamber c o u l d be var i ed w i t h respect to 
the filament. I n this w a y the current caused b y a par t i cu lar ion c o u l d be 
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16. W E S T M O R E E T A L . High Temperature Vaporization 233 

determined as a funct ion of the electron energy, a n d an ion izat ion effi
c iency curve c o u l d be obtained. A l t h o u g h the curves d i d not have the 
i d e a l i z e d shape, appearance potentials obta ined f rom them agreed w e l l 
w i t h l i terature values w h e n a d irect comparison was possible. T h e elec
t ron energy scale was ca l ibrated w i t h an inert gas, usua l ly k r y p t o n or 
xenon. 

Experimental 

D e s c r i p t i o n of the Ion Source. T h e i o n source was or ig ina l ly d e 
scr ibed b y M a n n a n d T i c k n e r ( I I ) a n d later modi f ied ( 1 7 ) . T h e details 
of the modi f ied apparatus n o w fo l low. 

T h e i o n source of a convent ional 90° magnet ic sector mass spectrome
ter was modi f ied as shown i n F i g u r e 1. O r i g i n a l l y the n o r m a l p u m p i n g 
on the mass spectrometer tube was supplemented b y a 70 l i ters / sec . 
m e r c u r y dif fusion p u m p e q u i p p e d w i t h a l i q u i d n i trogen trap attached 
d i rec t ly to the i on source chamber to reduce the b a c k g r o u n d of r e s i d u 
als i n the i on source. H o w e v e r , there were apprec iab le variations i n 
p u m p i n g speed, a n d hence this extra dif fusion p u m p was on ly used for 
i n i t i a l heat ing of the sample chamber . C o p p e r coo l ing coils were a d d e d 
to the ends of the source chamber to prevent the rubber O-r ings f r o m 
b e i n g overheated. 

T h e entire furnace assembly was m o u n t e d on plate P i w h i c h was 
attached to the same m o u n t i n g posts as the focusing a n d co l l imat ing plates 
of the mass spectrometer. P late P 2 was supported w i t h respect to P i b y 
four rods. A l l of the plates a n d support ing rods were made of C h r o m e l A . 

T h e electron b e a m was supp l i ed b y a tungsten filament F . I t entered 
the i o n source furnace through a smal l s l it a n d emerged through a s l ight ly 
larger sl it to be measured b y means of t rap T . Permanent magnets 
m o u n t e d external ly s u p p l i e d a c o l l imat ing field of about 400 gauss. A n 
exit s l i t was p r o v i d e d i n the end of the furnace, a n d a c i r cu lar hole 1 c m . 
i n d iameter i n plate P i opposite the slit a l l o w e d sufficient penetrat ion of 
the field f r o m the focusing plates to w i t h d r a w the ions. T h e two slits for 
the electron b e a m a n d the i on exit sl it were defined b y pieces of C h r o m e l 
f o i l spot -welded onto the i on source furnace. T h e sizes of the slits c o u l d 
consequently be var i ed , a n d their total area averaged between 4 to 6 sq. 
m m . T h r e e too l steel pins 0.5 m m . i n d iameter mounted on P i a n d corre
spond ing holes i n the end of the i o n source furnace located the exit s l i t 
w i t h respect to the co l l imat ing slits of the mass spectrometer. Electrons 
f r o m the filament were accelerated b y a potent ia l a p p l i e d between the 
filament a n d the furnace. T h i s potent ia l c o u l d be v a r i e d between about 
5 to 100 volts a n d was measured w i t h a d i g i t a l voltmeter w h e n i on izat i on 
efficiency curves were b e i n g determined . 

T h e furnaces were m a c h i n e d f rom m o l y b d e n u m w h i c h , i n add i t i on 
to its l o w vapor pressure a n d h i g h me l t ing point , possessed h i g h t h e r m a l 
conduct iv i ty a n d was not attacked b y the vapors of the metals to be 
examined. E a c h furnace h a d its o w n heat ing element of a non induct ive 
type cut f r o m C h r o m e l A sheet a n d w o u n d on w i t h m i c a insulat ion . S ince 
it was not necessary to k n o w the temperature of the i o n source furnace 
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w i t h great accuracy, i t was convenient to p lace a thermocouple on its w a l l 
ins ide the heat ing element. T h e rad iat ion shields were made of tanta lum 
a n d were supported b y stainless steel screws a n d borosil icate glass 
spacers. A l l e lectr ica l leads were brought out at the e n d of the i on source 
chamber b y 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; Pj and Pi. Mounting plates; 

and T. Electron beam trap 

A regulated a.c. power supp ly w i t h an output voltage constant to 
0 . 1 % was used to supp ly power for heat ing the furnaces. E a c h furnace 
rece ived its power f rom the secondary w i n d i n g of an iso lat ing transformer 
w h i c h a l l owed the furnace heat ing elements to operate at the potent ia l of 
the i on source, approximate ly 2000 volts above ground. T h e temperature 
of each furnace was contro l led m a n u a l l y b y adjust ing a var iab le auto-
transformer w h i c h supp l i ed the voltage to the p r i m a r y w i n d i n g . T h i s 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

96
8 

| d
oi

: 1
0.

10
21

/b
a-

19
68

-0
07

2.
ch

01
6

In Mass Spectrometry in Inorganic Chemistry; Margrave, J.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1968. 
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arrangement a l l o w e d different temperatures to be mainta ined i n the two 
furnaces over a sufficiently w i d e range. 

P o w d e r e d samples were p laced i n crucibles m a c h i n e d f r om m o l y b 
d e n u m . O n e cruc ib le h a d a single large compartment w h i l e another h a d 
seven compartments of equa l size d r i l l e d i n i t . Samples c o u l d be p l a c e d 
i n different numbers of holes to vary the effective sample area, as w i l l be 
discussed i n the theoret ical section. T h e cruc ib le was fitted into a 
spec ia l ly made quartz cup w h i c h h a d a c i r cu lar hole i n the bot tom so 
that i t c ou ld be mounted on a support m a c h i n e d f rom boron n i t r ide or 
quartz . A hole d r i l l e d i n the axis of the sample support a l l owed the 
insert ion of a C h r o m e l P - A l u m e l thermocouple w h i c h measured the sam
p le temperature. T h e thermocouple wires were brought out of the 
v a c u u m wi thout joins b y passing them through smal l holes i n a Tef lon 
p l u g w h i c h was compressed b y forc ing it into a tapered hole b y s crewing 
d o w n a threaded nut onto i t . 

T h e thermocouple was ca l ibrated at the me l t ing points of z inc , l ead , 
a n d t i n a n d at the b o i l i n g po int of water. Reca l ibrat i on after use snowed 
that the cal ibrations h a d changed b y less than 0.6° i n a l l cases. T h e 
e.m.f ,'s were measured on a potentiometer w i t h an accuracy of ± 0 . 0 0 2 m v . 

Temperature e q u i l i b r i u m cou ld be attained i n a f ew minutes , a n d the 
temperature was h e l d constant to w i t h i n 0.5° w h i l e the i on currents were 
b e i n g measured. It was f ound that the amount b y w h i c h the temperature 
of the i on source furnace exceeded that of the sample furnace h a d l i t t le 
effect on the results. Since the temperatures of the two furnaces were 
interdependent to some extent, a re lat ive ly s m a l l temperature difference 
of about 5 ° was used i n most of the experiments to extend the range of 
the sample furnace temperature to as l o w a value as possible. 

T o correct for any var iat ion i n the over -a l l efficiency of the i o n source 
d u r i n g a series of measurements a smal l reference pressure of k r y p t o n or 
xenon was ma inta ined i n the ion source chamber b y a l l o w i n g the gas to 
leak i n f rom a reservoir i n the sample l ine . K r y p t o n a n d xenon were 
chosen because they were chemica l ly inert , their i on izat ion potentials are 
accurately k n o w n a n d are the lowest of the inert gases, a n d their atomic 
weights were closer to those of the samples than were the other inert 
gases. A t each temperature the i on current corresponding to the inert 
gas was measured as w e l l as the ion current caused b y the sample. 

Theoretical 

Evaluation of Steady State Conditions in the Sample Cell. A t the 
steady state the rate of evaporat ion of molecules f rom the surface of the 
sample is equa l to the sum of the rate of loss of molecules f r o m the c e l l 
a n d the rate of condensation of vapor molecules onto the sample surface. 
T h e theoret ical m a x i m u m rate of evaporat ion of molecules of molecular 
we ight M f rom a surface is g iven b y the w e l l - k n o w n L a n g m u i r - K n u d s e n 
equat ion (4,7,9) as 

rate of evaporation = Ρ ( 2 Τ Γ Μ Κ Γ ) " 1 / 2 moles cm." 2 sec."1 
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where F is the saturated vapor pressure. S imi lar expressions are obta ined 
for condensation a n d effusion: 

rate of condensation = P(2TTMRT)~1^ moles cm." 2 sec."1 

rate of effusion = Ρ ( 2 Τ Γ Μ Κ Γ ) " ^ moles cm." 2 sec. ' 1 

where ρ is the pressure of vapor above the surface. 
I n m a n y cases rates of evaporat ion a n d condensation are m u c h 

smal ler than these theoret ical m a x i m u m rates. A n evaporat ion coefficient, 
ae, or a condensation coefficient, <*0 is defined as the rat io of the actual 
rate of evaporat ion or condensation to the theoretical m a x i m u m rate g iven 
b y the L a n g m u i r - K n u d s e n equat ion. These coefficients are also k n o w n 
as accommodat ion coefficients. I n general , smal l values of evaporat ion 
coefficients are observed w h e n a surface react ion takes place pr ior to the 
desorption step, the rate of w h i c h can be apprec iab ly slower than the 
desorption rate. T h i s subject has been discussed i n some deta i l b y 
Somorja i ( 5 ) . 

T h e steady state condit ions i n the mass spectrometer i o n source are 
g iven b y — r a t e of evaporat ion = rate of condensation + rate of effusion 

aePA(27RMRT)-^ = « e p A ^ M R T ) " 1 / * + p a ( 2 * M R T ) - * 

w h i c h simplifies to 

«e?A = acpA + pa (1) 

where ρ is n o w the steady state pressure i n the sample ce l l . 

A is the effective sample area 

a is the effective effusion area 

T h e effective area of the sample is diff icult to estimate. T w o l i m i t i n g 
cases can be discussed. W h e n ae a n d ac are large—i .e., approach ing un i ty , 
a n d the sample complete ly covers the bot tom of the cruc ib le , A is g iven 
b y the cross section of the cruc ib le . B y us ing a cruc ib le h a v i n g a n u m b e r 
of compartments , A can be v a r i e d b y filling different numbers of c o m 
partments. T h e other l i m i t i n g case is obta ined w h e n ae a n d ac are smal l . 
O n c e molecules have left the surface, the probab i l i t y of condensation on 
the surface is smal l , a n d A w i l l be g iven b y the surface area of the sample. 
A can be var i ed i n a k n o w n w a y b y a l ter ing the mass of the sample or b y 
a l ter ing its part i c le size, but absolute values of the surface area can on ly 
be r o u g h l y est imated, except perhaps for single crysta l samples. 

T h e effective effusion area w i l l be smaller than the total area of the 
electron a n d i on slits because of the C l a u s i n g factor. T h i s correct ion is 
neg l ig ib le for the present w o r k since, as w i l l be seen, i t is the order of 
magni tude of the rat io effusion area to sample area w h i c h is r equ i red . 
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E q u a t i o n 1 can be rearranged to give 

where / = a / A . 

W h e n the condensation coefficient is large a n d / is smal l , then 

p~p,^.~P (3) 
etc 

since ae w i l l be of the same order of magni tude as ac. I n this case 

cflnp ^ iflnP Δ Η ^ 

(5) 

(6) 

d(l/T) d(l/T) R 

where Δ Η is the enthalpy of the vapor izat ion process. 
W h e n the condensation coefficient is smal ler than / , then 

a n d ρ is m u c h smaller than P . 

I n this case 

d\np _ _ ( Δ Η + A H ' ) 
d(l/T) - H 

where Δ Η ' is the enthalpy of a surface reaction w h i c h occurs before 
evaporat ion. 

T h e present apparatus can be used to dec ide whether evaporat ion 
a n d condensation coefficients for a g iven vapor izat ion are large or smal l . 
B y v a r y i n g f i t can be determined whether the steady state pressure is 
g iven b y E q u a t i o n 3 or E q u a t i o n 5. Some effect on the slope of the d In ρ 
against 1/T p lo t m a y also be observed ( compare Equat i ons 4 a n d 6 ) b u t 
this is a less sensitive test. 

W h e n two or more different species evaporate f r o m the surface their 
steady state pressures can be compared . W h e n their accommodat ion 
coefficients are large, E q u a t i o n 3 appl ies , a n d no re lat ive change i n their 
steady state pressures occurs as / is var ied . W h e n their accommodat ion 
coefficients are bo th smal l , E q u a t i o n 5 applies . E v e n i f their accommo
dat ion coefficients are different, no relat ive change i n their p a r t i a l pres
sures occurs as / is var ied . A var iat ion shou ld be observed i f one species 
has a large value of a a n d the other a smal l va lue of a so that the steady 
state pressure for one species is g iven b y E q u a t i o n 3 a n d for the other 
b y E q u a t i o n 5. 

T h e i on current caused b y a vapor i n the sample chamber can be 
used as a quant i ty propor t iona l to its concentration over a considerable 
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temperature range as l ong as conditions i n the i o n source do not change. 
I n pract ice , the efficiency of the ion source was f o u n d to vary w i t h tem
perature, a n d a reference concentration of k r y p t o n or xenon was m a i n 
ta ined b y a l l o w i n g the gas to leak i n f rom a reservoir i n the sample l ine . 
T h e i on currents used to determine variations i n p a r t i a l pressure were 
obta ined f rom E q u a t i o n 7 

where IM is the measured i on current at temperature T , ILG is the inert 
gas i on current at temperature Τ a n d reservoir pressure PIG, a n d the 
superscript zero indicates the corresponding quantit ies under the refer
ence conditions. T h e temperature correct ion term arises as fol lows. T h e 
steady state inert gas concentration i n the i on source is g iven w h e n the 
rate of its flow into the source is equa l to its rate of flow out. A t constant 
reservoir pressure a n d assuming constant p u m p i n g speed i n the i on source 
region the rate of flow into the i on source is constant. T h e rate of outflow 
is also constant. U n d e r condit ions of molecular flow CTVL is constant, 
where C is the concentration of inert gas i n the ion source. H e n c e 

T h e steady state pressure of a g iven species i n the i on source is p r o 
por t i ona l to IT a n d hence the var iat ion i n par t ia l pressure referred to 
some standard condi t ion is g iven b y 

where k is a constant of the mass spectrometer, a n d the ion izat ion cross 
section of the species. T h i s equat ion does not permi t ca lculat ion of 
absolute pressures. 

Results and Discussion 

Zinc and Cadmium. T h e apparatus was used to determine the heats 
of sub l imat i on of z inc a n d c a d m i u m ( I I ) . T h e subl imations can be 
represented 

(7) 

(8) 

Zn (solid) ^ Zn (gas) 

C d (solid) ^±Cd (gas) 

N o d imer i c or po lymer i c molecules c o u l d be detected. 
F o r z inc , Δ Η 2 9 8 was f o u n d to be 30.05 ± 0.42 k c a l . per mole a n d for 

c a d m i u m Δ Η 2 9 8 was 26.48 ± 0.20 k c a l . per mole. These values are i n 
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satisfactory agreement w i t h l i terature values (16) a n d indicate that the 
apparatus is suitable for determinat ion of heats of sub l imat ion of mate
rials h a v i n g accommodat ion coefficients w h i c h are not smal l . F o r metals 
v a p o r i z i n g as atoms the accommodat ion coefficient is not less than 0.1, 
a n d consequently E q u a t i o n 4 applies . 

Arsenic. T h e sub l imat ion of arsenic was s tudied b y Westmore , M a n n , 
a n d T i c k n e r (17 ) . I n the temperature range 220° to 280°C. the on ly 
process that c o u l d be definitely detected was 

As(S Oi i d) ^ J A s 4 ( g a s ) 

w i t h an apparent heat of sub l imat ion of 43.0 ± 0.4 k c a l . per mole at 
298°K. T h i s is m u c h h igher than the value of 34.5 k c a l . per mole obta ined 
b y e q u i l i b r i u m methods ( 1 6 ) , but agrees w i t h the va lue reported b y 
K a n e a n d Reynolds (6) for large orifice sub l imat ion . T h e latter authors 
f o u n d that at about 280°C. the accommodat ion coefficient was smal l , 
about 10" 4 , a n d hence E q u a t i o n 6 should app ly . K a n e a n d Reynolds sug
gested that the smal l accommodat ion coefficient resulted f rom a surface 
rearrangement to f o rm A s 4 molecules w h i c h are not present as such i n 
the so l id phase. S i m i l a r behavior is exhib i ted b y phosphorus ( J , 6 ) . 

Selenium. T h e sub l imat ion of se lenium was s tudied b y F u j i s a k i , 
Westmore , a n d T i c k n e r (2 ) between 102° a n d 187°C. A t these t e m 
peratures the only stable so l id phase is grey, metal l i c , or hexagonal 
se lenium w h i c h is compr ised of l ong he l i ca l chains of se lenium atoms. 
Several references are g iven b y F u j i s a k i et ah (2). T h e mass spectrum of 
the vapor is very complex, conta in ing the ions S e w

+ where η = 1 to 10. 
Appearance potentials of the ions suggest that Se + , Se 2 \ S e 3

+ , a n d S e 4
+ 

arise f r om fragmentat ion of heavier ions a n d that Se 5 \ S e 6
+ , S e 7

+ , a n d S e 8
+ 

arise m a i n l y f rom the corresponding parent molecules. P r o b a b l y S e 9
+ 

a n d S e i 0
+ arise f rom Se { ) a n d Sem but this conclusion c o u l d not be veri f ied. 

T h e vapor m a y also contain smal l amounts (less than 0 . 5 % ) of Se 2 , b u t 
whether i t comes f rom the se lenium surface or f rom t h e r m a l decomposi 
t ion of a heavier molecule on the mass spectrometer filament or the wal ls 
of the sample chamber cannot be determined. 

Since the ratios of the currents a t t r ibuted to the various ions d i d not 
change as the sample area or effusion area was changed, i t was thought 
that the accommodat ion coefficients for the sub l imat ion of the molecules 
Se 5 , Se 6 , Se 7 , a n d S e 8 were a l l f a i r l y large so that their p a r t i a l pressures 
d i d not change ( E q u a t i o n 3 ) , or a l l smal l , not necessarily equal , so that 
they changed b y a s imi lar factor ( E q u a t i o n 5 ) . It was not possible for 
some species to have large coefficients a n d some to have s m a l l coefficients. 
F u r t h e r m o r e , a l though day-to -day variations are to be expected, at a 
g iven temperature i t seemed that the i on currents of the various species 
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were insensitive to var iat ion i n effusion a n d sample area, i n d i c a t i n g that 
condit ions appropr iate to E q u a t i o n 3 app l i ed . T h i s equat ion is v a l i d 
w h e n the accommodat ion coefficients are f a i r l y large. Support for this 
v i e w is g iven b y the data of T a b l e I w h i c h show that a w e i g h t e d m e a n of 
the heats of sub l imat ion of Se r„ Se 6 , Se 7 , a n d S e 8 w i l l be close to the va lue 
for the heat of sub l imat ion g iven b y Stu l l a n d Sinke ( 1 6 ) . T h i s latter 
va lue was selected b y them to g ive the best fit w i t h entropy a n d vapor 
pressure of numerous workers , assuming the vapor to be m a i n l y See-
Consequent ly , the equat ion w h i c h is v a l i d for large accommodat ion 
coefficients, holds . 

Table I. Heats of Sublimation and Relative Abundances 
of Subliming Selenium Molecules 

Relative 
H418 abundance % in vapor 

Species kcal /mole at 175° C. at 175° C. 

Se 5 36.2 ± 0.5 50.6 29.1 
Se 6 33.8 ± 0.5 100.0 57.5 
Se 7 38.4 ± 0 . 5 19.7 11.4 
Se 8 39.9 ± 0.7 3.5 2.01 
Se 9 — 0.02 0.012 

T h e results are interpreted i n terms of the sub l imat ion f r om the 
se len ium surface of cy c l i c molecules f o rmed b y b r e a k i n g of the chains 
of se lenium atoms. C y c l i c molecules shou ld be f o rmed more read i l y than 
d i r a d i c a l cha in molecules , a n d once f o rmed w o u l d on ly be h e l d b y v a n 
der W a a l s forces. C y c l i c molecules h a v i n g 3 or 4 atoms w o u l d be con 
s iderably strained whereas Se 5 , Se e , Se 7 , a n d S e 8 w o u l d be re lat ive ly 
unstra ined , a n d i t is suggested that this is w h y S e 3 a n d Se 4 are absent 
f r o m the vapor . 

Table II. Thermodynamic Data for the Sublimation of Grey Selenium 

Average Cp 

from 298°' Average AS°298 

to418°K. A C P ΔΗ°298 &F°298 cal mole'1 

Species cal degr1 cal degr1 kcal./mole kcal./mole degr1 

Se 5 23.9 - 8 . 2 37.2 21.8 51.7 
Se 6 29.5 - 9 . 0 34.9 20.6 48.0 
Se 7 35.1 - 9 . 9 39.6 23.2 55.1 
Se 8 40.7 - 1 0 . 6 41.2 24.8 55.1 

T h e present apparatus does not a l l ow measurement of absolute vapor 
pressures. H o w e v e r , estimates of other thermodynamic quantit ies were 
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made b y est imating the relat ive p a r t i a l pressures of the various species 
a n d c o m p a r i n g t h e m w i t h vapor pressure data g iven b y S t u l l a n d Sinke. 
T h e results are g iven i n T a b l e I I . 

Cadmium Arsenide, C d 3 A s 2 . T h e vapor pressure d i a g r a m of the 
cadmium-arsenic system shows a m i n i m u m corresponding to C d 3 A s 2 . 
T h i s mater ia l can be vapor i zed a n d recondensed w i t h no change i n c o m 
posit ion. T h e vapor izat ion of C d 3 A s 2 has been descr ibed b y Westmore , 
M a n n , a n d T i c k n e r ( 17 ) . T h e vapor was shown to consist of C d a n d A s 4 . 
O n i n i t i a l vapor izat ion the arsenic vapor i zed s lowly . E v e n t u a l l y , steady 
state condit ions were reached where the arsenic seemed to be v a p o r i z i n g 
more read i ly , a n d reproduc ib le results were obtained. 

I t was f o u n d that the rat io of c a d m i u m to arsenic i n the vapor v a r i e d 
as the sample a n d effusion areas were var ied . F u r t h e r m o r e , their t em
perature coefficients var ied . T h e results were consistent w i t h a m u c h 
smaller accommodat ion coefficient for the vapor izat ion of arsenic than 
for c a d m i u m . It can be seen f r om Equat i ons 3 to 6 that such variat ions 
are possible i f different values of a are used for c a d m i u m a n d for arsenic. 

T h e experimental results were interpreted i n terms of the surface 
reactions 

Cd 3As2(solid) ^ 3Cd (surface) + ^As ( S u r f a C e) 

3 C d ( 8 U r f a c e ) ^ 3 C d ( g a S ) ( f a s t ) 

2 A S ( s u r f a c e ) ^ ^ 8 4 ( ^ 8 ) (slow) 

Table III. Temperature Coefficients for the Vaporization 
of Cadmium Arsenide 

Temperature 114Cd As Δ 

Conditions range, °C. slope, degr1 slope, degr1 slope, degr1 

A 218-274 8080 ± 150 8300 ± 150 220 ± 65 
Β 220-285 8065 ± 70 8385 ± 150 320 ± 130 
C 228-287 7730 ± 130 8650 ± 130 930 ± 140 
D 240-375 8292 
Ε 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
l ibrium studies. 

T h e temperature coefficients obta ined were h igher than those ob 
ta ined f r o m e q u i l i b r i u m vapor pressure measurements (10) but agreed 
w i t h the effusion measurements of Nesmeyanov et ah (12). A summary 
of the results is g iven i n T a b l e I I I . T h e composit ion of the vapor v a r i e d 
w i t h the sample size a n d effusion area. F o r example , at 500°K. the i on 
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current ratio l 2 A s / I i i 4 C d was 2.69 for condi t ion A., 2.46 for condi t ion B , 
a n d 1.41 for condi t ion C . These condit ions are exp la ined i n T a b l e I I I . 

C a d m i u m Selenide. P r e l i m i n a r y results indicate that the vapor izat ion 
proceeds accord ing to the react ion : 

C d S e ( s o l i d ) C d ( g a s ) + lSe 2 ( g as) 

H o w e v e r , i n the temperature range 440° to 6 0 0 ° C , the vapor izat ion is 
noncongruent, as the vapor is se lenium deficient, a n d the temperature 
coefficient for vapor izat ion of S e 2 is h igher than for C d . T h i s is i n contrast 
to the c l a i m of Goldf inger a n d Jeunehomme (3) that the intensity ratios 
of C d + , S e 2

+ , a n d Se + were constant at different temperatures a n d d u r i n g 
complete evaporat ion of the samples. These authors used open crucibles 
or quartz K n u d s e n cells a n d w o r k e d i n the temperature range 550° to 
800°C. corresponding to sample pressures of 10" 3 to 10" 1 torr. A summary 
of the vapor izat ion studies on c a d m i u m selenide is shown i n F i g u r e 2. 
Some uncertainty is invo lved i n the positions of the lines for the results 
of this w o r k since steady state pressures c o u l d not be determined a n d h a d 
to be estimated. T h e temperature coefficients obta ined were as fo l lows : 

Somorjai (14) 10,020 deg." 1 Equi l ibr ium, 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 C d 
11,130 for Se 2 

440°-600°C. 

O n i n i t i a l vapor izat ion of the sample, it was f ound that c a d m i u m 
vaporizes more read i l y than se len ium (as S e 2 ) , bu t the relat ive amount 
of se lenium increased w i t h t ime u n t i l a steady state appeared to be 
attained. E v e n at this steady state, comparison of the ion currents at 
500°C. f rom Se + + S e 2

+ a n d C d + gives, assuming stoichiometric v a p o r i z a 
t ion , the ratio for the ion izat ion cross sections σ 8 β 2 / σ ο<ι as 0.59 compared 
w i t h 1.38 for the higher temperature w o r k of Gold f inger a n d the rat io 
tfseAcd = 0.84 (13). In this work , the vapor is therefore, se lenium 
deficient. 

T h e results are interpreted i n terms of the reactions: 

C d S e ( s o i i d ) ^ C d ( s u r f a c e ) + S e ( s u r f a c e ) 

Cd (surface) ^ C d ( g a s ) ( f a s t ) 

2Se ( S u r f a c e ) Se 2 ( g a S ) (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 s low step is speculated to be dif fusion of Se atoms on the sur
face to f o rm S e 2 molecules. T h e surface of the sample becomes c a d m i u m 
deficient, a n d c a d m i u m atoms must diffuse to the surface f rom the 
interior . H e n c e , the steady state condi t ion of a sample i n a K n u d s e n ce l l 
w i l l depend u p o n m a n y factors i n c l u d i n g part ic le size, sample size, effu
s ion area, a n d temperature. F u r t h e r w o r k on c a d m i u m selenide is n o w 
i n progress. It appears that e q u i l i b r i u m 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 
Goldfingers temperature coefficient lies between the values for Cd and 
Se2 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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17 
Mass Spectrometry of Molecules of the 
Nitrogen Family 

K. DOUGLAS CARLSON, FRED J. KOHL, and O. MANUEL UY 

Case Institute of Technology, University Circle , Cleveland, Ohio 

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. 

A toms of the Group VA family of elements Ν, 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 2 , As 2, P 4 , and As 4, 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 AS2P2, 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 

245 
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are m a n y details that cannot be covered i n this paper . Instead, our i n 
tent ion is to present here a b r o a d but br ie f survey of these systems, d r a w 
i n g u p o n both our w o r k a n d that of others a n d emphas iz ing the a p p l i c a 
tions of mass spectrometry. 

T h e inter -pnic t ide molecules are of general interest as add i t i ona l 
examples of the complex i ty of the vapor phase above so l id inorganic 
materials at e levated temperatures. Speci f ical ly , they are of interest here 
as examples of systems that require the f u l l app l i cat ion of mass spec
trometr ic techniques c o m b i n e d w i t h subs id iary experiments. M o s t i m 
portant, these molecules prov ide a useful class of re lated molecules for 
a systematic s tudy of the chemica l b o n d i n g effects i n a series of inorganic 
species h a v i n g s imi lar chemica l bonds a n d re lated symmetry properties . 

Solid Phases 

Character ist ics of the solids of the G r o u p V A elements are f a i r l y w e l l 
k n o w n . T h e r e are several a l lotropie forms a n d bo th stable a n d metastable 
phases. A n interest ing feature of m a n y of these solids is their p o l y m e r i c 
composi t ion i n v o l v i n g chains of tetrahedral units. Because of this k i n d of 
a tomic arrangement, their vapor izat ion at elevated temperatures produces 
tetrameric a n d d i m e r i c vapor molecules. There is m u c h less k n o w n about 
the b i n a r y a n d h igher compounds of these elements. T h e best k n o w n 
so l id inter -pnic t ide c o m p o u n d is P3N5, b u t the other so l id nitr ides A s N , 
S b N , a n d B i N have been reported i n the older l i terature. Combinat i ons 
of A s a n d P , Sb a n d A s , B i a n d A s , a n d B i a n d Sb f o rm various so l id 
so lut ion phases. N o so l id phosphides of Sb or B i have been reported. 

A l t h o u g h the first homogeneous so l id phosphorus n i t r ide , P 3 N 5, was 
prepared i n 1903 f rom a react ion of P 2 S 5 a n d N H 3 ( 5 3 ) , chemists have 
l o n g been synthesiz ing various solids conta in ing bo th nitrogen a n d phos
phorus , such as phosphoni t r i l i c compounds , metaphosphimic acids a n d 
phosphorus amides. A m o r p h o u s solids w i t h N / P ratios rang ing f r om 
u n i ty to 1.7 have been reported (34, 35, 36, 38, 39,44). T h e inconsistency 
of nomenclature a n d analysis i n p u b l i s h e d research makes i t diff icult to 
ascertain "whether or not the mater ia l descr ibed as phospham b y one is 
the same as the mater ia l descr ibed as phosphorus n i t r ide b y another" 
(34, 5 5 ) , or whether they were not ( P N C 1 2 ) W (43, 44) a n d P 2 ( N H 2 ) 3 

( 3 7 ) , w h i c h are products f o rme d f rom the react ion used to prepare 
P3N5 f rom N H 3 a n d Ρ Ο Γ ) . It seems rather certain at this t ime that 
P3N5 is the on ly crystal l ine b i n a r y so l id phase i n the P - N system. C r y s t a l 
l ine P3N5 has a fa int orange color, is inert at r oom temperature, n o n -
hygroscopic , a n d exhibits no apprec iable decomposit ion i n v a c u u m u p 
to ~ 700°C. A l t h o u g h i t exhibits sharp x-ray di f fract ion p o w d e r pat 
terns, i t is complex, a n d a crysta l lographic analysis has not been carr ied 
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out. It is presumed to be a h i g h po lymer network w h i c h is either p lanar 
or three-d imensional (55 ) . T h e r m o d y n a m i c data for so l id P 3 N 5 is sparse 
a n d apparent ly unre l iable . 

T h e format ion of A s N was first reported i n 1904 (25 ) . It is a r e d -
orange so l id obta ined u p o n gentle heat ing of the products of the react ion 
between A s C l 3 a n d N H 3 . A n o t h e r method of p repar ing a somewhat 
i m p u r e s o l i d arsenic n i tr ide involves the discharge of an arc i n an 
atmosphere of n i trogen, or i n a mixture of 9 0 % l i q u i d N 2 i n the presence 
of meta l l i c A s (12 ) . T h e so l id decomposes r a p i d l y w h e n heated above 
250°C. N o crystal lographic or thermodynamic data exist for so l id A s N . 

A n t i m o n y n i t r ide , S b N , has been prepared b y methods s imi lar to 
that for the preparat ion of A s N , b y arc discharge i n mixtures of N 2 a n d 
Sb meta l ( 12 ) , a n d f r om the reactions of S b C l 3 , S b B r 3 , a n d S b l 3 w i t h 
l i q u i d N 2 (16, 42, 47). T h e orange n i t r ide is extremely sensitive to mois 
ture, a n d i t decomposes u p o n heat ing at 550°C. B i s m u t h n i t r ide is 
f o rmed s imi lar ly (15, 27, 42) a n d is reported to be extremely unstable , 
decompos ing explosively to the elements w h e n heated (12). A g a i n , no 
crysta l lographic or thermodynamic data exist for so l id S b N or B i N . 

Several investigations (30, 32) of the arsenic-phosphorus system b y 
x-ray p o w d e r di f fract ion a n d thermal analysis have shown the presence 
of three dist inct homogeneous phases: the Ρ phase f rom 0 to 43 atomic % 
A s , the A s phase f r om 87 to 100 atomic % A s , a n d the A s P phase f r om 
53 to 74 atomic % A s . T h e Ρ phase is a dark r e d so l id a n d gives an 
x-ray pattern s imi lar to that of amorphous r e d P . T h e As phase is s imi lar 
i n appearance to meta l l i c A s a n d possesses lattice constants close to 
those of hexagonal A s . T h e A s P phase consists of b lack leaflets s imi lar 
to graphite . T h i s phase is i somorphic to b lack phosphorus a n d exists as 
a side-centered orthorhomic ce l l ( 30 ) . T h e various phases are prepared 
b y heat ing mixtures of the elements i n sealed quartz tubes at 600° to 
700°C. N o thermodynamic data exist for so l id A s P . 

A l t h o u g h phosphorus is s l ight ly soluble i n l i q u i d ant imony (30) a n d 
b i s m u t h ( 5 2 ) , no in format ion is avai lable on the existence of so l id phases 
or compounds of these elements. Inter -metal l i c alloys of ant imony-arsenic 
a n d b i smuth-ant imony exist i n the rhombohedra l crystal structure (46). 
T h e S b - A s system, w h i c h is f o und i n nature as the m i n e r a l a l lemontite , 
exhibits a complete range of so l id solutions w i t h a eutectic po int be
tween 22 a n d 29 atomic % A s (48). Whereas the S b - A s alloys possess 
a h i g h e lectr ical conduct iv i ty , the B i - S b alloys (46) are we l l -documented 
semiconductors f requent ly s tud ied w i t h respect to their thermoelectr ic 
a n d magnet ic effects. T h e B i - S b phase (JO) forms a continuous series 
of l o w me l t ing so l id solutions w i t h no eutectic. I n the B i - A s system, 
there is a eutectic at <— 2.2 atomic % A s ; the so l id so lub i l i ty , however , 
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is less than 1 % A s i n B i (54). I n no system is there any strong evidence 
for the format ion of any definite sto ichiometric compounds. 

Vapor Species 

T h e group V A elements a n d inter-pnict ides vapor ize to y i e l d gaseous 
species w h i c h are predominant ly tetratomic or d iatomic . T h u s , the mass 
spectrometer used i n conjunct ion w i t h the K n u d s e n effusion method 
m a y be used to s tudy bo th so l id-vapor a n d vapor -vapor e q u i l i b r i a . I n 
vestigations of the vapor izat ion of the elements have y i e l d e d thermo
d y n a m i c data for the f o l l o w i n g types of reactions: 

4 X ( s ) = X 4 ( g ) 

X 4 ( g ) = 2 X 2 ( g ) (1) 

H e r e X represents Ρ (5 , 9, 18, 28), A s (9 , 18, 28), Sb (2 , 8, 18), a n d B i 
(31, 56). I t has been shown that at temperatures be l ow 1 0 0 0 ° C , the 
e q u i l i b r i u m vapor izat ion of the elements, except b i s m u t h , yields m a i n l y 
the X 4 gaseous molecule (4,18, 28). A l t h o u g h one observes i on currents 
for the monatomic , d iatomic , a n d t r ia tomic species ( 5 ) , the data sug
gest that these result m a i n l y f r o m fragmentat ion of the tetramers d u r i n g 
the i on izat ion process. I n m a n y cases careful appearance potent ia l 
studies can differentiate the parent a n d fragment species, a l though the 
results are not a lways unambiguous . 

Several care ful studies of the vapor izat ion of r e d phosphorus (4 , 5 ) 
have been carr ied out. H o w e v e r , the exact ratios of tetramer to d imer 
molecules are s t i l l not certain. M a n y studies of the vapor izat ion of 
phosphorus, arsenic, a n d ant imony f r om alloys w i t h c a d m i u m (59), 
i n d i u m (9,18,19), a n d g a l l i u m ( 9 , 1 8 ) at moderate ly h i g h temperatures, 
have shown that P 2 , A s 2 , a n d S b 2 vapor ize as parents a long w i t h P 4 , A s 4 , 
a n d S b 4 . A l s o , n o n e q u i l i b r i u m vapor i zat i on condit ions have y i e l d e d b o t h 
d ia tomic a n d tetratomic molecules a long w i t h t r ia tomic a n d larger mole 
cules. I n several of these studies, P 8 (5,29) a n d A s 8 (28) were observed. 
Nevertheless , the concentrations of these species are be l i eved to be s m a l l 
under e q u i l i b r i u m condit ions. T h e previous t h e r m a l history of the sample 
is also c r i t i ca l for the species w h i c h can be observed u p o n i n i t i a l v a p o r i 
zat ion (5 , I I , 40). 

T h e congruent vapor i zat i on of P 3 N 5 ( s ) has been studied b y K n u d s e n 
ce l l mass spectrometry (31). T h e posit ive i o n species f o rmed b y electron 
impac t i on izat ion of the neutra l molecules were f o u n d to be P i + , P 2

+ , P 3
+ , 

P 4
+ , N i + , N 2

+ , P N + , a n d P N 2 + . Ions of more complex molecules were not 
observed. Re la t ive i o n intensities of these various species are g iven i n 
T a b l e I. T h e v e r y large apparent intensi ty of N 2

+ suggests that the 
p a r t i a l pressure of the n i trogen molecule is very m u c h larger than that 
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of any other molecule . A c t u a l l y , i t turns out that the p a r t i a l pressures of 
N 2 a n d P N are, i n fact, comparable a n d that the differences i n apparent 
intensities arise f r om the differences i n the condensabi l i ty of P N on the 
surfaces of the mass spectrometer system a n d the p u m p i n g rate of N 2 . 
T h e r e is also a s imi lar p r o b l e m of noncondensabi l i ty of P 2 a n d P 4 . W e 
sha l l re turn to these problems later. 

Table I. Approximate Relative Intensities of Ion Species from the Vapor 
of P 3 N 5 ($ ) at 850°C. with an Ionizing Electron Energy of 50 e.v. (31) 

Species Relative Intensity 

2.8 
P N 2 * negligible 
N 2

+ 100.0 
I V 2.6 
P N + 50.0 
P 2

+ 5.4 
1.5 

p 4
+ 1.1 

D e t a i l e d appearance potent ia l measurements are necessary to de
termine the neutra l molecules i n e q u i l i b r i u m w i t h P 3 N 5 ( s ) . These are 
f ound to be P 4 , P 2 , P N , a n d N 2 . T h u s , three e q u i l i b r i u m reactions char 
acterize this system, a n d these m a y be w r i t t e n as 

P 3 N 5 ( s ) = 3 P N ( g ) + N 2 ( g ) , 

P 4 ( g ) = 2 P 2 ( g ) , (2) 

P 2 ( g ) + N 2 ( g ) = 2 P N ( g ) . 

A l t h o u g h the existence of the molecules A s N ( g ) , S b N ( g ) , a n d 
B i N ( g ) has been demonstrated b y opt i ca l spectroscopy (16, 2 2 ) , no mass 
spectrometric investigations have yet been made of the vapor izat ion char 
acteristics of the solids. These solids m a y be expected to vapor ize s i m i 
l a r l y to Ρ 3 Ν δ a l though at l ower temperatures. 

T h e A s - P system is one of great complexity . T h i s system has been 
s tudied b y the vapor izat ion of A s a n d Ρ f r om a mixture of the elements 
(31) a n d f r o m the a l loy In (P 0 . 56As 0 . 4 4 ) (19). T h e expected parent gas
eous molecules i n this system are A s 2 , P 2 , A s P , A s 4 , P 4 , A s 3 P , A s 2 P 2 , a n d 
A s P 3 , w h i l e the expected fragments p r o d u c e d b y electron impact i o n i z a 
t i on of the vapor molecules are A s + , P + , A s 3

+ , A s 2
+ , P 3

+ , P 2
+ , A s 2 P + , A s P 2

+ , 
a n d A s P + . A l l of the ions expected for the parent a n d fragment species 
have been observed i n bo th studies. 

Re lat ive intensities of the ions of the vapors above a mixture of 
A s ( s ) a n d P ( s ) are g iven i n T a b l e I I . T h e intensity ratios are somewhat 
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p u z z l i n g , because on the basis of the relat ive vapor pressures of phos
phorus a n d arsenic, one w o u l d expect the vapor to consist predominant ly 
of phosphorus-containing species. T h e results obta ined m a y be attr ibuted 
to the existence of very smal l vapor izat ion coefficients for the elements 
a n d the absence of true e q u i l i b r i u m i n the vapor. O n e also has a p r o b 
l e m of the p a r t i a l noncondensabi l i ty of the vapor molecules, s imi lar 
to the c ircumstance ment ioned earlier for the P - N system. F u r t h e r w o r k 
is b e i n g carr ied out on the vapor izat ion of so l id A s P 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 5 0 e.v. (31) 

Species Relative Intensity 

P + 2.0 
A s + 38.0 
p 2

+ 1.0 
A s 2

+ 57.0 
A s P + 3.0 

negligible 
A s 3

+ 29.0 
P 2 A s + 0.4 
P A s 2

+ 1.0 
P 4

+ 2.0 
A s 4

+ 100.0 
P A s 3

+ 6.0 
P 2 A s 2

+ 2.0 
P 3 A s + 2.0 

T h e gaseous e q u i l i b r i a of interest i n the A s - P system are the f o l 
l o w i n g : 

A s 4 ( g ) = 2As 2 ( g ) 

P 4 ( g ) = 2 P 2 ( g ) 

P 2 ( g ) + A s 2 ( g ) = 2AsP(g) (3) 

P 2 ( g ) + 3 A s 2 ( g ) = 2As 3 P(g ) 

P 2 ( g ) + A s 2 ( g ) = A s 2 P 2 ( g ) 

3 P 2 ( g ) + A s 2 ( g ) = 2AsP 3 ( g ) 

P r e l i m i n a r y experiments (31) on the S b - A s system give evidence 
for the existence of the molecules S b A s , S b 3 A s , S b 2 A s 2 , a n d S b A s 3 over 
the S b - A s so l id phase. A l t h o u g h no complete mass spectrometric studies 
have been made of the vapor izat ion of B i - A s or B i - S b , gaseous molecules 
of S b B i a n d S b 3 B i have been observed v a p o r i z i n g f rom l i q u i d b i s m u t h 
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contaminated w i t h s l ight amounts of ant imony (31 ) . It w o u l d be inter 
esting to determine whether or not other possible tetratomic molecules 
conta in ing b i smuth , such as S b 2 B i 2 , S b B i 3 , a n d the corresponding arsenic 
analogs, are stable, since i t has been conjectured that i n v i e w of the 
weakness of the " t r i p l e " b o n d i n B i 2 , the single bonds i n such tetratomic 
molecules w o u l d be even weaker a n d p r o b a b l y unstable (49). T h e ex
istence of the S b B i d ia tomic molecule has been observed i n opt i ca l 
spectroscopy (16, 22). 

Another interest ing study, but one not yet carr ied out, w o u l d be 
that concerned w i t h p r o d u c i n g po lymer i c molecules conta in ing three or 
poss ibly four different pn i c t ide elements. Molecu les of this k i n d m a y 
be expected to f o rm between P , A s , Sb, a n d possibly B i . T h e molecule 
A s 2 P S b has been observed mass spectrometrical ly (23). T h e treatment 
of data obta ined f rom these complex ternary a n d quarternary systems 
w o u l d be m u c h more diff icult than that of the b inary systems. F o r ex
ample , the system S b - A s - P w o u l d be character ized i n part b y the f o l l ow
i n g gaseous e q u i l i b r i a : 

* 4 ( g ) = 2 P 2 ( g ) 

A s 4 ( g ) = 2As 2 ( g ) 

Sb 4 ( g ) = 2Sb 2 ( g ) 

P 2 ( g ) + A s 2 ( g ) = 2AsP(g) 

P 2 ( g ) + 3As 2 ( g ) = 2 A s 3 P ( g ) 

P 2 ( g ) + A s 2 ( g ) = A s 2 P 2 ( g ) 

3 P 2 ( g ) + A s 2 ( g ) = 2 A s P 3 ( g ) 

Sb 2 ( g ) + P 2 ( g ) = 2SbP(g) 

P 2 ( g ) + 3Sb 2 (g ) = 2Sb 3 P(g ) 

P 2 ( g ) + Sb 2 ( g ) = S b 2 P 2 ( g ) 

3 P 2 ( g ) + Sb 2 ( g ) = 2SbP 3 ( g ) 

A s 2 ( g ) + Sb 2 ( g ) = 2SbAs(g) 

A s 2 ( g ) + 3 S b 2 ( g ) = 2Sb 3 As(g ) 

A s 2 ( g ) + S b 2 ( g ) = S b 2 A s 2 ( g ) 

3As 2 ( g ) + Sb 2 ( g ) = 2SbAs 3 (g ) 

Sb 2 ( g ) + P 2 ( g ) + 2 A s 2 ( g ) = 2As 2 PSb(g ) 

Sb 2 ( g ) + 2 P 2 ( g ) + A s 2 ( g ) = 2AsP 2 Sb(g ) 

2Sb 2 ( g ) + P 2 ( g ) + A s 2 ( g ) = 2AsPSb 2 (g ) 
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Parent Molecules and Absolute Pressures 

T h e previous summary demonstrates that vapor izat ion of the p n i c -
tides produces a complex vapor phase a n d that the mass spectrometer 
detects i o n species of bo th parent a n d fragmented molecules. I t is nec
essary then to differentiate between the parents a n d fragments to estab
l i sh the vapor izat ion e q u i l i b r i a a n d to estimate sca l ing factors that con
vert i on intensities to absolute p a r t i a l pressures for thermodynamic 
analyses. W e w i s h to discuss here some of the techniques f o u n d par 
t i cu lar ly useful i n these studies. 

Table III. Appearance Potentials of Ion Species of the 
Vapor of P 3 N 5 ( s ) (31), in e.v. Units" 

Ion Species Linear Extrapolation R . P . D . Literature 

N 2
+ 

p 2
+ 

p 4
+ 

P N + 

P i + 

p 3
+ 

P N 2 + 

15.5 ± 0.3 
9.6 ± 0.3 

11.7 ± 0.3 
9.2 ± 0.3 

11.6 ± 0.3 
17.5 ± 0.3 (from P 2 , P 4 , P N ) 

14.3 ± 0.3 (from P 4 ) 
24.0 ± 0.3 (from N 2 ) 

20.0 ± 0.5 ( f r o m P N ) 
40.7 ± 0.5 

15.4 ± 0.01 

11.8 ± 0.1 

23.6 ± 
26.0 ± 

0.1* 
0 .1 4 

15.6 e 

10.0 ( f r o m P 2 * ) e 

12.0 (from P 2 ) c 

9.0* 

16.0 (from P 2 ) e 

18.0 ( f r o m P 4 ) c 

18.5 ( f r o m P N ) ' 
14.5 0 

24 .3 ' 
26 .8 ' 

aA.P. 
6 Ref. 
c Ref . 
* Refs, 
r Refs, 
'Ref. 
'Ref . 
" T h e 
' T h e 

( H 2 0 + ) = 12.606 as standard. 
(45). 
(5). 

;. (28,20). 
(13,58). 

(31). 
(41). 
products are Νι + (*Ρ) + N(*S) . 
products are Ni + (»P) + Ν (2D). 

T h e p r o b l e m of di f ferentiat ing parent a n d fragment ions can be 
h a n d l e d reasonably w e l l for these systems b y very care fu l measurements 
of appearance potentials , b o t h b y the l inear extrapolat ion method (57) 
a n d the re tard ing potent ia l difference ( R . P . D . ) method (14 ) . A s ex
amples , w e l ist appearance potentials of the various ions observed i n the 
Ρ 3 Ν δ s tudy i n T a b l e I I I a n d discuss their interpretat ion. Some points 
of the discussion are i l lustrated b y the appearance potent ia l curves g iven 
i n F igures 1 a n d 2. 

T h e appearance potent ia l of N 2
+ compares very w e l l w i t h the value 

of 15.6 e.v. obta ined b y photo ionizat ion (58) a n d electron impact i o n i z a 
t ion (13 ) . T w o l inear portions are observed i n the ion izat ion efficiency 
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10 2 0 3 0 
ELECTRON ENERGY (e.v.) 

Figure 1. Ionization efficiency curves for Pf, P2, Nt*, and 

curve for P 2
+ ( F i g u r e 1 ) . T h e values of the appearance potentials cor

respond w e l l w i t h the value of 10.0 db 0.05 e.v. for the i on izat ion of an 
apprec iab ly popu la ted excited state of P 2 a n d the va lue of 12.0 zh 0.5 
e.v. for that of the g round state ( 5 ) . T h e appearance potent ia l of P 4

+ 

compares w e l l w i t h the i on izat ion potent ia l of 9.0 e.v. de termined b y 
electron impac t (28) a n d photo ionizat ion (20) studies. T h e appearance 
potent ia l of 11.8 ± 0.1 e.v. for P N + can be compared w i t h those of the 
isoelectronic ions: A s P + (11.2 zb 0.5 e.v.) ( 1 9 ) , P 2

+ a n d N 2
+ . Therefore , 

the observed appearance potentials for P 2
+ , P 4 \ N 2

+ , a n d P N + indicate 
that these ions, at least i n part , are f o rmed b y direct i on izat ion of neutra l 
molecules. 
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F o r the fragmentat ion react ion 

A B + e - > A + + B + 2e, (5) 

the appearance potent ia l of A + m a y be w r i t t e n (26) as 

A . F . ( A + ) > L P . ( A ) + D T ° ( A B ) . (6) 

T h e appearance potent ia l of 17.5 ± 0.3 e.v. for P x
+ is appropr iate to either 

of the two processes w r i t t e n be low. U s i n g the values i . P . ( P i ) == 10.98 
e.v. (21), D ° 1 1 0 0 ( P 4 — 2 P 2 ) = 2.30 e.v. ( 5 1 ) , a n d D 0

n 0 o ( P 2 ) — 5.09 
e.v. ( 5 1 ) , w e obta in 

P 2 + e - » P j + + Ρ + 2e, AP > 16.1 e.v., (7) 

P 4 + e P i + + Ρ + P 2 + 2e9 AP > 18.4 e.v. (8) 

W e have considered also the process 

P N + e - » P x
+ + Ν + 2e, AP > 18.5 e.v. (9) 

I t seems probable , therefore, that a l l the neutra l molecules P 2 , P 4 , a n d 
P N are equa l ly important parents of the P i + i on . 

T h e P 3
+ i on can be p r o d u c e d d i rec t ly f r o m P 4 , or b y ion izat ion of P 3 

f r om the so l id . H o w e v e r , the appearance potent ia l of 14.3 ± 0.3 e.v. 
corresponds w e l l w i t h the va lue 14.5 =t= 0.5 e.v. (5 ) for the process, 

P 4 + e - » P + + P 3 + 2e. (10) 

I f P 3 vaporizes f rom the so l id , the appearance potent ia l w o u l d occur at 
11.5 e.v. ( 5 ) . T h u s P 3

+ is a fragment. 
T h e i on izat ion efficiency curve for N i + gives an appearance potent ial 

of 24.0 db 0.3 e.v., w h i c h compares w i t h 24.3 e.v. for the appearance 
potent ia l Νχ + f r o m N 2 ( 41 ). A shoulder appear ing at about 20 e.v. ( F i g u r e 
1) shows a smal l contr ibut ion f rom P N , accord ing to the process 

P N + e -> Ρ + N t
+ + 2e, A . P . > 22 e.v. ( 11 ) 

T h e R.P.D. curve of N x
+ ( F i g u r e 2) gives two l inear portions beg inn ing 

at 23.6 a n d 26.0 e.v. These correspond specif ical ly to the two processes 
suggested b y R e e d (41): 

N 2 + e - > N ! + ( 3 p ) + N ( 4 S ) , A . P . = 24.3 e.v. (12) 

N 2 + e - > N ! + ( 3 P ) + N ( 2 D ) , A.P. = 26.8 e.v. (13) 

O w i n g to weak intensities, R.P.D. measurements on P i + , P 2
+ , P 3

+ , a n d 
P 4

+ c ou ld not be made. D o u b l y charged posit ive ions, other than P N 2 + 

w i t h an appearance potent ia l of 40.7 e.v., were undetected i n this study. 
P o l y m e r i c species such as P 8

+ also were not observed. T h u s , w e conc lude 
that the on ly important parent molecules v a p o r i z i n g f r o m P 3 N 5 ( s ) are 
P 4 , P 2 , P N , a n d N 2 . T h i s confirms that the three reactions def ined b y 
React ion 2 tota l ly characterize the so l id-vapor e q u i l i b r i a of this system. 
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Figure 2. R.P.D. curves /or PN+, N2
+, and Nt

+ 

After ident i fy ing the molecules invo lved i n the e q u i l i b r i u m v a p o r i z a 
t ion , one wishes to der ive thermodynamic properties for the various proc 
esses. O f course, one can proceed to obta in second l a w heats f r o m the 
re lat ive i on intensity measurements, but i t is more useful to obta in abso
lute vapor pressures so that entropy data can be employed i n t h i r d l a w 
analyses. Abso lute vapor pressures of the molecules of the pn i c t ide sys
tems, however , are difficult to obtain because of the p r o b l e m of n o n -
condensabi l i ty ment ioned earl ier. 

Cons ider this p r o b l e m for the P 3 N 5 so l id-vapor system. Gaseous N 2 

is to ta l ly noncondensable unless special coo l ing apparatus or efficient 
p u m p i n g of the K n u d s e n ce l l source is p rov ided . E v e n w i t h the latter 
poss ibi l i ty , i t is diff icult to p u m p out a l l N 2 that is not a part of the 
p r i m a r y molecular beam. Fur thermore , our experiments have shown 
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that P 2 ( g ) a n d P 4 ( g ) are on ly par t ia l l y condensable, whereas P N ( g ) is 
essentially tota l ly condensable. These characteristics are understandable 
i n v i e w of the thermal s tabi l i ty of P 3 N 5 ( s ) a n d the temperatures of 700 °C . 
to 1000°C. r e q u i r e d for its vapor izat ion . A s a result of these differences 
i n condensabi l i ty of the various molecules, one measures i on intensities 
I i + w h i c h , except for P N , are abnormal ly h i g h a n d w h i c h are re lated to 
the p a r t i a l pressures P t b y considerably different overa l l instrument sensi
t i v i ty factors K{ i n the usua l re lat ionship , 

F 1 = K 1 I i + T . (14) 

S i m i l a r circumstances are f o und for studies on the other pn i c t ide systems. 
T h u s , i t is not possible i n these cases to obta in re l iable pressures 

complete ly f r om estimates of re lat ive i on izat ion cross-sections. Instead, 
w e have f o u n d that tota l absolute effusion measurements, c ombined w i t h 
arguments concerning the major parent species a n d mass balance r e l a 
t ionships, are a necessary adjunct to the mass spectrometric investigations 
to prov ide estimates of absolute pressures. I n this case, the total mo le 
rate of effusion N8 of the so l id phase of molecular we ight M8 is measured 
over a temperature range f r o m T ( 1 ) to T ( 2 ) . These mole rates are con
verted to apparent tota l pressures Ps a n d adjusted b y least-squares. 

It is often useful to extend this procedure to the method proposed 
b y C a t e r a n d T h o r n (6 ) . C o n s i d e r the P3N5 vapor izat ion to the molecules 
P 4 , P 2 , P N , a n d N 2 . T h e i n d i v i d u a l p a r t i a l pressures Pi a n d the apparent 
pressures P8 are re lated to mole rates b y the effusion l a w , 

Pi = Ni\/27rMiRT. (15) 

Therefore , w e have f r o m the ni trogen mole balance re lat ionship , 

5 P e = P P N \ / M 8 / M p N + 2 P N 2 V X / M N 2 ( 16) 

a n d f r om the phosphorus mole balance re lat ionship , 

3P 8 = P P N V M , / M P N + 2 P p 2 V M s / M p 2 + 4Pp 4 V M j Â i 7 4 . ( 17) 

P r o v i d e d that the sca l ing constant K{ of E q u a t i o n 14 is independent of 
temperature (not necessarily true for noncondensable substances) , then 
one can w r i t e 

PjCD/p .^ ) = 71<ι>τ<ΐ)/ι1<2>τ<2) ί (18) 

E q u a t i o n s 16, 17, a n d 18 for each species i at two temperatures T ( 1 ) a n d 
T ( 2 ) can be so lved to obta in absolute pressures P i , a n d thus absolute s ca l 
i n g factors K i for E q u a t i o n 14. There are difficulties i n a p p l y i n g this 
m e t h o d to data of finite prec is ion , but the concept is qui te useful to ac
count for anomalous intensities of the k i n d f ound i n the pn ic t ide studies 
(31). 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

96
8 

| d
oi

: 1
0.

10
21

/b
a-

19
68

-0
07

2.
ch

01
7

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



17. C A R L S O N E T A L . Nitrogen Family 257 

Table IV. Atomization Energies of some Inter-Pnictide Molecules 

Molecule E0°(e-v.) Method Reference 

N 2 9.756 Spectra (22) 
P 2 

5.031 Spectra (22) 
4.95 Mass Spect. (17) 

A s 2 3.94 Spectra (16) 
S b 2 3.0 Spectra (16) 

3.1 Mass Spect. (S) 
(3.7) Spectra (22) 

B i 2 1.70 Spectra (16,22) 
2.04 Torsion Effusion (1,3,60) 
2.06 Mass Spect. (31) 

P N 6.0 Spectra (16) 
(6.3), 7.8 Spectra (22) 
7.1 Static (24) 
7.5 Spectra (33) 
7.57 Mass Spect. (31) 

A s N 5 ± 1 Spectra (16) 
(6.5) Spectra (22) 

S b N 3.1 Spectra (16) 
(4.8) Spectra (7,22) 

S b B i 3 ± 2 Spectra (16) 
(3.0) Spectra (22) 

P4 12.4 Mass Spect. (9 ,18) 
A s 4 10.9 Mass Spect. (9 ,18) 
S b 4 9.0 Mass Spect. (2,8,18) 
B i 4 6.0 Mass Spect. (31) 

Discussion 

It is of interest n o w to consider brief ly the reasons w h y the pn i c t ide 
elements a n d compounds vapor ize to complex molecules, a n d to speculate 
on the b o n d i n g itself i n the vapor molecules. There are however , several 
useful reviews a n d discussions p u b l i s h e d b y others (20, 40, 49) pert inent 
to these considerations, a n d w e w i s h to refer the reader to these for de
ta i l ed in format ion . F o r the elements, of course, i t appears to be the 
atomic arrangement of molecular units i n the so l id that p e r m i t the con
densed phase to vapor ize to dimers a n d tetramers. Because the b o n d i n g 
a n d geometry of the molecular units i n the so l id govern the overa l l ther
m o d y n a m i c properties , the s tructura l arguments are qua l i ta t ive ly e q u i v a 
lent to rationalizations based on free energy considerations. 

T h e po lymer i c nature of the b i n a r y so l id phases, l ikewise , must 
influence their vapor izat ion processes. S o l i d P3N5 consists of a network 
of P - N molecular units w i t h single a n d double bonds ( 5 0 ) . It seems 
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natura l then that P N molecules should occur i n the vapor . Because the 
so l id is r i cher i n nitrogen, however , apprec iable amounts of N 2 occur i n 
the vapor . T h e b i n d i n g energy of N 2 is about 2 e.v. greater than that of 
P N , so that there is a compet i t ion between phosphorus a n d nitrogen for 
b o n d i n g w i t h atomic ni trogen, a n d it is i n favor of N 2 bo th i n the so l id 
a n d vapor . T h e large va lue of the b i n d i n g energy of N 2 explains the 
absence of heteronuclear tetramers i n this system. T h e existence of P N 
molecules i n the vapor is rea l ly an interest ing c ircumstance i n re lat ion 
to the n o r m a l absence of such molecules i n other n i t r ide systems. F o r 
these other systems, the e q u i l i b r i u m is vast ly i n favor of N 2 . 

K n o w n values of atomizat ion energies for various homonuclear a n d 
heteronuclear molecules of the G r o u p V A elements are s u m m a r i z e d i n 
T a b l e I V . O n e can find here pairs of homonuclear molecules w i t h c om
parab le energies a n d corresponding heteronuclear analogues w i t h ener
gies comparable to those values. These characteristics obvious ly correlate 
w i t h the existence of the various species f o und i n the vapor above the 
condensed phases. So i t is not at a l l surpr is ing that the vapors of the 
so l id pnict ides m a y contain a large var iety of homonuclear a n d hetero
nuclear species. O n e hopes that mass spectrometric a n d other invest iga
tions of these molecules m a y eventual ly y i e l d re l iable dissociation ener
gies, sufficiently precise that important subtle differences are wel l -def ined. 
It shou ld then be possible to beg in to understand the chemica l b o n d i n g 
i n such molecules at a quant i tat ive leve l . 
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Appearance Potentials, Ionization Potentials 
and Heats of Formation for Perfluorosilanes 
and Perfluoroborosilanes 

J. D . M c D O N A L D , C. H. WILLIAMS, J. C. T H O M P S O N , 
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. 

Τ η contrast to the large amount of data reported on the heats of f o r m a -
* t ion a n d b o n d strengths of hydrocarbons a n d fluorocarbons, m u c h less 
is k n o w n about the corresponding s i l i con a n d s i l i con-boron compounds . 
F o r the perfluorosilanes a n d boron compounds, heats of f ormat ion are 
reported for S i F 4 (12), S i F 2 a n d S i F ( I , 1 3 ) , B F 3 ( I I ) , B F 2 ( 5 ) a n d 
B F ( 3 ) . T h e on ly value for the s i l i con-s i l i con b o n d strength is based o n 
S i 2 H 6 data (7), a n d no measurements at a l l have been made on the 
s i l i con-boron b o n d . Average b o n d energies are used to der ive the on ly 
p u b l i s h e d values of the heat of f ormat ion of S i F 3 (8). I n this paper , 
appearance potent ia l studies, w h i c h l e a d to the i on izat ion potentials a n d 
heats of format ion of S i 2 F 6 , S i 3 F 6 , S i 2 B F 7 , B F 2 , a n d S i F 3 , are reported . 
These are used to calculate b o n d dissociation energies w h i c h m a y be used 
to calculate thermodynamic properties of other fluorosilanes. 

Experimental 

T h e appearance potentials g iven i n this w o r k were measured o n a 
B e n d i x m o d e l 14-107 t ime-of- f l ight mass spectrometer. T h e i o n source 
electronics were modi f ied to prov ide operat ion accord ing to the R e t a r d i n g 
Potent ia l Dif ference ( R P D ) method (2, 6). W i t h the electron source 
filament at the electron energy potent ia l b e l o w ground , the five e lectron 
grids of the s tandard m o d e l 14 i o n source were connected as f o l l ows : 
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g r i d N o . 1, b iased at —5 volts d . c , pu l sed to + 5 volts w i t h respect to 
the filament; grids N o . 2 a n d 4, + 1 volt d.c. w i t h respect to the filament; 
g r i d N o . 3, —1.0 or —1.1 vo l t d.c. to the filament to prov ide a 0.1 vo l t 
R P D step; a n d g r i d N o . 5, at g round potent ia l . 

T h i s apparatus, w h e n tested on 0 2 , N 2 , a n d the noble gases, gave 
results s imi lar to those reported b y M e l t o n a n d H a m i l l ( 6 ) , but w h e n the 
s i l i con fluorides were introduced , some diff iculty was encountered. T h e 
electron trap current, and hence the i on current, decreased w i t h t ime , 
a n d the measured appearance potent ia l of the s tandard ( N 2 ) d r o p p e d 
several tenths of an e.v. d u r i n g the experiment. B o t h effects were p r o b 
ab ly caused b y the thermal decomposit ion of the samples, deposit ing a 
s i l i con meta l residue on the electron grids. T h e effect was m i n i m i z e d b y 
operat ing at l o w sample pressures ( 1 - 2 X 10" 6 t orr ) a n d c leaning the 
i o n source frequently . T h e l ower signal-to-noise rat io caused b y l o w 
sample pressure resulted i n r educ ing the accuracy of measurement. T h e 
appearance potentials ( A P ) were ca l ibrated against N 2

+ / N 2 , A P = 15.57 
volts a n d H e + / H e , AP — 24.58 volts ( 4 ) . 

T h e S i F 4 gas was purchased f r om Matheson a n d was freed of S 0 2 

b y passing i t over i r on at 800°C. S i F 2 was p r o d u c e d b y flowing the 
S 0 2 - f r e e S i F 4 over S i meta l at 1 1 7 5 ° C ; the gaseous products were leaked 
into the i on source of the mass spectrometer b y a l ine-of-sight pa th . 
At tempts to detect S i F 3 i n the gaseous products were unsuccessful. T h e 
S i 2 F f i , S13F8, a n d S i 2 B F 7 were f ract ional ly d i s t i l l ed f rom the volati le p r o d 
ucts f o rmed b y heat ing a S i — F or S i—F—Β po lymer (9 ,10) ; the sample 
fractions were about 9 7 % pure . 

Calculations 

T h e appearance potentials measured for the product ion of the various 
parent a n d fragment ions are l is ted i n T a b l e I ; a l l have an exper imental 
r e p r o d u c i b i l i t y of ± 0 . 1 volt . T h e process of formation of a g iven i o n 
must be chosen to produce the most consistent set of results. I n the 
calculations w h i c h fo l l ow the internal excitation energy a n d excess k inet i c 
energy of the fragment i o n are neglected. F o r this reason, only those 
fragmentation reactions l ike ly to invo lve a m i n i m u m amount of internal 
excitation energy a n d excess k inet i c energy were used i n the calculations. 

A s an example of the method of computat ion , consider Process 6: 

S i 2 F 6 = S i F 2
+ + S i F 4 

O n e has for the change i n enthalpy, Δ Η , for this fragmentat ion react ion 

Δ Η Γ = ΔΗ,° ( S i F 2 ) + I P ( S i F 2 ) + Δ Η / ( S i F 4 ) - Δ Η / ( S i 2 F 6 ) = 13.02 e.v. 

U s i n g the values for the heats of format ion of S i F 2 a n d S i F 4 g iven i n 
T a b l e I I a n d the appearance potent ia l of S i F 2

+ f r o m S i F 2 i n T a b l e I., 
this equation is so lved for Δ Η / ° ( 8 ΐ 2 Ρ 6 ) = —565 k c a l . / m o l e . Subtract ing 
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Process 6 f rom Process 10 gives 

S i 3 F 8 + S i F 4 = 2 S i 2 F 6 

where 

A H r = 2 A H / ( S i 2 F 6 ) - A H , e ( S i e F e ) - A H / ( S i F 4 ) = 0.43 e.v. 

B y insert ing the value for A H / ° ( S i 2 F 6 ) ca lculated above a n d that for 
A H / ° ( S i F 4 ) f r om T a b l e I I , the heat of f ormat ion of S i 3 F 8 is determined , 
aH,°(SiJFs) = - 7 5 4 k c a l . / m o l e . 

Table I. Appearance Potentials in Volts" 

Ion/Compound SiF2 SiF^ Si2F6 Si3F8 Si2BF7 

S i 3 F 8
+ 10.84 

S i 8 F 7
+ 15.62 

S i 2 F 5
+ 12.89 11.77 12.97 

S i 2 F 4
+ 11.43 11.32 

S i F 4
+ 15.71 

S i F 3
+ 16.20 14.30 (15.8) 15.51 15.42 

S i F 2
+ 11.29 27.35 13.02 13.45 13.21 

S i F + 28.75 14.16 11.56 
S i 2 B F c

+ 15.36 
S i B F 4

+ 11.95 
B F 2

+ 14.67 

a Experimental reproducibility = ± 0.1 e.v.; Absolute accuracy = ± 0.3 e.v. 

I t is n o w possible to set u p two simultaneous equations i n v o l v i n g 
D ( S i - F ) a v g . a n d D ( S i - S i ) a v g . : 

A H / ( S i 2 F 6 ) = 6 A H / ( F ) + 2ΔΗ/ (Si ,gas ) - 6 D ( S i F ) a v g . - D ( S i - S i ) a v g . 

A t f / ( S i 3 F 8 ) = 8 A H /
e ( F ) + 3ΔΗ/ (Si ,gas ) - 8 D ( S i F ) a v g . - 2 D ( S i - S i ) w 

B y so lv ing these, one finds D ( S i - F ) a v g . = 138 k c a l . a n d D ( S i - S i ) a v g . — 
58 k c a l . F r o m s imi lar calculations on S i F 2 a n d S i F 4 one gets D ( S i F ) a v g . 
= 141 a n d 142 k c a l . respectively. A s a "best" va lue D ( S i - F ) a v g . = 
139 z t 3 is chosen. W i t h this va lue i n the above equations one obtains 
D ( S i - S i ) a v g . = 5 5 ± 10 k c a l . 

There is a break i n the ion izat ion efficiency curve for S i F 3
+ f r o m 

S i 2 F 6 . B e l o w the break the ion izat ion is a t t r ibuted to i on pa i r produc t i on 
a n d above the break to more convent ional dissociative ion izat ion . W i t h 
this latter interpretat ion, Process 5 c o m b i n e d w i t h Process 1 gives 
A H f ° ( S i F 8 ) = - 2 5 3 k c a l . / m o l e as compared w i t h —254 k c a l . / m o l e 
ca lculated on the basis of the average S i - F b o n d dissociation energy. B y 
us ing A H f ° ( S i F 3 ) = —253 k c a l . / m o l e i n Process 1, one calculates 
I P ( S i F 3 ) = 13.3 volts. Recent q u a n t u m mechani ca l calculations, h o w 
ever, strongly support I P ( S i F 3 ) = 8.5 ± 1 volts [Hast ie , J . W . M a r g r a v e , 
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J . L . ( u n p u b l i s h e d work , 1967-1968)] a n d y i e l d through Process 1 the 
va lue A H f ° ( S i F 3 ) = - 2 3 5 ± 20 k c a l . / m o l e . Process 9 a n d this latter 
value for S i F 3 give A H f ° ( S i 2 F r i ) = —358 ± 20 k c a l . / m o l e a n d this heat 
i n Process 4 y ie lds I P ( S i 2 F r , ) = 7.5 ± 1 volts. A combinat ion of appear
ance potentials for Processes 8 a n d 12 yie lds A H £ ° ( S i 2 B F 7 ) = —637 ± 
25 k c a l . / m o l e . W i t h this va lue a n d Process 14, one calculates A H f ° ( SiBF r>) 
= —454 ± 25 k c a l . / m o l e a n d f r om Process 11 one derives A H f ° ( B F 2 ) = 
- 1 5 0 ± 20 k c a l . / mole. Process 15 yie lds I P ( B F 2 ) — 9 ± 1 volts. B y a 
process s imi lar to that used for s i l i con , one computes D ( B - F ) * v f ? . = 152 ± 
3 k c a l . / m o l e a n d D ( B - S i ) a v g . = 55 ± 15 k c a l . / m o l e . 

T h e results of these calculations are summar ized i n T a b l e I I I . T h e 
uncertainties l i s ted are obta ined b y assigning an error of 0.1 vo l t or 
2.3 k c a l . to each appearance potent ia l used i n ca l cu lat ing a g iven q u a n 
t i ty . T h e final data have been used to calculate an appearance potent ia l 
for each of the reactions i n T a b l e I I I . A l t h o u g h i n some processes the 
measured a n d ca lculated values agree to w i t h i n 0.1 e.v., i n others—e.g., 
the produc t i on of S i F 2

+ f r om S i F 4 , in ternal excitation energy a n d excess 
k inet i c energy considerations are important , a n d the difference between 
the measured appearance potent ia l a n d that ca lculated for the "best fit" 
process is larger. Processes i n v o l v i n g excited fragments were not used i n 
the calculations of thermodynamic properties g iven i n T a b l e I I . 

Table II. Heats of Formation and Ionization Potentials 6 

Species AH f ° (kcal./mole-1) IP (volts) 

S i F - 2 ± 3 7.3 ± 0 .2 c 

S i F 2 - 1 3 6 ± 5 11.29 ± 0.1 
S i F 3 - 2 3 5 ± 20 8.5 ± Ie 

S i F 4 - 3 8 6 . 0 ± 0.2 15.7 ± 0.1 
S i 2 F 5 - 3 5 8 ± 25 7.5 ± 1 
S i 2 F 6 - 5 6 5 ± 5 (10.6 ± 1.0) a 

S i 3 F 8 - 7 5 4 ± 10 10.84 ± 0.1 
B F 2 - 1 5 0 ± 20 9 ± I e 

D ( S i - F ) a v g = 139 ± 3kca l . /mo le 
D ( S i - S i ) a v g = 5 5 ± 10kcal . /mole 
D ( B - F ) a v g = 1 5 2 ± 3kca l . /mo le 
D ( B - S i ) a v g . = 55 ± 15 kcal . /mole 
a Parent ion not observed. 
* Other quantities used in calculations: 

A H r ° ( F ) = 18.8 ± 1 kcal./mole (4) 
àHf°(F~) = -64.8 ± 1 (4) 
Atf , ° [Si (g) ] = 105 ± (4) 
A H r ° [ B ( g ) ] = 133 ± 3 (4) 
A H r ° ( B F 3 ) = - 2 7 1 ± 2 (11) 

c Hastie, J. W. , Margrave, J. L . (unpublished work, 1967). 

S i B F 5 

S i 2 B F 7 

- 4 5 4 ± 20 
- 6 3 7 ± 25 

(11 ± 1.0)· 
(10.6 ± l ) a 
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Table III. Probable Fragmentation Reactions and 
Calculated Appearance Potentials 

Calc.a A P , Meas. A P , 
Process volts volts 

1. S i F 4 = S i F 3
+ + F 16.2 ± 0.5 16.20 

2. S i F 4 = S i F 2
+ + 2 F 23.6 ± 0.5 27 .35 6 

3. S i F 4 = S i F + + 3 F 28.4 ± 0.5 28.75 
4. S i 2 F 0 = S i 2 F 5

+ + F - 12.9 ± 1.0 12.89 
5. S i 2 F 6 = S i F 3

+ + S i F 3 12 ± 1 15.8 
6. S i 2 F 6 = S i F 2

+ + S i F 4 13.0 ± 0.5 13.02 
7. S i 3 F 8 = S i 2 F 5

+ + S i F 3 14 ± 1 11.77 
8. S i 3 F 8 = S i 2 F 4

+ + S i F 4 — 11.43 
9. S i 3 F 8 = S i F 3

+ + S i 2 F 5 15.5 ± 0.5 15.51 
10. S i 3 F 8 = S i F 2

+ + S i 2 F 6 13.5 ± 0.5 13.45 
11. S i 2 B F 7 = S i 2 F 5

+ + B F 2 13 ± 1 12.97 
12. S i 2 B F 7 = S i 2 F 4

+ + B F 3 — 11.32 
13. S i 2 B F 7 = S i F 3

+ + S i B F 4 15.7 ± 1.0 15.42 
14. S i 2 B F 7 = S i F 2

+ + S i B F 5 13 ± 1 13.21 
15. S i 2 B F 7 = B F 2

+ + S i 2 F 5 15 ± 1 14.67 

α Based on Table II data. 

6 (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 

F r o m these data , one can n o w pred ic t the heats of format ion of 
S i - B - F compounds based on the f o l l o w i n g average b o n d dissociat ion 
energies 

D ( S i - F ) a v g . = 139 ± 3 kcaL/mole 

D ( B - F ) a v g . = 152 ± 3 kcal . /mole 

D ( S i - S i ) a v g . = 55 ± 10 k c a l / m o l e 

D ( S i - B ) a v g . = 55 ± 15 kcal . /mole 

F o r the monos i l i con species one can calculate i n d i v i d u a l b o n d disso
c iat ion energies as fo l l ows : 

D ( S i F 3 - F ) = 170 ± 10 kcal . /mole 

D ( S i F 2 - F ) = 118 ± 10 kcal . /mole 

D ( S i F - F ) = 153 ± 5 kcal . /mole 

D ( S i F ) = 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. 

" D are-earth trif luorides have been prepared in h i g h p u r i t y for use i n 
A ^ the produc t i on of pure rare-earth metals a n d for various op t i ca l 
appl icat ions , b u t u n t i l recently there have been no quantitat ive data on 
their sub l imat ion a n d vapor izat ion rates. T h e thermodynamic stabil it ies 
of these compounds have also been poor ly k n o w n . There has been some 
spectroscopic evidence concerning the monofluorides of Se, Y , a n d L a , 
a n d attempts have been made to calculate dissociation energies b y ana 
l y z i n g the spectral data. T h e uncertainties, however , were as h i g h as 
1.5 e.v. (2, 3, 7,12,14, 22, 30, 34). 

Since the electronic configurations of the neutra l rare-earth atoms 
differ on ly i n the 4 / - level , one might expect that vapor izat ion properties , 
b i n d i n g energies, etc. for the rare-earth metals a n d their compounds 
w o u l d be essentially ident i ca l , bu t this is far f rom the ac tua l s ituation. 
Heats of vapor izat ion of the rare-earth metals show a double per i od i c i ty 

267 
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w i t h increasing atomic n u m b e r (13, 32, 35) a n d a s imi lar behavior was 
f o u n d for the dissociat ion energies of rare-earth monoxides (36). It has 
been shown that there is apprec iable var ia t ion i n the heats of f ormat ion 
o f the so l id sesquioxides (15, 16). O n the other h a n d , recent measure
ments of the heats of f ormat ion of some rare earth fluorides (28, 29) i n d i 
cate o n l y s m a l l differences. 

T h i s paper presents the results of an extensive mass spectrometric 
s tudy of the sub l imat ion rates for so l id rare-earth tri f luorides a n d of the 
stabil it ies of the various gaseous fluoride species w h i c h are present i n 
e q u i l i b r i u m . 

Experimental 

Materials. A l l of the chemicals used i n this s tudy were purchased 
f r o m Semi -Elements , Inc. , Saxonburg , P a . a n d were used w i t h o u t further 
pur i f i cat ion . 

Mass Spectrometer. T h e mass spectrometer used for analysis of the 
vapors effusing f rom the K n u d s e n ce l l was a s ingle- focusing, 12- inch 
radius of curvature , 60-degree instrument, e q u i p p e d w i t h a K n u d s e n ce l l 
assembly. T h e basic features a n d pr inc ip les of operat ion of the apparatus 
have been descr ibed i n several publ icat ions (17). 

T h e h i g h temperature assembly consisted of a c y l i n d r i c a l K n u d s e n 
ce l l , rad ia t i on shields, a n d a shutter plate . T h e K n u d s e n ce l l was made 
of tanta lum a n d h a d a rat io of evaporat ion surface-to-orifice area of about 
200. T h e c e l l was heated b y electron bombardment , a n d the temperature 
was measured w i t h a d isappear ing filament opt i ca l pyrometer s ighted 
into a b la ck -body hole through a ca l ibrated flat quartz w i n d o w . T h e 
op t i ca l pyrometer was ca l ibrated b y intercomparison w i t h a s imi lar 
pyrometer w h i c h h a d been ca l ibrated b y the U . S. N a t i o n a l B u r e a u of 
Standards ( 2 5 ) . 

T h e molecules effusing f rom the K n u d s e n ce l l passed through the 
s l i t i n the shutter p late a n d entered the ion izat ion chamber of the i on 
source, where the neutra l molecules were i o n i z e d b y electrons. Ions 
f o rmed were then accelerated a n d co l l imated b y the i on lenses i n the i o n 
source, magnet i ca l ly analyzed , a n d co l lected a n d ampl i f i ed b y a 16-stage 
A g - M g dynode electron m u l t i p l i e r whose output l e d to a C a r y - v i b r a t i n g -
reed electrometer a n d a Leeds a n d N o r t h r u p pen-recorder. T h e i n s t r u 
ment was also e q u i p p e d w i t h a movable plate i n front of the first dynode 
of the electron m u l t i p l i e r , a n d this plate c o u l d be used for measurement 
of the m u l t i p l i e r ga in . 

Results 

Sublimation Rates of Rare Earth Trifluorides. T h e mass spectra of 
the vapors over so l id rare-earth tri f luorides were s imple . T h e on ly peaks 
observed i n the range of temperatures invest igated were those corre
spond ing to M + , M F + , a n d M F 2

+ ions. T h e intensity of M F 3
+ ions was 

very smal l , a n d no po lymer i c species were detected. Ion izat ion efficiency 
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HoFs 

ELECTRON VOLTS (CORRECTED) 

Figure 1. Ionization-efficiency curves for ions from HoF3-vapors 

curves for the various ions were measured. F i g u r e 1 shows curves for the 
ions f r o m H o F 3 - v a p o r as a t y p i c a l example of a l l the rare-earth fluorides. 

T h e appearance potentials of the ions were measured b y the v a n i s h 
i n g current method , us ing the ion izat ion potent ia l of mercury , 10.43 e.v. 
(11) as a s tandard to cal ibrate the electron energy scale. T h e data are 
l i s ted i n T a b l e I . 

B o t h the shapes of the ionization-eff ic iency curves a n d the values of 
the appearance potentials served as a basis for c onc lud ing that the ions 
observed were f o rmed b y dissociative i on izat i on of M F 3 molecules . A 
very h i g h p r o b a b i l i t y of i o n format ion b y dissociative i on izat ion c o m 
p a r e d w i t h s imple i on izat ion of the parent molecule is characterist ic i n 
this case as w e l l as i n m a n y other meta l ha l ide systems (4, 10, 2 6 ) . 

A f t e r the ident i ty of the vapor species was establ ished, the s u b l i m a 
t i on rates of the trif luorides were determined b y f o l l o w i n g the tempera
ture dependence of the M F 2

+ - i o n intensity at a fixed energy of i o n i z i n g 
electrons. T h e data were p lo t ted as l og ( Γ Τ ) vs. 1/T, where Γ = i o n 
intensity i n arb i t rary units , Τ = temperature i n °K. a n d the quant i ty 
( Γ Γ ) is propor t i ona l to the absolute pressure, P , of the vapor (8). T h e 
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heats of sub l imat ion were determined f r om the C l a u s i u s - C l a p e y r o n r e l a 
t i o n : 

d\n(VT) __AH\TT 

d(l/T) ~ R { ' 

O n e can also, i n pr inc ip l e , determine the heats of sub l imat ion f r o m 
the t h i r d - l a w since 

AF°ST = —RT In PT = AH°8>T - TAS°8)T (2) 

W h e r e AF°T a n d AS°T are the changes i n the free energy a n d the 
entropy for the sub l imat ion process. T h i s procedure requires that the 
absolute entropies of the so l id a n d gaseous species be k n o w n . N e i t h e r 
l o w temperature nor h i g h temperature heat capac i ty data are avai lab le 
for the so l id tri f luorides, a n d there are also no spectroscopic data or 
molecu lar structures k n o w n to prov ide the necessary in format ion for c a l 
cu lat ion of the entropies; thus, t h i r d - l a w calculations were not made for 
these materials . 

Table I. Appearance Potentials of Ions from Rare-Earth 
Trifluoride Vapors 

Appearance Potentials (e.v.)a 

Element M + M F + MF2
+ 

Sc 28.0 16.0 13.5 
Y 28.0 21.5 13.5 
L a 26.5 18.5 12.0 
Ce 28.0 20.5 13.0 
Pr 27.5 19.0 12.5 
N d 25.5 19.8 12.9 
Sm 26.0 19.0 13.0 
E u 27.0 19.5 13.5 
G d 26.5 20.0 14.5 
T b 27.0 19.5 13.0 
D y 27.4 20.0 13.5 
H o 28.0 21.0 14.5 
E r 27.5 20.0 14.0 
T m 27.0 20.8 13.5 
Yb 27.0 20.5 14.0 
L u 28.0 21.0 14.3 

a Referred to the ionization potential of Hg, LP. = 10.43 e.v. (11), with an accuracy 
of ± 0 . 7 e.v. 

T h o u g h second- law approaches, as used i n this w o r k for ca l cu lat ion 
of the heats of sub l imat ion , require on ly a knowledge of the relat ive Γ Γ -
values, the absolute pressures of several tri f luorides have been measured 
b y evaporat ing a w e i g h e d amount of a w e l l outgassed sample at a con
stant temperature f r om the K n u d s e n ce l l a n d mon i to r ing the M F 2

+ - i o n 
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peak on the mass spectrometer. F r o m the measured we ight loss, Am, i n 
grams, the evaporat ion t ime, t, i n seconds, the temperature Τ i n °K., a n d 
the orifice area, s, i n sq. cm. , one m a y evaluate the absolute vapor pres
sure, P, i n atm. , f r om the K n u d s e n - H e r t z equat ion (23 ) . 

44.331 \ s t ) \MJ 

T h e absolute pressures thus obta ined were used to calculate the m a 
chine-sensit iv ity constants re lat ing the pressures a n d i o n currents a n d 
thus, to y i e l d absolute vapor pressure equations. T h e vapor pressure 
curves for S c F 3 , Y F 3 , a n d L a F 3 (20) are shown i n F i g u r e 2. 

-4.0, , , , , , , , , π—, 

-4.5 

ίο4 / τ (·κ-') 

Figure 2. The Vapor Pressure Curves for ScF3, YF:i, and haFΛ 

F i g u r e 3 shows the vapor pressure curve of N d F 3 , a n d F i g u r e 4 p re 
sents the curves for Y b F 3 a n d L u F 3 . I n F i g u r e 5 second- law plots are 
presented for the sub l imat ion of S m F 3 , P r F 3 , G d F 3 , T b F 3 , a n d T m F 3 . 

F r o m the slopes of these second- law plots one obtains the heats of 
sub l imat ion at the average temperature of the measurements. T h e correct
ions to Δ Η ° 2 9 8 were made b y e m p l o y i n g the est imated values, ACp = —7 
ca l . deg." 1 mole" 1 , for the sub l imat ion process. T h e heats a n d entropies 
of sub l imat ion for the rare-earth trif luorides are s u m m a r i z e d i n T a b l e I I . 

T h e usual uncertainties i n the experimental determinations of the 
heats of sub l imat ion , obta ined as s tandard deviations f rom a least-squares 
treatment of the data were of the order of ± 1 k c a l . mole" 1 . T h e larger 
uncerta inty ± 5 k c a l . mole" 1 at 298°K. i n T a b l e I I reflects b o t h possible 
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errors caused b y temperature gradients i n the cruc ib le a n d errors i n the 
est imation of the thermodynamic quantit ies . 

Stabi l i t ies o f R a r e - E a r t h Subf luor ides . A l t h o u g h the tr iposi t ive state 
is the most c o m m o n valence state i n the rare-earth series, the existence 
of dif luorides of S m , E u , a n d Y b has l o n g been recognized . There is also 
some spectroscopic evidence for the existence of the monofluorides of Sc, 
Y , a n d L a (2 , 3, 7 ,12 ,14 , 22, 30, 34). I t has been f o u n d that m a n y sub-
fluorides of the transit ion metals can be identi f ied , i n the vapor phase 
under r e d u c i n g conditions b y mass spectrometry. 

I n this w o r k an attempt was made to produce the various subfluorides 
of the rare-earths a n d to study fluorine-exchange reactions to determine 
the b o n d strengths. T h e rare-earth subfluorides were p r o d u c e d b y heat
i n g appropr iate mixtures of rare-earth trif luorides w i t h a r e d u c i n g meta l , 
or rare-earth metals w i t h a fluorinating agent i n a tanta lum K n u d s e n ce l l . 

I n the first experiment of this series, the system N d + B a F 2 was 
s tud ied (37 ) . W i t h the effusion ce l l at temperatures between 1330° a n d 
1470°K., the i o n species showing a c lear shutter effect were B a + , B a F + , 
N d + , N d F + , a n d N d F 2

+ . T h e i on izat i on efl iciency curves for these ions 
are shown on F i g u r e 6. 

cn UJ or 

- 4 . 2 

- 4 . 4 

- 4 . 6 
Q . 
CO 

ο 
Η - 4 . 8 

1x1 
OC 
3 - 5 . 0 
CO 
CO 
UJ 

CL - 5 . 2 

e> 
ο 
_ l 

• 5 . 4 

\ 

6 . 5 6 . 6 6 . 7 6 . 8 6J9 7 . 0 

I04/T (
e K) 

7 1 7 . 2 7 . 3 

Journal of Chemical Physics 

Figure 3. The Vapor Pressure Curve for NdF3 
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10 V Τ (βΚ-') 

Journal of Less-Common Metals 

Figure 4. The Vapor Pressure Curves for YbF3 and LuF3 

T h e appearance potent ia l of N d + - i o n , 5.6 ± 0.3 e.v., agrees w e l l w i t h 
the va lue obtained b y the surface i on izat ion m e t h o d (18) a n d indicates 
the presence of Nd-a toms i n the vapor . T h e N d F + curve has a l o w energy 
t a i l , w i t h the onset at 5.0 ± 0.5 e.v. a n d a break at <~ 12.5 zb 0.5 e.v. 
T h i s low-energy port ion of the curve was at tr ibuted to a s imple i o n i z a 
t i on process 

N d F ( g ) + e> = N d F + + 2e 
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Figure 5. Clausius-Clapeyron Plots for the Variation of SmF3\ PrF3
+, GdF3

+, 
TbF3

+ and TmF3
+ Ion Intensities with Temperature 

Table II. Heats of Sublimation of Rare-Earth Trifluorides 

Temp. Range 
Element (°K.) Δ Η % , Τ ΔΗ° s,298 

S c F 3 1172-1323 88.7 101 ± 5 43.2 ± 1.5 
Y F 3 1256-1434 100.0 115 ± 5 44.7 ± 1.0 
L a F 3 1303-1416 91.7 108 ± 5 37.5 ± 0.7 
C e F 3 1301-1485 91.2 99 ± 3 (38 ± 2) 
P r F 3 1327-1491 92.9 101 ± 5 (38 ± 2) 
N d F 3 1383-1520 85.7 95 ± 5 36.7 ± 0.8 
S m F 3 1362-1506 96.8 107 ± 5 (45 ± 2) 
E u F 3 1382-1522 92.0 100 ± 5 (43 ± 2) 
G d F 3 1391-1527 90.3 98 ± 5 (41 ± 2) 
T b F 3 992-1167 101.7 111 ± 5 (47 ± 2) 
D y F 3 1002-1170 107.5 115 ± 5 49.4 ± 1.1 
H o F 3 1023-1180 106.8 116 ± 5 49.8 ± 1.1 
E r F 3 1374-1521 111.5 120 ± 5 51.9 ± 1.5 
T m F 3 1273-1415 89.6 99 ± 5 37.7 ± 0.2 
Y b F 3 1293-1428 85.5 95 ± 5 35.5 ± 1.0 
L u F 3 1287-1450 96.1 103 ± 5 43.1 ± 0.4 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

96
8 

| d
oi

: 1
0.

10
21

/b
a-

19
68

-0
07

2.
ch

01
9

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



19. ΖΜΒον A N D M A R G R A V E Rare-Earth Fluorides 275 

.while the break at 12.5 e.v. corresponds to the format ion of N d F M o n s 
b y dissociative ion izat ion of N d F 2 - m o l e c u l e s . T h e N d F 2

+ - c u r v e begins 
at 5:6 ± 0.5 e.v., a n d has a break at 13.5 db 0.6 e.v. T h e latter va lue 
agrees w i t h the appearance potent ia l of N d F 2

+ f r om N d F 3 f o u n d i n the 
sub l imat ion studies, w h i l e it was assumed that N d F 2 ( g ) was the neutra l 
precursor for N d F 2

+ - i o n s at l ower electron energies. T h e appearance 
potent ia l curves for bar ium-conta in ing ions were s imi lar to those reported 
prev ious ly for the B a F 2 - A l system ( 9 ) . 

T h e appearance potent ia l a n d ion izat ion efficiency measurements 
have establ ished the presence of B a , B a F , N d , N d F , N d F 2 , a n d N d F 3 

molecules i n the gas phase over a B a F 2 - N d mixture . T h e relat ive intens i 
ties for B a - a n d N d - c o n t a i n i n g ions were measured at various tempera
tures, us ing l o w energy electrons, w i t h voltages — 5 e.v. above the 
thresholds. T h e port ion of N d F 2

+ - i o n current corresponding to N d F 3 

molecules was obta ined f rom measurements at 18 e.v. a n d b y a p p l y i n g 
a correct ion for N d F 2

+ f r om N d F 2 ( g ) , assuming a l inear increase of the 
intensity w i t h the electron energy. 

ο 10 

4 6 8 10 12 14 16 18 20 22 24 26 28 
ELECTRON VOLTS (CORRECTED) 

Journal of Chemical Physics 

Figure 6. Ionization efficiency curves in Nd-Ba-F System 
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T h e i on intensities were then used to calculate ion-current analogies 
of the e q u i l i b r i u m constants for various fluorine-exchange reactions. T h e 
e q u i l i b r i a s tudied are l i s ted i n T a b l e I I I . H e r e again , the choice of a 
method for eva luat ing the react ion enthalpies f r om the exper imental r e 
sults was l i m i t e d to the second- law procedure because of the lack of 
exper imental data needed for ca lculat ing the thermal functions r e q u i r e d 
i n a t h i r d - l a w treatment. 

Table III. Equilibrium Reactions in B a - N d - F System 

Τ Aug. AH°T ΔΗ°298 

Reaction CK.) kcal. mole'1 kcal. mole'1 

(1) Ba(g) + N d F ( g ) = 
B a F ( g ) + N d ( g ) 1428 - 1 . 9 6 ± 0.85 - 4 . 0 ± 1.0 

(2) 2 B a F ( g ) + N d ( g ) = 
2 B a ( g ) + N d F 2 ( g ) 1428 - 3 . 0 ± 0.9 - 4 . 5 ± 1.2 

(3) 3 B a F ( g ) + N d ( g ) = 
3 B a ( g ) + N d F 3 ( g ) 1428 - 4 3 . 3 ± 5.0 - 4 6 . 3 ± 5.0 

(4) Ba(g) + N d F 2 ( g ) = 
B a F ( g ) + N d F ( g ) 1428 5.8 ± 1.7 8.2 ± 2.0 

(5) 2 B a F ( g ) = B a ( g ) + 
B a F 2 ( s ) 1428 - 9 1 . 5 ± 3.6 - 1 0 1 . 5 ± 3.6 

(6) 3 N d F ( g ) = 2 N d ( g ) + 
N d F 3 ( s ) 1455 - 1 2 6 . 6 ± 5.1 - 1 4 2 . 8 ± 5.1 

(7) N d F 3 ( g ) + 2 N d ( g ) = 
3 N d F ( g ) 1455 34.0 ± 2.5 43.4 ± 3.0 

(8) 2 N d F 3 ( g ) + N d ( g ) = 
3 N d F 2 ( g ) 1455 41.7 ± 2.8 45.2 ± 3.0 

T h e plots of l og K{ vs. 1/T for the reactions s tud ied are presented 
i n F igures 7, 8, a n d 9. 

T h e heats of react ion obta ined f r om the slopes of the curves are 
l i s ted i n T a b l e I I I . L i t e ra ture data for the heat capacities of B a ( g ) , 
B a F ( g ) , B a F 2 ( g ) , a n d N d ( g ) (19), a n d estimated values for N d F ( g ) , 
N d F 2 ( g ) , a n d N d F 3 ( g ) were employed to calculate the enthalpy incre 
ments, ( Η Γ - Η 2 9 8 0 κ ) . T h e results, corrected to 298°K., are shown i n the 
last c o l u m n of T a b l e I I I . 

B y c o m b i n i n g the heat of React ion 1, T a b l e I I I , w i t h the dissociation 
energy of B a F ( g ) , D 0

2 9 8 ( B a F ) — 134.3 ± 2 k c a l . m o l e f 1 (10) one ob
tains D ° 2 9 8 ( N d F ) — 130.3 ± 3 k c a l . mole" 1 (5.65 ± 0.13 e.v.) . U s e of the 
same procedure w i t h other data f r om T a b l e I I I give A / J a t o m [ N d F 2 ( g ) ] — 
273.1 =t 5 k c a l . m o l e ' 1 a n d A f f a t o m [ N d F 3 ( g ) ] — 437.4 ± 10 k c a l . mole" 1 . 

Scandium and Yttrium Subfluorides. I n the experiments for deter
m i n i n g the stabil it ies of Sc- a n d Y- subfluorides, these metals were 
heated w i t h C a F 2 i n the tanta lum K n u d s e n ce l l . T h e appearance poten
t i a l curves revealed the presence of Sc, S c F , S c F 2 , S c F 3 , a n d C a a n d C a F 
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Figure 7. Second-law plots of data for Reactions I., 3, and 4 (Table III) 
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Figure 8. Second-law plots of data for Reactions 2, 7, and 8 (Table 111) 
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- 6 . 0 
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Journal of Chemical Physics 

Figure 9. Second-fow plots of data for Reactions 5 and 6 
(Table 111) 

i n the gas phase over the S c - C a F 2 mixture , a n d of Y F , Y F 2 , Y F 3 , a n d C a 
a n d C a F over the Y - C a F 2 mixture (40). 

I n the C a - S c - F system, three s imple fluorine-exchange reactions of 
the type 

n C a F ( g ) + Sc(g) = n C a ( g ) + ScF„(g) (5) 

where ( n = 1,2,3) were considered. T h e heats of dissociation of s cand ium 
fluorides, A J c / a t o m [ S c F n ( g ) ] , were der ived f r o m the react ion enthalpies, 
AH°m a n d the k n o w n dissociation energy of C a F , 125.0 z± 2 kca l . mole" 1 

(6): 
A t f a t o m ( S c F n ) = - Δ ί Γ , , . 2 9 8 + nD°2d8 ( C a F ) (6) 

Second- law plots for various e q u i l i b r i a i n the C a - S c - F system are 
presented i n F i g u r e 10, a n d react ion enthalpies are l i s ted i n T a b l e I V . 

F r o m the values of AHn, D ° 2 9 8 ( C a F ) a n d b y e m p l o y i n g the Reac 
t i on 6, the atomizat ion energies of the s cand ium fluorides are obta ined : 

D ° 2 9 8 ( S c F ) = 140.8 ± 3.2 kcal. mole" 1 

A H a t o , n [ S c F 2 ( g ) ] = 281.1 ± 6 kcal. mole" 1 

A H a l o n i [ S c F 8 ( g ) ] = 438.1 ± 6 kcal . mole ' 1 
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T h e lack of clear evidence for the existence of Y ( g ) species i n the 
effusing vapors over Y - C a F 2 mixtures made impossible a determinat ion 
of the dissociation energies of y t t r i u m fluorides f rom direct exchange 
reactions. A s an alternative, use was made of data f rom fluorine b o m b 
calor imetry w h i c h establish A f f ° / [ Y F 8 ( s ) ] — —410.7 ± 0.4 k c a l . m o l e - 1 

(28) a n d of e q u i l i b r i a w h i c h do not inc lude y t t r i u m atoms as reactants. 
T h e reactions s tudied a n d their enthalpies are g iven under numbers ( d ) 
a n d ( e ) i n T a b l e I V . T h e second- law plots of the e q u i l i b r i u m constants 
are shown i n F i g u r e 11. 

6.0 

5.5 

5.0 
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2.5 

3.0 

CaF(g) + Sc(g)=Ca(g)tScF(g) 

1.0 

6.6 6.8 7.0 7.2 
ΙΟ^ΤΤΚ"1) 

7.4 7.6 

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 S c - C a - F and Y - C a - F Systems 

Avg. 
Temp. 

Number (°C.) Reaction 

(a) 1410 C a F ( g ) + Sc(g) = 
Ca(g) + ScF(g ) 

AH°T AH°298 

(kcal. mole'1) (kcal. mole'1) 

- 1 5 . 8 ± 1.2 - 1 5 . 8 ± 2 

(b) 1410 2 C a F ( g ) + Sc(g) = - 2 8 . 9 ± 2.6 - 3 1 . 1 ± 3 
2Ca(g ) + S c F 2 ( g ) 

(c) 1410 3 C a F ( g ) + Sc(g) = - 6 0 . 3 ± 1.7 - 6 3 . 1 ± 2 
3Ca(g ) + S c F 3 ( g ) 

(d) 1337 Y F ( g ) + 2 C a F ( g ) = - 5 7 . 3 ± 3.0 - 5 9 . 7 ± 5.0 
Y F 3 ( g ) + 2Ca(g ) 

(e) 1337 Y F 2 ( g ) + C a F ( g ) = - 3 8 . 5 ± 3.0 - 4 1 . 3 ± 5.0 
Y F 3 ( g ) + C a ( g ) 

7.0 7.1 7.2 7.3 74 7.5 7.6 7.7 7.8 

Ι0 4 /Τ( οΚ"') 

Journal of Chemical Physics 

Figure 11. Second-law plots of data for Ύ-Ca-F System 
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F r o m the measured heat of React ion d , T a b l e I V , a n d avai lable data 
f o r D ° 2 { ) 8 ( C a F ) (31 ) , A H ° , ( Y F » ) ( 28 ) , Δ Η % ( Y F 3 ) ( 2 0 ) , Δ Η ° . ( Υ ) (13) , 
a n d D ° 2 » 8 ( F 2 ) ( 3 1 ) , one obtains D 0

2 9 8 ( Y F ) = 143.6 ± 5 kc a l . mole" 1 

(6.2 ± 0.2 e.v.) . S i m i l a r l y , one obtains f rom React ion e the atomizat ion 
energy of Y F 2 ( g ) , A f f a t o m [ Y F 2 ( g ) ] — 287.0 ± 7.0 k c a l . mole" 1 . 

7 . 3 7 . 4 

Ι 0 4 / Τ ( · Κ β | ) 

Journal of Physical Chemistry 

Figure 12. Second-Law Plot of the Mass Spectral Data for the 
Heterogeneous Reaction 3HoF(g) = 2Ho(g) H- HoFs(s) 

T a b l e V . E q u i l i b r i a i n H o - H o F 3 System 

Avg. Τ AH\ AH\98 

No. (°K.) Reaction (kcal. mole'1) (kcal. mole'1) 

(1) 1369 3 H o F ( g ) = 2 H o ( g ) + H o F 3 ( s ) - 1 2 7 . 6 ± 2.0 - 1 4 1 . 8 ± 5.0 

(2) 1369 3 H o F ( g ) = 2 H o ( g ) + HoF ;<(g) - 2 1 . 0 ± 4.1 - 3 1 . 2 ± 6.0 

(3) 1369 3 H o F 2 ( g ) = 2 HoF»(g ) + H o ( g ) 17.0 ± 2.3 22.0 ± 5.9 
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Sm, E u , G d , D y , Ho , and E r Subfluorides. T h e k n o w n heat of for
mat i on of H o F 3 (29) a n d the re lat ive ly h i g h vo la t i l i ty of H o - m e t a l were 
c r u c i a l i n des igning experiments to determine the stabilities of S m , E u , 
G d , D y , H o , a n d E r subfluorides (38, 39 ) . 

I n the first experiment of this group, H0F3 was evaporated i n the 
K n u d s e n ce l l i n the presence of H o - m e t a l , a n d the H o , H o F , H o F 2 , and 

I 0 5 

: 1 I 1 1 — ι 1 
0 JQ " 

j 

- • — Q Q 

"3 0 — S Q ~ 

- 3 H o F 2 ( g ) = 2HoF 3 (g )+Ho(g ) · -

- 3 H o F ( g ) - 2 H o ( g ) + H o F 3 ( g ) 

- G 0 

-

-O G- ο 

-
-

HoF 2(g) + H o ( g ) = 2 H o F ( g ) -

â Δ A A A ^ Δ A 
Δ Δ Δ A -

I I ' 1 

-

7.0 7.1 7.2 7.3 7.4 7.5 7.6 7.7 

ι ο 4 / τ ( β κ ' ) 

Journal of Physical Chemistry 

Figure 13. Second-Law Plots of Data for Equilibria Involving the 
Subfluorides of Holmium 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

96
8 

| d
oi

: 1
0.

10
21

/b
a-

19
68

-0
07

2.
ch

01
9

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



19. Z M B O V A N D M A R G R A V E Rare-Earth Fluorides 283 

H o F 3 species were identi f ied i n the vapor through the appearance poten
t i a l curves for the various ions. T h e e q u i l i b r i a among various gaseous 
species w h i c h were considered are l isted i n T a b l e V . T h e second-law 
plots of the e q u i l i b r i u m constants are shown on F igures 12 a n d 13. 

T h e heats of the various reactions a n d the avai lable data for the 
A H ° , ( H o F 8 ) = - 4 0 5 . 8 ± 4 k c a l . mole" 1 ( 2 9 ) , A t f s u l ) ( H o ) — 70.6 kc a l . 
mole" 1 ( 13 ) , A f f s u b ( H o F 3 ) = 116.2 ± 3 k c a l . mole" 1 ( 5 ) , a n d D ° 2 9 8 ( F 2 ) 
= 37.7 ± 0.3 kca l . mole" 1 ( 3 1 ) , y i e l d e d D ° 2 9 8 ( H o F ) = 129.6 ± 3 kc a l . 
mole" 1 (5.62 ± 0.13 e.v.) a n d A H a t o m [ H o F 2 ( g ) ] — 265.4 ± 8.0 k c a l . 
mole" 1 . 

T h e dissociation energies of S m , E u , G d , D y , a n d E r subfluorides 
were determined f rom the study of fluorine-exchange reactions of these 
compounds w i t h h o l m i u m : 

M F „ ( g ) + H o ( g ) = M ( g ) + HoF„ (g ) (7) 

T h e heats of these reactions actual ly represent the differences i n the 
dissociation energies of the subfluorides of H o a n d the corresponding 
element: 

AH„ = AHatom(MF„) - A H a t o m ( H o F „ ) (8) 

F igures 14, 15, a n d 16 show the second- law plots of data for various 
e q u i l i b r i u m reactions, a n d Tables V I a n d V I I give the heats of reactions. 

100 

2210 

Τ Τ 

H o F 3 ( g ) t E r ( g ) « Ho(g) + Er F 3 (g) 

\ HoF(g)+Er (g) » Ho(g) + Er F(g) 

E""*3 S £ ~ 

3 ^ 
7 , X5 Ω Θ 

Ho (g)-ι- DyF(g)»HoF(g)+ Dy(g) 

H o F 2 ( g ) + E r ( g ) » H o ( g ) + E r F 2 ( g ) 

J 1 I I L 
6.5 6.6 6.7 6.8 

Ι 0 4 / Τ ( · Κ Η ) 

6.9 7.0 7.1 7.2 

Journal of Physical Chemistry 

Figure 14. Second-law plots of data for exchange reactions between 
the subfluorides of Ho, Dy, and Er 
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0.1 

2HoF(g)+GdF(g)=2Ho(g)GdF3(g) 

GdF2(g) + HoF(g)=GdF3(g)+Ho(g) 

_ I 

- Θ O fj 
GdF(g)tHoF 2(g) = GdF2(g)+HoF(g) 

Ho(g)+SmF(g)=HoF(g)tSm(g) 

h 
5 5- ο—ο -^τ τ - ' ο δ 

Ho(g)tEuF(g) = HoF(g) + Eu(g) 

<ϊ ^ 
ο δ δ ^ ο 

6.7 6.8 6.9 7.0 7.2 7.3 74 7.5 7.6 7.7 7.8 79 8.0 

Journal of Inoragnic & Nuclear Chemistry 

Figure 15. Second-law plots of data for various equilibria involving sub
fluorides of Sm, Eu, and Gd 

Conclusions 

T h i s mass spectrometric study of the mono- , d i - , a n d trif luorides of 
s cand ium, y t t r i u m , l a n t h a n u m , a n d the rare-earth metals i l lustrates an 
exper imental approach for p r o v i d i n g an essentially complete energetic 
p i c ture of several related systems. Ionizat ion potentials , b o n d energies, 
a tomizat ion energies, heats of sub l imat ion , a n d heats of format ion are 
der ived f r om the data a n d a l l ow one to establish per iod i c effects across 
the rare-earth series as successive 4f-electrons are added . 

T a b l e V I I I lists the ionizat ion potentials of the various atoms, mono-
a n d dif luorides. T h e values of the i on izat i on potentials of the atoms (41) 
obta ined i n this w o r k agree w i t h i n the uncertainty of the exper imental 
measurements w i t h the surface- ionizat ion data (1, 18) a n d w i t h n e w 
spectroscopic data (27, 32). 

There have not been any previous data on the ion izat ion potentials 
of these mono- a n d dif luorides, except for a qual i tat ive ind icat ion of l o w 
values for the ion izat ion potentials of N d F a n d N d F 2 as revealed b y the 
format ion of N d F + a n d N d F 2

+ ions on heated tungsten surface (24). 
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19. ΖΜΒον A N D M A R G R A V E Rare-Earth Fluorides 285 

P r o b a b l y the most interesting observation about the data i n T a b l e V I I I 
is that the ion izat ion potentials of these monofluorides a n d dif luorides 
are so l o w — c o m p a r a b l e w i t h the free meta l atoms. A p p a r e n t l y , the b o n d 
i n g of either one or two fluorines to s cand ium, y t t r i u m , l an thanum, or a 
rare-earth leaves outer electrons i n orbitals s imi lar to the outer orbitals 
of a l k a l i or a lkal ine-earth atoms. A s imi lar phenomenon was reported 

I O V T ^ K - 1 ) 

TA 4 7.6 

Journal of Inoragnic & Nuclear Chemistry 

Figure 16. Second-law plots for heterogeneous equilihna between 
fluorides of Sm, Eu, and Ho (Upper scale for Sm-data; lower scale 

for Eu and Ho-data) 
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previous ly (6, 9 ) for the a lkal ine-earth monofluorides ( M g F , C a F , S r F , 
a n d B a F ) where only one of the easily i on i zed electrons is used for 
b o n d i n g a n d an ion ic mode l , ( M + F ~ ) , y ie lds ca lculated b i n d i n g energies 
i n excellent agreement w i t h exper imental data. O n e predicts that so l id 
rare-earth subfluorides w i l l be most active chemica l r e d u c i n g agents w h e n 
they are isolated. A l s o , a h i g h degree of i on ic character is p red i c ted for 
bo th the gaseous a n d condensed subfluorides. 

T a b l e I X summarizes the b o n d strengths for gaseous rare-earth 
fluorides as ca lculated f r om the e q u i l i b r i u m data. O n e can also calculate 
these b o n d energies, i n p r i n c i p l e , f r om the appearance potentials , but one 
must be cautious unless extreme care has been exerted to ident i fy proc 
esses that use excess energy to produce excited products or species w i t h 
k ine t i c energy. F o r ground-state species, for example, 

M F 3 ( g ) + e = M F 2
+ ( g ) + F(g) + 2e A P 1 ( M F 2

+ / M F 3 ) 

M F 2 ( g ) + e = M F 2
+ ( g ) + 2e A P 2 ( M F 2

+ / M F 2 ) 

M F 3 ( g ) = M F 2 ( g ) + F(g) D ( F 2 M - F ) = A P X - A P 2 

Table VI . Heats of Reactions Involving Subfluorides of Ho, D y , and E r 

AH°T 

No. Avg. T(°K.) Reaction kcal. mole1 

(1) 1446 H o ( g ) + D y F ( g ) = H o F ( g ) + D y ( g ) - 2 . 7 ± 1.2 
(2) 1446 Ho(g) + E r F ( g ) = H o F ( g ) + E r ( g ) 6.0 ± 1.0 
(3) 1446 Ho(g) + E r F 2 ( g ) = H o F 2 ( g ) + E r ( g ) 4.6 ± 1.4 
(4) 1446 Ho(g) + E r F » ( g ) = H o F 3 ( g ) + E r ( g ) 5.2 ± 1.6 

Table VII. Heats of Reactions Involving Subfluorides of 
Sm, E u , G d , and H o 

Avg. Τ ΔΗ°Τ AH°298 
No. CK.) Reaction kcal. mole'1 kcal. mole'1 

(1) 1401 H o ( g ) + S m F ( g ) = 
H o F ( g ) + Sm(g) 

- 2 . 7 ± 1.4 - 2 . 7 ± 1.4 

(2) 1321 H o ( g ) + E u F ( g ) = 
H o F ( g ) + E u ( g ) 

- 3 . 5 ± 1.1 - 3 . 5 ± 1.1 

(3) 1401 3 H o F ( g ) = 
2Ho(g ) + H o F s ( s ) 

- 1 2 6 . 2 ± 2 

(4) 1187 3SmF(g ) = 
2Sm(g) + S m F 3 ( s ) 

- 1 3 3 . 4 ± 3 

(5) 1321 3 E u F ( g ) = 
Eu(g) + E u F 3 ( s ) 

- 1 1 5 . 6 ± 3 

(6) 1428 2 H o F ( g ) + G d F = 
2Ho(g ) + G d F 3 ( g ) 

- 3 2 . 6 ± 2 - 4 1 . 8 ± 3.2 

(7) 1428 G d F 2 ( g ) + H o F ( g ) = 
G d F 3 ( g ) + H o ( g ) 

- 2 2 . 1 ± 4 - 3 0 . 0 ± 6 

(8) 1428 G d F ( g ) + H o F 2 ( g ) = 
G d F 2 ( g ) + H o F ( g ) 

- 6 . 1 ± 1.1 - 6 . 1 ± 2 
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E L E M E N T 

Figure 17. Variation of the dissociation energies of rare-earth mono-
fluorides and monoxides and heats of sublimation of the metals with 

atomic number 

F r o m the avai lable data i n Tables I., V I I , a n d I X , one finds several 
cases where the e q u i l i b r i u m heats a n d appearance potentials agree w i t h i n 
exper imental error. W h e n there are discrepancies, one should regard the 
e q u i l i b r i u m studies as definitive a n d recognize the possibi l i ty of large 
errors ( > 1 e.v. ) i n react ion enthalpies ca lculated f rom appearance po 
tent ia l differences. 

T h e var iat ion of the dissociat ion energies of the rare-earth mono-
fluorides ( M F ) as a funct ion of atomic number is shown i n F i g u r e 17. 
D ( M F ) values are contrasted w i t h the dissociation energies of the rare -
earth monoxides a n d the heats of sub l imat ion 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 MFt 

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) 
E u 5.4 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 6.3 ± 7.0 
Tm 5.9 (6.5 ± 1.0) ( 7 ± 1) 
Yb 5.9 (6.5 ± 1.0) ( 7 ± 1 ) 
L u 5_.2 (6.5 ± 1.0) ( 7 ± 1 ) 

a The values in parentheses are estimated. 

Table IX. Bond Dissociation Energies of Rare-Earth Fluorides 

Bond Dissociation Energy (ex 
Element D%9S(M-F) D(FM-F) D(F,M-F) 

Sc 6.1 6.2 6.5 
Y 6.3 6.5 7.2 
La (6.2 ± 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) (6.2 ± 0.5) (7.1 ± 0.5) 
Nd 5.7 6.2 7.1 
Pm (5.6 ± 0.5) (6.1 ± 0.5) (7.0 ± 0.5) 
Sm 5.5 (6.0 ± 0.5) 6.8 
E u 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) (6.5 ± 0.5) 
Yb (5.9 ± 0.5) (5.9 ± 0.5) (6.5 ± 0.5) 
L u (5.9 ± 0.5) (5.9 ± 0.5) (6.5 ± 0.5) 

a The values in parentheses are estimated. 
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A s one can see f rom the figure, there is a s imi lar t rend i n a l l three q u a n t i 
ties, b u t w i t h m u c h smaller differences among the extreme values of 
D ( M F ) . T h u s , w h i l e the differences between the m a x i m u m a n d m i n i 
m u m values i n the cases of AH°S(M) a n d D ° 0 ( M O ) range up to 3 e.v., i t 
is l ower than 0.8 e.v. for D ° 2 9 8 ( M F ) . 
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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. 

' T p h e appl i cat ion of mass spectrometry to h i g h temperature chemistry 
has developed d u r i n g the past decade into one of the most important 

research techniques for s tudy ing the composit ion of vapors f r om con
densed phases and the corresponding homogeneous a n d heterogeneous 
chemica l reactions invo lv ing the vapor components (12). 

F o r most of the thermochemica l calculations, the i on intensities 
recorded b y the mass spectrometer must be correlated w i t h the respective 
absolute par t ia l pressures. F o r this purpose i t is necessary to cal ibrate 
the mass spectrometer to determine the proport ional i ty constant that 
relates the measured ion current intensities to the corresponding p a r t i a l 
pressures. A commonly used method for ca l ibrat ion is to vapor ize a 
k n o w n amount of a standard material—e.g. , s i lver (6, 13) that is not 
reactive w i t h the sample under invest igation or w i t h the container a n d 
effusion ce l l mater ia l . I n such an experiment the ca l ibrat ion constant fc{ = 
(YT)i/Pi, w h i c h relates effective par t ia l Pi pressure inside the K n u d s e n 
ce l l a n d the measured ion intensity U+ at the exper imental temperature 
Ti9 is determined b y integrating the i on current w i t h t ime i n the usua l 
way . T h i s method requires knowledge of the relat ive ion izat ion cross 
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sections and of the relative gain of the secondary electron mul t ip l i e r that 
is commonly used as a detector for the resolved ion beam. 

T h e re lat ion between the k n o w n p a r t i a l pressure Pi of the ca l ibrat ing 
substance i a n d the par t ia l pressure Px of the vapor species χ measured 
is g iven b y (13) 

Ρ, = ( Z T ) t (nay). m 

F , (Ζ + Γ) χ (ησγ), * ' 

where Γ is the measured ion current, Τ the absolute temperature, η the 
isotopic abundance correction factor, σ the relative ionizat ion cross sec
t ion , a n d γ the relat ive m u l t i p l i e r gain for the mass number of the ion ic 
species measured. T h i s relation shows that an uncertainty i n the k n o w l 
edge of the relative ion izat ion cross section or mul t ip l i e r efficiency results 
i n a proport ionate uncertainty of the corresponding par t ia l pressure. 

A set of ca lculated relat ive ionizat ion cross sections at 75 e.v. has 
been g iven b y Otvos and Stevenson (19) for most of the elements. I n 
account ing for relat ive m u l t i p l i e r gains of monatomic ions, the var ia t ion 
w i t h the mass of the p r i m a r y ion at the experimental acceleration voltage 
is f requent ly estimated accord ing to the suggestions g iven b y I n g h r a m 
a n d co-workers (14, 15), w h i c h were based on exper imental data f r o m 
a l k a l i ions. T h e data suggests that at constant ion energy the m u l t i p l i e r 
ga in is inversely proport ional to the square root of mass of the isotope 
investigated. T h i s re lat ion appears to h o l d specif ically for higher masses 
( > 100 a.m.u.) and lower ion energies (2000-3000 e.v.) , where the gain 
is a l inear funct ion of the ion energy. Higatsberger et al. (11) f o u n d 
that for the noble gas ions, except h e l i u m , the secondary electron emission 
b y impact of ions, w h i c h is proport ional to the electron m u l t i p l i e r ga in , 
also var ied approximate ly w i t h the inverse square root of mass over the 
ion energy of 2000-6000 e.v. s tudied . 

P l o c h (20 ) , as w e l l as P l o c h and W a l c h e r (21) have shown exper i 
menta l ly that for the isotopic pairs n L i - 7 L i , 1 > 0 N e - 2 - N e a n d ;™K- 4 1K the 
secondary electron emission at i on energies between 600-6000 e.v. is 
w i t h i n 1% proport ional to the velocities of the isotopic ions—i.e., i n 
versely proport ional to the square root of mass at constant i on energy. 
Higatsberger et al. (11) f ound an inverse square root of mass dependence 
at constant ion energy for the -°Ne- - 2 Ne pair and the isotopic pa i r 
3 0 A r - 4 0 A r . T h e data for the krypton , xenon, and mercury isotopes b y 
Higatsberger et al. also suggest the va l id i ty of the inverse square root of 
mass relat ion. I n a study of the mul t ip l i e r gains of the isotopic pairs 
i o 7 A g . K M ) A g j i « . - > R e . i 8 7 R e ? a n d l ' o ^ p o r q ^ M c K i n n e y (18) also finds that 

at i on energies of 7000 e.v. the inverse square root of mass dependence 
applies w i t h i n the exper imental error. 
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I n connection w i t h h i g h temperature mass spectrometric appl icat ions 
A c k e r m a n et ai. (1,2) have measured the relat ive m u l t i p l i e r gains for N e + , 
A r + , K r + , C u + , A g + , a n d A u + at ion energies of 4500 e.v. T h e results for 
these ions agree fa i r ly w e l l w i t h the suggested inverse square root of 
mass dependence. F r o m these results they constructed a ca l ibrat ion 
curve for the "mass dependence" of the mul t ip l i e r gain . I n subsequent 
publ icat ions , D r o w a r t and co-workers have used this ca l ibrat ion curve 
extensively to estimate the m u l t i p l i e r gains of monatomic ions for w h i c h 
the ga in was not measured. D e M a r i a , Goldf inger , M a l a s p i n a , a n d 
Piacente (7 ) measured the relative mul t ip l i e r gains for the ions Z n + , C d + , 
A g + , T e + , H g + , a n d P b + and f ound them to be near ly constant. 

T h e present invest igation is concerned w i t h the combined mass effect 
a n d effect of electronic configuration ( often s imply referred to as "mass" 
effect) on the m u l t i p l i e r gain for several s ingly charged monatomic 
species. T h e measurements were made relat ive to 1 0 7 A g at constant ion 
energy. T h e exper imental results are compared w i t h measured a n d pre 
d i c ted l iterature data. T h e p r i n c i p a l purpose of this contr ibut ion is to 
d r a w , b y us ing the l i m i t e d data avai lable , attention to the fact that the 
"mass" effect i n mul t ip l i e r ga in phenomena is not rea l ly understood a n d 
to st imulate further work on this matter. 

Experimental Method and Results 

T h e mass spectrometers used were 60° sector, 12-inch radius , d irec 
t i ona l focusing instruments bu i l t b y N u c l i d e Analys is Associates that are 
s imi lar to the one descr ibed b y Inghram a n d co-workers (6, 22 ) . T h e 
measurements correspond to conditions general ly employed i n h i g h t e m 
perature mass spectrometric investigations i n w h i c h E q u a t i o n 1 is app l i ed . 

T h e g r i d col lector and F a r a d a y cup collector, respectively, i n the two 
instruments used for the m u l t i p l i e r gain measurements, as w e l l as the 
angle of inc idence of the ion beam on the first dynode of the electron 
m u l t i p l i e r were used as supp l i ed b y the manufacturer . N o attempt was 
made to study the many factors that enter the m u l t i p l i e r ga in phenomena 
(14,15). B y keep ing a l l exper imental condit ions constant a n d b y re la t ing 
the m u l t i p l i e r ga in measured for a certain i on d i rec t ly to that of the 1 0 7 A g + 

i o n measured i n the same experiment, a l l these factors prev ious ly d is 
cussed (14, 15) except the contr ibut ion of the combined mass-effect a n d 
effect of electronic configuration are assumed to cancel out. 

T h e m u l t i p l i e r gains were measured i n connection w i t h the s tudy of 
the vapor izat ion behavior of solids. T h e si lver and the so l id to be s tud ied 
were contained i n a K n u d s e n effusion ce l l . T h e s i lver was evaporated at 
the beg inn ing of an exper imental series, f o l l owed b y the vapor izat ion of 
the so l id . E x p e r i m e n t a l details not pert inent to the measurement of the 
m u l t i p l i e r ga in were s imi lar to those prev ious ly descr ibed (10). E a c h 
series for w h i c h m u l t i p l i e r gains are presented was taken over a t ime 
p e r i o d of no more than three days. B o t h instruments were e q u i p p e d 
w i t h a 16-stage pie - type electron mul t ip l i e r that is magnet i ca l ly sh ie lded 
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( 16,17). It is s imi lar to the one used b y Inghram a n d co-workers (14,15) 
but has C u - B e dynodes w i t h approximate ly 2 % B e instead of A g - M g 
dynodes w i t h 1.7% M g . I n one instrument used, the relat ive m u l t i p l i e r 
ga in was measured w i t h a gr id- type d u a l collector s imi lar to that de
scr ibed b y Stevens and Inghram (23, 24). Advantages of this method are 
that g r i d a n d m u l t i p l i e r signals are recorded simultaneously, thus avo id ing 
corrections for a dr i f t i n the ion intensity, a n d that a large n u m b e r of 
measurements can be made conveniently . M u l t i p l i e r ga in measurements 
i n K n u d s e n ce l l mass spectrometric appl ications, us ing a g r id collector, 
have been descr ibed previous ly b y B e r k o w i t z and C h u p k a (3). 

Table I. Multiplier Gains at Ion Energies of 7.0 kv. for P + , As + , Sb +, 
B i + , and LP Relative to A g + Using a Grid Collector 

Deviation 
Factor 

Ion No. of Average 
Substance Meas Measure Gain 

Studied ured ments γ X 10 5 S.D. yi/ 7Af,+ yA<; χ M A / 2 

A g + PrSB A g + 2 9.95 0.18 
Sb + 10 9.93 1.26 1.00 1.06 

A g + T a P A g + 5 9.02 0.33 
P + 7 13.10 0.95 1.45 0.78 

A g + U P + U 0 2 A g + 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 

A g + PrAs A g + 6 9.06 0.46 
As^ 17 10.35 0.88 1.14 0.95 

A g + PrBi A g + 9 8.55 0.12 
B i + 23 7.49 0.27 0.88 1.22 

I n T a b l e I the average values for the mul t ip l i e r gains of A g + a n d the 
monatomic ions investigated i n the same exper imental series are g iven 
together w i t h the number of measurements taken, on w h i c h the w e i g h e d 
average was based, and the standard deviat ion for the average values. 
T h e k inet i c energy of the ions i m p i n g i n g on the conversion dynode was 
7000 e.v. T h e gains refer to the most abundant isotope of the element 
measured a n d have been corrected for the contr ibut ion of the other 
isotopes to the g r i d current. I n the g r i d correction the mass effect on the 
m u l t i p l i e r ga in for isotopes of the same element was neglected. F o r A g + 

measured i n connection w i t h the study of P r S b , the error term represents 
the dev iat ion of the two values f rom the mean value. 

T h e m u l t i p l i e r gain was f ound to be constant w i t h i n the s tandard 
deviat ion . F o r A g + and P + i n connection w i t h the U P + U 0 2 s tudy, a 
decrease i n m u l t i p l i e r ga in w i t h increasing m u l t i p l i e r output contr ibuted 
signif icantly to the standard deviat ion. F o r Sb + , a decrease i n ga in that 
was a funct ion of increase i n i on current a n d of t ime contr ibuted most to 
the s tandard deviat ion . 
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T h e accuracy of the measurement of the relat ive m u l t i p l i e r gains, yj 
y A s

+ l i s ted i n T a b l e I., is est imated to be w i t h i n 1 0 % for B i + a n d U + , 1 5 % 
for P + a n d A s + , a n d 2 0 % for Sb + . In this estimate a possible mass effect 
on the g r i d current, that m a y be caused b y the constant setting for the 
suppressor potentials , was assumed to be smal l . T h e product of the 
m u l t i p l i e r gains w i t h the square root of mass should be constant, i f the 
inverse proport iona l i ty of ga in w i t h the square root of mass w o u l d be 
v a l i d . These products yMïA d i v i d e d b y yAJMAJ/2 are l i s ted i n T a b l e I 
as "dev iat ion factors." 

I n another instrument the m u l t i p l i e r gains were measured s i m i l a r l y 
to the approach used b y A c k e r m a n et al. (1,2) a n d D e M a r i a et al. (7). 
Instead of measur ing the i on current at the transmission g r i d , a F a r a d a y 
cup collector was interposed between the final c o l l imat ing slit a n d the 
electron mul t ip l i e r . T h i s w a y the current measured at the F a r a d a y cup 
collector corresponds only to the isotope on w h i c h the m u l t i p l i e r is 
focused. There is, however , no direct record of the mul t ip l i e r s ignal 
w h i l e the i on current is measured w i t h the F a r a d a y cup collector a n d the 
corresponding m u l t i p l i e r current must be obta ined b y interpolat ion , 
w h i c h m a y introduce an error i n case of a dr i f t i n i on current d u r i n g the 
measurement. I n v i e w of the h i g h rate of evaporat ion at w h i c h m u l t i p l i e r 
gains must be measured, the t ime requ i red for a single measurement also 
l imits the number of measurements to a f ew determinations, a n d thus 
l imits the accuracy obtained. 

Table II, Multiplier Gains at Ion Energies of 5.5 kv. for P + and Co + 

Relative to A g + Using a Faraday Cup Collector 

Ion No. of 
Substance Meas Measure

Studied ured ments 

A g + PrP A g + 4 
P + 5 

A g + Mo-Co A g + 3 
Co + 3 

Deviation 
Factor 

Average Gain yi x Mi/2 

y X 10~5 yj yAg* yAg
+ X MAg* 

3.74 ± 0.05 

10.95 ± 0.75 2.93 1.57 

3.04 ± 0.06 
2.97 ± 0.07 0.98 0.72 

T h e results for A g + , P + , a n d C o + are presented i n T a b l e I I . T h e error 
term for the average values of the m u l t i p l i e r gains represents the m a x i 
m u m dev iat ion f r om the mean va lue observed. F o r P + a decrease i n m u l t i 
p l i e r gain s imi lar to that for the data obta ined for P + over U 0 2 + U P b y 
the g r i d method , was observed a n d accounted for approx imate ly ha l f of 
the uncertainty . T h e accuracy of the relat ive mul t ip l i e r ga in for C o + is 
estimated to be better than 1 0 % , that of P + better than 2 0 % . I n this 
estimate the dev iat ion of characteristics of the F a r a d a y cup of the c om
merc ia l instrument f rom those of an absolute col lector was assumed to 
have a negl ig ib le effect on the re lat ive m u l t i p l i e r ga in measured. 

F o r the type of m u l t i p l i e r used, the mass effect of stray magnet ic 
fields on the m u l t i p l i e r ga in has been f ound to be considerably less than 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

96
8 

| d
oi

: 1
0.

10
21

/b
a-

19
68

-0
07

2.
ch

02
0

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



296 MASS S P E C T R O M E T R Y IN INORGANIC C H E M I S T R Y 

1 % for the mass range 232-238 (5 ) and was i n this invest igation assumed 
to be neg l ig ib le w i t h i n the error ind i cated b y the standard deviat ion . T h e 
angle of inc idence a n d the posit ion at w h i c h the ions impinge on the con
version dynode were kept constant for each instrument. Observations of 
de c l in ing ga in w i t h increasing ion current m a y have been i n part caused 
b y changes i n surface condit ions of the conversion dynode d u r i n g the 
measurement. T h e observed t ime dependence of m u l t i p l i e r ga in for S b + 

is most l i k e l y caused b y such an effect. 
T h e observed difference i n the relat ive mul t ip l i e r gains for P + is 

poss ibly at tr ibuted to the difference i n the conditions i n the different 
instruments used, but no explanation can be g iven for its large size. It 
should be noted that a s imi lar difference was observed for the P 2

+ gains 
re lat ive to A g + i n measurements that were per formed s imultaneously w i t h 
that for P + reported i n Tables I a n d I I . T h e P 2

+ values der ived f r o m 
F a r a d a y cup measurements i n connection w i t h the study of A 1 P ( 8 ) , 
w h i c h were obta ined w i t h the same instrument that was used b y D e M a r i a 
et al. (7) but w i t h a react ivated mul t ip l i e r , agreed w i t h the values for P 2

+ 

obta ined w i t h an instrument h a v i n g the grid-col lector . T h i s agreement 
for the P 2

+ gains w o u l d support the values for P + obta ined i n this invest i 
gat ion w i t h the grid-col lector . 

β 

-J 1 1 I I I I I I I I I I I I I 
5 0 1 0 0 1 5 0 2 0 0 

Mass Number 

Figure 1. Multiplier gains y t relative to yAf/* 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) 
• Data by De Maria et al. (7) 
® Data from this investigation 
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I n F i g u r e 1 the relat ive m u l t i p l i e r gains measured i n this invest igation 
are compared w i t h those obta ined b y A c k e r m a n et al. (1,2) a n d D e M a r i a 
et al. (7). F o r comparison a l l values were n o r m a l i z e d w i t h respect to 
y A g

+ . I n the normal i zat i on the effect of i on energy on the relat ive m u l t i 
p l i e r gains has been neglected. A s s u m i n g analogy w i t h the results for 
a l k a l i ions, this w o u l d introduce the larger errors for the lowest mass 
numbers because of their larger deviat ion f rom l inear i ty of the m u l t i p l i e r 
ga in w i t h i on energy i n the region investigated (14, 15). 

T h e values b y A c k e r m a n et al. have been reproduced f rom a graph , 
w h i c h in troduced add i t i ona l uncertainties. It was also assumed that the 
gains measured b y A c k e r m a n et al. and b y D e M a r i a et al. correspond to 
the most abundant isotope of the respective element. T h e i on energy used 
b y D e M a r i a et al. (7) is assumed to be s imi lar to that used for the A 1 P 
study (8)—i.e., constant somewhere between 5000 a n d 6000 e.v. T h e 
so l id curve of F i g u r e 1 corresponds to the ca lculated M " 1 / 2 values re lat ive 
to the value for 1 0 7 A g equal to one; the dotted l ine represents the " c a l i b r a 
t ion curve " b y A c k e r m a n et al. 

T h e m u l t i p l i e r used b y A c k e r m a n et al. (1, 2) h a d A g - M g dynodes 
s imi lar to the one used b y I n g h r a m a n d co-workers (14, 15). T h e m u l t i 
p l i e r used b y D e M a r i a et al. was of the same design, w i t h C u - B e dynodes, 
as the one used i n the present investigation. 

A l so i n c l u d e d i n F i g u r e 1 is a single value for P r + w h i c h was meas
u r e d relat ive to A g + us ing a grid-col lector i n connect ion w i t h the invest i 
gat ion of P r A s (see T a b l e I ) . B y analogy w i t h the data for A s + its ac cu 
racy is est imated to be better than 3 0 % . 

Discussion 

T h e results of this investigation show that w i t h the exception of P + 

the relative m u l t i p l i e r gains at constant ion energy are constant w i t h i n 
the accuracy of their determinat ion. T h i s is i n agreement w i t h the inde 
pendent findings of D e M a r i a et al. (7) a n d offers no support for the 
usual ly assumed inverse square root of mass dependence. T h e few values 
for ions w i t h h igher mass number b y A c k e r m a n et al. on the other h a n d 
indicate a somewhat stronger decrease i n m u l t i p l i e r ga in w i t h increasing 
mass than is expected f rom the inverse square root of mass re lat ionship. 
T h e deviat ion f rom the inverse square root of mass relat ionship is, h o w 
ever, smaller than 5 0 % ( w i t h the exception of the h i g h value for P + ) 
for a l l data w h i c h are represented i n F i g u r e 1. 

Since the inverse square root of mass dependence of the m u l t i p l i e r 
ga in at constant i on energy or, more general ly perhaps, the ve loc i ty 
dependence at constant electronic configuration has been documented 
for isotopic ions (11, 18, 20, 21), the effect of the difference i n electronic 
configuration on the mul t ip l i e r ga in m a y be re lated to the observed 
deviat ion f rom the inverse square root of mass relat ion. G e n e r a l l y it m a y 
be observed that this dev iat ion appears to be towards larger ga in values 
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for larger masses and smaller values for smaller masses. W h i l e the a v a i l 
able data are too l i m i t e d for conclusive proof, this t rend appears to be i n 
the d irect ion of a proport ional i ty of the mul t ip l i e r gain w i t h the ion ic 
vo lume as was first observed b y P l o c h for the a l k a l i ions (20). 

A n influence of the mater ia l of the secondary emit t ing surface on the 
mass effect is considered u n l i k e l y on the basis of studies b y P l o c h (20 ) . 
These studies have been per formed w i t h a var iety of surfaces of different 
materials . P l o c h f ound that the secondary electron y i e l d varies s ignif i 
cant ly for different materials a n d for different states of act ivat ion of the 
same mater ia l . N o influence of the target mater ia l or its state of act ivat ion 
c o u l d be detected on the mass effect for the y i e l d of the secondary elec
tron emission. Since the measurements b y P l o c h d i d not inc lude exactly 
the same materials for w h i c h results are presented i n this paper , the 
quest ion of a n influence of the dynode mater ia l on the mass effect of the 
m u l t i p l i e r ga in i n mass spectrometric investigations m a y warrant a d d i 
t i ona l investigation. In this connection, it is interesting to note that i n 
investigations where A g - M g dynodes were used as secondary emi t t ing 
surfaces (1, 2 ,14,15) the inverse square root of mass re lat ionship appears 
to be veri f ied, whereas i n the studies e m p l o y i n g C u - B e dynodes ( Ref . 7, 
this invest igation ) an independence of the m u l t i p l i e r ga in on the mass is 
ind i ca ted for h igher mass numbers . 

T h e t rend t o w a r d lower m u l t i p l i e r gains than w o u l d be expected 
f r om the inverse square root of mass dependence for monatomic ions 
w i t h l o w mass numbers is also apparent f rom other avai lable data. D e 
M a r i a et al. (8) f ound the m u l t i p l i e r gains of A l + a n d H g + re lat ive to that 
of A g + to be 1.12 a n d 0.58, for i on energies of 5300 e.v. U s i n g a different 
m u l t i p l i e r at the same ion energy, a ga in value of 1.02 for H g + re lat ive to 
that of A g + was f ound i n better agreement w i t h that previous ly (7 ) 
obtained. T h e l o w va lue for A l + is to be noted w i t h respect to the dev ia 
t ion f rom the square root of mass re lat ionship, w h i l e different values for 
H g + p r o b a b l y reflect the influence of different mult ip l iers used. 

L i m i t e d data obta ined b y E f imenko (9 ) for the m u l t i p l i e r gains of 
0 + , a n d B e + re lat ive to that for A l + under the same conditions a n d w i t h 
the same instrument as correspond to the data i n T a b l e I are 1.64 a n d 
1.13, respectively. M u l t i p l i e r ga in values ca lculated f r om the data b y 
B e r k o w i t z a n d C h u p k a (4) for C l + , B r + , a n d Γ relat ive to that of M g + 

are 0.96, 1.23, a n d 0.80, respectively. Other relat ive m u l t i p l i e r gains 
i n v o l v i n g s ingly charged monatomic ions have been measured b y T r u l s o n 
a n d Go lds te in (25) w h o f ound 1.43 a n d 1.25 for γ Β

+ / γ Α 8
+ and γ ζ / / γ Α 8

+ , 
respectively, a n d b y W i e d e m e i e r a n d Gi l l e s (26) w h o give a value of 
1.00 for ys + /yMn + . M o s t of these values for the ions w i t h masses smaller 
than 100 mass units tend to be l ower than w o u l d be expected f r om the 
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inverse square root of mass dependence of the m u l t i p l i e r ga in but h igher 
than the gains for heavier ions of constant energy. 

T h e in format ion presently avai lable indicates that there is l i t t le just i 
fication for assuming an inverse square root of mass dependence of the 
m u l t i p l i e r ga in for the unipos i t ive atoms of the various elements of con
stant energy or for us ing a ca l ibrat ion curve based on the measurements 
of a f ew elements. O n the other h a n d , i t appears that us ing either ap 
proach to estimate the re lat ive m u l t i p l i e r gains for ions not measured w i l l 
rare ly l ead to an error exceeding 1 0 0 % . 

It is expected that further in format ion on relat ive electron m u l t i p l i e r 
gains w i l l become avai lable i n the near future since m a n y instruments are 
e q u i p p e d for such measurements. If a l l investigators w o u l d give the 
conditions and the results under w h i c h they measure the mul t ip l i e r gains 
i n the course of their studies, a wea l th of exper imental mater ia l re lated 
to this property should become avai lable soon for almost a l l elements, 
a n d this mater ia l c o u l d serve as a basis for better understanding a n d 
deve lop ing more accurate means of p r e d i c t i n g the magni tude of second
ary electron emission as a funct ion of mass a n d 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 1 

Sandia Laboratory, Albuquerque, Ν. M. 

Pulse heating and time resolved mass spectrometry were 
applied to the Langmuir vaporization of Ag, Zr, ZrOx and 
ZrOyNz at temperatures up to 2100°K. Numerical evaluation 
of "action" integrals permitted temperature-time measure
ments and identification of the a to β transition for Zr. Vapor 
species identified were Ag, Z r , ZrO, ZrO2, Ν and N2. The 
relative ion intensities for ZrO2+ and ZrO+ from air-oxidized 
Zr suggest that the Langmuir coefficient for ZrO is lower 
than for ZrO2. The mechanism of Zr combustion in N2 + O2 

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. 

T i m e resolved mass spectrometry is becoming increasingly important 
as a research probe of chemica l a n d phys i ca l phenomena. It has been 

w i d e l y a p p l i e d to k inet i c studies of shock wave in i t iated gaseous decom
positions (6, 7, 9, 23, 33). Recent ly , i t has been deve loped i n our labora 
tory for the detect ion a n d analysis of fast gas phase reactions i n d u c e d 
b y flash photolysis ( 18,19 ). Several investigators are also deve lop ing the 
technique for the s tudy of flash a n d laser pyrolys is of elements (37, 39), 
plastics (8), a n d celluloses (15). W e are n o w expand ing the technique 
to studies of the h i g h temperature chemistry of the refractory metals a n d 
their b i n a r y a n d ternary alloys a n d compounds w i t h oxygen a n d nitrogen. 

'Permanent Address: Department of Chemistry, New Mexico State University, 
Las Cruces, Ν. M . 

301 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

96
8 

| d
oi

: 1
0.

10
21

/b
a-

19
68

-0
07

2.
ch

02
1

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



302 MASS S P E C T R O M E T R Y IN INORGANIC C H E M I S T R Y 

T h e appl icat ions in c lude : (1 ) thermodynamic measurements at tempera
tures greater than 2000°K., (2 ) vapor izat ion kinetics , a n d (3 ) refractory 
meta l combust ion studies. I n their present f orm, the first two invo lve 
vapor species identi f icat ion a n d vapor pressure measurements i n transient 
h i g h temperature experiments, i n w h i c h vapor density, temperature, a n d 
t ime are measured simultaneously. T h e t h i r d app l i ca t i on involves the 
analysis of p i comole quantit ies of gas conta ined i n t h i n - w a l l e d oxide sacs, 
w h i c h are a product of flash heat ing meta l droplets i n ox id i z ing atmos
pheres (21). 

T h e purpose of this paper is to describe the exper imental techniques 
that are be ing deve loped a n d the p r e l i m i n a r y results a n d impl i cat ions . 
T h e latter are necessarily qual i tat ive since only exploratory experiments 
have been per formed. T h i s is par t i cu lar ly true of the vapor izat ion ther
modynamics a n d kinetics research. T h e gas analyses for the refractory 
meta l combust ion studies are more advanced since the present mass 
spectrometry appl i cat ion has been preceded b y several other d i rec t ly 
re lated investigations. 

T h e f o l l o w i n g discussion is d i v i d e d into two p r i n c i p a l sections. T h e 
first section ( V a p o r i z a t i o n T h e r m o d y n a m i c s a n d K i n e t i c s ) combines the 
procedures a n d results for appl icat ions (1 ) a n d ( 2 ) . T h e second section 
(Refractory M e t a l C o m b u s t i o n ) describes app l i ca t i on ( 3 ) . T h e first two 
appl icat ions actual ly make use of the t ime resolv ing capab i l i ty of the 
mass spectrometer d u r i n g a transient h i g h temperature experiment. T h e 
t h i r d app l i ca t i on relies upon the fast response of the spectrometer for ana 
l y z i n g smal l but k inet i ca l ly stable samples of gas at ambient temperature. 

Vaporization Thermodynamics and Kinetics 

T h e p r i n c i p a l advantages offered b y t ime resolved mass spectrometry 
a n d pulse heat ing techniques are as fo l lows : (1 ) bo th pu lsed resistive a n d 
laser heat ing permi t the attainment of temperatures greater than can be 
prac t i ca l ly achieved b y steady-state methods such as electron b o m b a r d 
ment, d irect current resistive, or radio - frequency i n d u c t i o n ; (2 ) react ion 
of the sample substance w i t h support ing or conta in ing materials is m i n i 
m i z e d or e l iminated ; (3 ) heat losses d u r i n g heat ing are not apprec iab le ; 
(4 ) vapor densities can be recorded as a funct ion of temperature d u r i n g 
a s ingle transient experiment ; a n d (5 ) the appearance of various vapor 
species, such as monomers, d imers , etc., can be observed as a funct ion 
of t ime. O t h e r spec ia l features of the pulse heat ing method have been 
c i ted b y Baxter ( I ) , Parker ( 3 2 ) , a n d C e z a i r l i y a n ( 2 ) . 

It should be possible to obta in in format ion on bo th n o n e q u i l i b r i u m 
a n d e q u i l i b r i u m vapor izat ion at temperatures appropr iate to prac t i ca l 
problems i n ablat ion a n d reentry heat ing. T h e kinet ic studies m a y prov ide 
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fundamenta l data pert inent to a surface-dif fusion-control led vapor izat ion 
mechanism. 

A t present, our exper imental efforts i n h i g h temperature chemistry 
are d irected t o w a r d the thermodynamics and kinetics of the refractory 
metals, a n d their alloys w i t h oxygen a n d nitrogen. T h e w o r k to be de
scr ibed here in consists of p re l iminary studies on the vapor izat ion of Z r , 
Z r O x , a n d Z r O v N z . Some qual i tat ive observations on A g are also reported . 

Pr inc ip l e s o f O p e r a t i o n . L a n g m u i r vapor izat ion condit ions, pu l sed 
resistive heat ing of w i r e samples, fast response temperature measurement, 
a n d t ime resolved mass spectrometry have been employed i n the present 
invest igat ion. T h e L a n g m u i r vapor pressure P L is g iven b y 

where is the steady-state rate of evaporation (we ight loss) of a 

species of molecular we ight M into a v a c u u m f rom a surface area S at 
temperature T . T h e L a n g m u i r pressure is re lated to the e q u i l i b r i u m 
vapor pressure P e q through the L a n g m u i r sub l imat ion coefficient « L : 

C h u p k a a n d I n g h r a m (3 ) have shown that the mass spectrometer i on 
intensi ty Γ is re lated to the p a r t i a l pressure of a v a p o r i z i n g species b y 

r = ^ t (3) 

where k is the ca l ibrat ion constant for the apparatus; further , a p lot of 
In (/* · Γ ) vs. l/T y ie lds — AHV/R f r om the slope where AHV is the heat 
of vapor izat ion , i f « L is independent of temperature. I f « L is temperature 
dependent, the va lue of AHV obta ined w i l l be different f rom the true 
thermodynamic e q u i l i b r i u m va lue : 

A H „ f L = ΔΗ„ e q + ΔΗ„* (4) 

where AHV* is an act ivat ion enthalpy for vapor izat ion . It can be shown 
that the L a n g m u i r coefficient is a funct ion of bo th an enthalpy a n d an 
entropy of ac t ivat ion : 

ΔΗ* AS* ( 5 ) 

otL.T = e R T ' e R . 

Temperature dependent studies of « L w i l l p rov ide values of AH* a n d 
AS*, w h i c h shou ld be useful i n p r o b i n g the mechanism of vapor izat ion 
f r om a surface. 
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M o r e direct in format ion on vapor izat ion kinetics m a y possibly be 
obta ined f rom t ime resolved measurements of the g r o w t h of the v a p o r i z a 
t ion rate to a steady state value. I n p r inc ip l e this w o u l d be accompl ished 
b y subject ing the sample to a rectangular temperature pulse a n d observ
i n g the vapor density η as a funct ion of t ime to g ive : 

^ = * ( T , S , C ) , (6) 

where k m a y be a funct ion of temperature T, surface structure S, a n d 
composi t ion C . 

T w o methods of temperature measurement are b e i n g u t i l i z e d : i n 
tegration of the energy diss ipated d u r i n g the resistive heat ing pulse ; a n d 
fast response opt i ca l pyrometry . T h e former method involves evaluat ion 
of exper imental a n d theoret ical "a c t i on " integrals, w h i c h are defined, 
respectively, as: 

t 

G e = fed*, (7) 

ο 

a n d 

T 0 Tx (8) 

where i = current, Cp = heat capacity , ρ = resist ivity , AHt = enthalpy 
of i sothermal transit ion, pt — averaged resist ivity for transit ion state, 
d0 = density at i n i t i a l temperature T 0 (usua l ly 300°K . ) , A 0 = cross sec
t i ona l area at T 0 , δ = thermal expansion correct ion factor = (ratio 
of l inear d imens ion at Τ a n d T 0 ) , a n d M = molecular weight . 

T u c k e r (36) a n d C n a r e (5 ) have a p p l i e d the act ion integrals suc
cessfully to the analysis of exp lod ing meta l wires. I f the heat capacity , 
resist ivity, a n d t h e r m a l expansion are k n o w n as a funct ion of temperature, 
one needs only to integrate E q u a t i o n 8 numer i ca l l y to obta in Gth vs. T. 
T h e n an exper imental measurement of filament current as a funct ion of 
t ime provides G e vs. t. Cor re la t i on of equivalent values of G e a n d Gth 

gives the desired temperature vs. t ime dependence for the pulse heated 
filament. Rad ia t ive , conduct ive , a n d vapor izat ion heat losses are n e g l i 
g ib le for energy pulses shorter than 1 msec, durat i on ( J , 2, 32). T h e 
ca lcu lated act ion integra l Gth is independent of the w i r e length but is 
dependent u p o n the cross-sectional area. Therefore , a measurement of 
the ac tua l length of w i r e be ing heated is not requ i red . 
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T h e fast response pyrometry is based on mul t i co lor rat io methods 
reported b y M a y f i e l d (16) a n d Kottenstette (14). P lanck 's rad iat ion l a w 
for monochromat i c emissive power ex is 

e x = c U J C x A - C e x p ( - C 2 / A T ) - l ] " * (9) 

where c (A) is the spectral emiss iv i ty , Cx = 4wc2h a n d C 2 = ch/k. F o r 
λΤ products equa l to or less than 4 X 10 s μ * °K., the above equat ion is 
w e l l approx imated b y Wien ' s rad iat ion f o r m u l a : 

ex = c i A j C i A " 5 exp (-C2/\T). (10) 

T h e rat io of power emit ted at any two wavelengths is then g iven b y 

« = £ - & ^ - [ * ( s - i r ) ] - <"> 
or 

l n R = ^ + B . (12) 

C a l i b r a t i o n of the detectors against a b l a c k b o d y source at k n o w n t e m 
peratures provides a determinat ion of the constants A a n d B , w h i c h i n 
c lude correct ion factors for the finite b a n d w i d t h a n d spectral responsivity 
of the detectors. I n the cases of a true b l a c k b o d y or a greybody , c (A i ) = 
c (A 2 ) w h i c h simplifies the analysis. I n a p rac t i ca l s i tuation, however , c (A) 
w i l l not be constant w i t h wave length or temperature. M u l t i c o l o r rat io 
pyrometry al lows one to estimate this effect, since two or more ratio meas
urements w i l l y i e l d different temperatures i f e (Ai ) a n d c ( A 2 ) are not ap 
prox imate ly equal . T h e mul t i co lor technique has the advantage that 
neither the absolute magni tude nor the temperature dependence of c(A) 
is r e q u i r e d to obta in an estimate of temperature. 

A one-color ratio method is useful for experiments i n w h i c h t e m 
perature varies r a p i d l y w i t h t ime, f. It is app l i cab le i f c ( T ) does not v a r y 
signif icantly for the temperature range be ing moni tored (c( T i ) — c( T 2 ) ) 
a n d i f a temperature ca l ibrat ion po int is avai lab le at some po int i n the 
heat ing pulse. T h e one-color rat io is defined f r o m E q u a t i o n 10 as 

T h e ca l ibrat ion po int m a y be any identi f iable phase transit ion, such as 
m e l t i n g or a crysta l structure change. I n the event the emissive power 
does not change signif icantly or detectably at the transit ion, a correlat ion 
i n t ime between the photodetector a n d action-detector records m a y 
prov ide the locat ion of the transit ion. 
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Experimental Techniques. T h e t ime reso lv ing mass spectrometer is 
bas ica l ly the same apparatus w h i c h has been descr ibed for our gas phase 
flash photolysis experiments (18, 19). T h e operation w i l l be brief ly re 
v i ewed . T h e modif ications r equ i red for the pulsed , resistive heat ing of 
samples are added . 

HIGH-VOLTAGE CAPACITOR 
POWER SUPPLY BANK 

SAMPLE 
FILAMENT 

PROBE 

BENDIX 
TOFMS 

SAMPLE 
FILAMENT 

PROBE 

BENDIX 
TOFMS 

TEKTRONIX 
517A 

OSCILLOSCOPE 

MASS 
SPECTROMETER 
SYNCHRONIZER 

TEKTRONIX 
162 & 163 

WAVEFORM & 
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REED 
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CIRCUIT 
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j 

VIBRATING 
REED 
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Figure 1. Block diagram of synchronized pulsed filament and mass spec
trometer apparatus 

A block d iagram is presented i n F i g u r e 1. A capacitor-discharge 
energy source has been operated at 52.5 /if., 287 μΐι., a n d voltages u p to 
1.5 kv . T h i s source provides a total discharge t ime of 385 /*sec. C u r r e n t 
v i e w i n g resistors a n d voltage dividers prov ide an oscil loscope record of 
the t ime-dependent filament current a n d voltage pulses. A B e n d i x m o d e l 
843A inlet probe provides the phys i ca l a n d electr ical support for the fila
ments a n d the means of l ocat ing the sample w i t h i n 6 m m . of the i on 
source electron beam ( F i g u r e 2 ) . Pu l sed heat ing of the filament gen
erates a pulse of vapor w h i c h has a direct path to the ionizat ion zone. 

A B e n d i x m o d e l 14-101 time-of-f l ight mass spectrometer is u t i l i z e d 
(38). T h e essential components of the spectrometer are an electron gun 
w h i c h ionizes the neutra l molecules, an i on gun w h i c h focuses a n d ac
celerates the ions, a dr i f t tube w h i c h mass resolves the ions b y means 
of their t ime of flight, a n d an e lectron-mult ip l ier detector w h i c h converts 
the i on bunches into e lectr ical signals. It is the pulsed operat ion of the 
spectrometer at a 2 0 - k H z frequency w h i c h provides the t ime resolv ing 
capab i l i ty of the apparatus. T h e electron gun is operated w i t h a pulse 
w i d t h of 1.4 jusec. a n d produces a trap current i n excess of 25 μΑ. at 70 ev. 
T h e electron b e a m can be turned off to observe ions produced at the 
sample filament b y surface ionizat ion . 
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ADIATION VIEWING PORT 

307 

BOTH 

BACKING 
PLATE 

n ! 

/ACCELERATING 
ι, GRIDS 

PERPEN- f ELECTRON BEAM-N j j j 
DICULAR I SAMPLE FILAMENT " 
TO PAGE 

IONS-

VACUUM LOCK 
ASSEMBLY 

Figure 2. Geometry of sample probe and Bendix Τ OF mass 
spectrometer ion source 

A Tektron ix 517A oscilloscope displays the ion intensity vs. mass 
coordinates of the mass-spectral analysis. C o m p l e t e mass-spectral pat 
terns are d i sp layed successively every 50 jusec. before and after the single 
capacitor-discharge energy pulse. A B e c k m a n a n d W h i t l e y m o d e l 364-2 
osc i l lographic d r u m camera time-resolves these scope traces and p e r m a 
nent ly records them on a strip of 35-mm. A g f a Isopan R e c o r d film (20). 
T o t a l w r i t i n g t ime can be var ied f rom 6 msec, to 50 msec. 

In add i t i on to the d r u m camera, a more convenient data record ing 
method involves P o l a r o i d photographs of a number of super imposed 
mass spectra d i sp layed on a Tektron ix 545 oscilloscope. T h e number of 
traces d i sp layed is contro l led b y the durat ion of the shuttering c i rcu i t 
gate pulse. T h e t ime delay between the start of the heat ing pulse a n d the 
first trace is var ied b y the t ime-delay generator. N o r m a l l y , ten traces are 
recorded start ing at 300 //.sec. a n d ending at 800 μς60., or start ing at 1450 
/isec. a n d end ing at 1950 jusec. 

T h e part ia l vapor pressure sensit ivity of the spectrometer for each 
cycle of operation has not been measured d irec t ly for the sample filament 
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a n d i on source geometry of F i g u r e 2. It m a y be est imated, however , f rom 
the k n o w n spectrometer relat ive sensit ivity a n d f rom an assumed molec 
u lar density d is tr ibut ion . F r o m previous isotope abundance a n d ion i n 
tensity statistical fluctuation measurements (19), it h a d been determined 
that approximate ly 100,000 ions per cycle ( every 50 /xsec. ) c ou ld be pro 
duced , transmitted and detected. T h e relat ive sensit ivity of 1 part per 
100,000 was obtainable w h e n an argon sample at 10.0 torr (300°K. ) was 
expanded through a 0.051-mm. diameter go ld orifice, located 3.3 m m . 
f rom the center of the i o n i z i n g electron beam. A c c o r d i n g to flow expan
sion analyses p r o v i d e d b y Sherman (35) a n d b y D iesen ( 6 ) , the molec 
u lar density nx a long the centerl ine of an expanding jet of monatomic gas 
is g iven b y the expression 

nr = 0.15no (D/x)2 (14) 

where χ is the distance f rom the orifice to the ion izat ion zone, D is the 
d iameter of the orifice a n d n0 is the density on the h i g h pressure side of 
the orifice. T h u s , the l i m i t i n g sensit ivity at the ionizat ion zone was 1.1 X 
10 8 a toms / c c . F o r the present s ituation of a v a p o r i z i n g sample inside 
the spectrometer i on source, i t is necessary to estimate the m i n i m u m vapor 
density requ i red at the sample surface to produce a density of 10 8 mole -
c u l e s / c m . : i at the ionizat ion zone. Three possible geometrical d i s t r i b u 
tions for the molecular density w i t h distance d can be considered, de
p e n d i n g u p o n the relat ive sizes of the sample surface a n d the effective 
area of the ion izat ion zone. T h e density w i l l be propor t iona l to 1/dr, 1/d 
or 1 /1 , accord ing to whether the sample resembles a point source, an 
inf inite w i re , or an infinite p lane , respectively. T h e size of the ionizat ion 
zone is about 1.5 m m . χ 10 m m . In the present operation, a w i r e w i t h 
a t y p i c a l radius of 0.125 m m . a n d a length of 10 m m . is located 6 m m . 
f rom the ion izat ion zone. T h e longer dimensions of the w i r e a n d the zone 
are para l l e l . F o r this geometry, the density-distance dependence is p r o b 
ab ly intermediate between r2/d2 a n d r/d, where r is the w i r e radius . 
T h u s , the m i n i m u m vapor density r equ i red at the sample surface is be
tween 2.6 Χ 1 0 1 1 a n d 5.5 X 10° molecu les / c c . Since i t is possible to 
ut i l i ze meta l r ibbons for samples, whose dimensions are equa l to or 
greater than the ion izat ion zone, we feel that the lower value is a v a l i d 
representation of the spectrometer sensitivity. F o r a vapor at 2000 °K., 
this density corresponds to a vapor pressure sensit ivity of 1 X 10"° torr. 
A demonstration of sensit ivity is quoted later i n this paper. 

Sample Preparation. T h e samples consisted of 1-cm. lengths of w i r e 
rang ing i n diameter f rom 0.125 to 0.50 m m . T h e w i r e was strung over 
the sapphire insulators at the top of the stainless steel support terminals 
of the B e n d i x m o d e l 843A probe a n d fastened w i t h screws for e lectr ica l 
contact. A f ter mount ing , the w i r e and support terminals were degreased 
in C H C 1 3 a n d C H 3 O H baths a n d c leaned i n an appropr iate a c id solution. 
T h e z i r c o n i u m was u l t ra -h igh pur i ty , t r ip le zone refined ( M R C M a n u 
fac tur ing C o r p . ) . T h e si lver w i r e was 9 9 . 9 % pure ( H a n d y and H a r m o n ) . 

O x y g e n a n d nitrogen alloys of the z i r c o n i u m were c rude ly prepared 
b y bo th d.c. a n d capacitor-discharge heat ing i n an atmosphere of air . 
T h e degree of ox idat ion a n d n i t r idat i on was estimated b y measur ing the 
change i n e lectr ica l resistance of the sample. P a r t i a l react ion corre
sponded to a change f rom 0.14 o h m (pure Z r ) to 0.3 to 0.5 ohm. M o r e 
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complete oxidat ion t o w ard a Z r 0 2 stoichiometry was recognized b y a n 
actual b u r n i n g of the sample a n d a resistance increase to 10 to 100 ohms. 
Techniques for preparat ion of contro l led compositions are presently b e i n g 
developed. 

Serious exper imental complicat ions have been encountered i n the 
studies. These are ment ioned here for two reasons. F i r s t , i t is hoped that 
other ind iv idua ls contemplat ing this l ine of research w i l l benefit f rom 
our early experience. Second, i t w i l l prov ide an understanding of w h y 
the results reported here in are only qual i tat ive . 

U p o n d iss ipat ing an energy pulse through a filament w i r e ( A g , Z r , 
or W ) , a large vapor pulse of hydrocarbon contaminat ion was released 
f rom the filament surface a n d f r o m surrounding surfaces. T i m e resolved 
mass spectra revealed that the hydrocarbon vapor generated r a p i d l y as 
the filament was heated a n d decayed as the filament cooled radiat ive ly . 
N e i t h e r organic solvent degreasing or a c id c leaning of the w i r e sub
stantial ly reduced the amount desorbed. D i r e c t current heat ing of the 
filament at h i g h temperatures under v a c u u m ( 5 χ 10" 8 torr ) pr ior to the 
capacitor-discharge showed some desorption but d i d not s ignif icantly 
help . R a p i d , consecutive capacitor-discharges w i t h i n 30 seconds of each 
other gave a substantial five-fold reduct ion i n contaminat ion between 
the first a n d second discharges. M o s t of the results presented i n this 
paper were obta ined i n this way . 

T h e h i g h leve l of hydrocarbon contaminat ion created two basic p rob 
lems. T h e mass range be l ow about 85 a m u was complete ly masked , 
prevent ing identi f icat ion of other vapor species. Second, the large i m 
p u r i t y vapor pulse reduced the effective spectrometer sensit ivity. I n some 
cases, the vapor pulse was so large that arc ing occurred between the i o n 
accelerat ing grids, a n d the spectrum was lost for m a n y mil l iseconds. 

It appears that the source of w i r e contaminat ion was hydrocarbon 
contaminat ion (pump o i l , etc.) i n the spectrometer. T h e spectrometer pres
sure (5 Χ 10" 8) was sufficiently h i g h to a l l ow surface equ i l i b ra t i on w i t h 
the chemica l ly c leaned or flash heated w i r e w i t h i n a few seconds. V a r i o u s 
techniques are be ing explored to reduce this contaminat ion interference. 

Experimental Results and Discussion. T E M P E R A T U R E M E A S U R E M E N T . 
T h e method of de termin ing the temperature of a w i r e as a funct ion of 
t ime b y ca lculat ion of the action integrals has been discussed. F i g u r e 3 
shows the voltage a n d current waveforms of a capacitor-discharge heat ing 
pulse through a 0.25-mm. diameter Z r wire . It is noted that the current 
wave form exhibits a smooth shape w h i l e the voltage wave form shows 
a large step-l ike decrease i n voltage at 175 /jtsec. T h i s abrupt decrease i n 
voltage is be l ieved to be caused b y the a to β transit ion of Z r meta l , w h i c h 
is accompanied b y a re lat ive ly large decrease i n e lectr ical resistivity. T h e 
ratio of resistance just before the transit ion to just after i t , ca lculated 
f rom the current a n d voltage waveforms, is 1.15; this compares favorably 
w i t h the value 1.17 obta ined f rom the resistivities for the a a n d β phase 
at the transit ion temperature tabulated b y G o l d s m i t h et al ( I I ) . T h e 
reason the current wave form is unaffected b y the transit ion is that the 
resistance of the w i r e is smal l compared w i t h the total impedance of the 
discharge c ircuit . 

F i g u r e 4 shows the effect on the t ime posit ion of the a to β transit ion 
p r o d u c e d b y a var iat ion of the charg ing voltage w h i l e us ing a fixed 
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100 200 300 
Time (microseconds) 

Figure 3. Voltage and current waveforms 
from a capacitor-discharge pulse through a 

0.25-mm. diameter zirconium wire 

CO 
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Figure 4. Voltage waveforms showing 
the change in the time position of the 
zirconium a to β transition by a variation 

of the capacitor charging voltage 
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capacitance. T h e h igher current caused b y the larger voltage p r o v i d e d 
energy to the w i r e at a greater rate; thus, the transit ion occurred at an 
earl ier po int i n t ime. B y selecting the capacitance a n d charg ing voltage, 
the heat ing rate a n d peak temperature are r eproduc ib ly contro l led . T h e 
amount of act ion G e measured at the observed t ime of transit ion for sev
eral 0.25-mm. Z r wires , i n c l u d i n g one that me l t ed d u r i n g the pulse, was 
constant w i t h i n a f ew percent. 

Table I . Theoretical Action for Zirconium Wire 

Τ Cpa
 p

bohm gth = Gth/A0
2 

°K. Joule mole'1 degr1 cm. Χ ΙΟ6 δ 6 Joule ohm'1 cm.'4 X 10l 

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 (β) 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 33.43 123 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 
a Ref. 12. 
ftRef. 11. 

T h e values of the act ion integral G t i„ corrected for thermal expan
sion a n d the heat of the a to β t ransit ion, for a Z r w i r e as a funct ion of 
temperature are g iven i n T a b l e I. G i v e n i n T a b l e I I are the values of 
the act ion integral G e as a funct ion of t ime measured for a 0.25-mm. Z r 
w i r e f rom the current wave form shown i n F i g u r e 3. F r o m a comparison 
of these two tables, a conversion of the data to a theoret ical w i r e t em
perature as a funct ion of t ime was made ( F i g u r e 5 ) . T h e a to β transit ion 
is observed to occur at a calculated temperature of about 1240°K., as 
compared w i t h the k n o w n transit ion temperature of 1143 ± 5°K. (12). 
A l t h o u g h part of this apparent error may be caused b y rad iat ion , con
duct ion a n d vapor izat ion heat losses, calculations have shown that these 
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losses are smal l ( < < 1 % ). T h e observed transit ion does not ini t iate u n t i l 
11 /xsec. later t h a n the pred i c ted t ime. U t i l i z i n g the act ion supp ly rate 
near the a to β transit ion ( f r om T a b l e I I ) a n d the amount of ac t ion 
r e q u i r e d for the transit ion ( f rom T a b l e I ) , the t ime requ i red for the 
transit ion to occur is ca l cu lated to be 10 /xsec. F r o m the o r i g ina l data 
record corresponding to F i g u r e 3, i t is observed that the actual transit ion 
r e q u i r e d about 13 to 14 /xsec. for the 1-cm. length. W h e n these factors 
are considered i n at tempt ing to expla in the h i g h apparent transit ion t e m 
perature, two explanations can be presented. 

T a b l e I I . E x p e r i m e n t a l A c t i o n f o r Z i r c o n i u m W i r e 

Time i g . = G e / V 
fisec amp Joule ohm'1 cm.'4 X 10~6 

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 

F i r s t , the w i r e superheats a n d acquires a l l the energy of transit ion 
before the transformation starts; the transformation then propagates 
through the w i r e at a ve loc i ty of about 7.4 Χ 10 4 cm. / sec . E v i d e n c e for 
the occurrence of superheating does exist i n the l i terature. Examples are 
the overheat ing of the so l id to l i q u i d phase transit ion of ice crystals b y 
0.3°C. ( 1 3 ) , the superheating of the α to γ transit ion for whiskers of i r on 
(40) a n d the measurement of an act ivat ion energy (1.74 k c a l . / m o l e ) for 
the a to β transformation of a single crystal of p -dichlorobenzene (22 ) . 

Second, the temperature scale is h i g h because of uncertainties i n the 
values of the heat capacity , resist ivity, etc.; the transit ion actual ly does 
init iate at 1143°K. a n d the degree of transformation is approx imate ly 
propor t iona l to the energy suppl ied . T h e J A N A F (12) heat capac i ty 
data for Z r are quoted to be uncerta in b y 1 0 % a n d 1 5 % for the a a n d β 
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phases, respectively. Parker (32) a n d C e z a i r l i y a n (2 ) have both demon
strated that specific heat measurements f rom pulse heat ing experiments 
are i n general agreement w i t h the steady-state values. F u r t h e r m o r e , 
Parker has conc luded , f rom studies on the a to β transit ion of T i , that the 
transit ion occurs i n less than 200 jusec. (5.5 c m . samples) a n d that the 
percentage transformation is a l inear funct ion of energy input . H e also 
observed that the presence of smal l amounts of oxygen impuri t ies re 
q u i r e d h igher d r i v i n g temperatures for phase change under r a p i d heat ing . 

2500 

" " 0 50 100 150 200 250 300 350 400 

TIME (MICROSECONDS) 

Figure 5. Theoretical temperature as a function of time for a pulse heated 
zirconium wire 

T h e m a x i m u m calculated temperature is also seen i n F i g u r e 5 to 
exceed the me l t ing po int (2128°K. ) of Z r (12 ) , a l though the w i r e d i d not 
melt . Whereas the heat of fusion has been neglected i n the temperature 
ca lculat ion , the excess act ion avai lable beyond that r e q u i r e d to heat the 
w i r e to me l t ing po int is far short of that requ i red for complete me l t ing 
( T a b l e I ) . 

T h e l ight emit ted f rom a pulse heated w i r e was moni tored as a func 
t i on of t ime w i t h a 931 photomul t ip l i e r , w h i c h has a spectral response 
of 3000 to 6000 A . a n d a m a x i m u m sensit ivity near 4000 A . T w o things 
should be noted about the t y p i c a l l ight vs. t ime curve for a Z r w i r e shown 
i n F i g u r e 6. T h e first is the re lat ive ly fast rise t ime a n d the comparat ive ly 
l ong decay t ime. T h e l ong decay t ime verifies that the assumption of no 
heat loss i n the act ion ca lculat ion is reasonable. Second, this type of 
heat ing cycle provides a re lat ive ly long t ime at h i g h temperatures i n 
w h i c h to record data b y t ime resolved mass spectrometry. A large n u m 
ber of mass spectra at smal l temperature intervals c o u l d possibly be 
obta ined f rom one heat ing pulse, g i v i n g the subl imat ion rate of a sub
stance over a large temperature range f rom one experiment. 
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4 0 0 8 0 0 1200 1600 2 0 0 0 

TIME (MICROSECONDS) 

Figure 6. Emitted light response of 931 photo-
multiplier from pulse heated zirconium wire as a 

function of time 

T h e adaptat ion of photodetectors to absolute temperature measure
ment is i n the early stages of development. Therefore , there are no m u l t i 
color ratio results to report. Attempts are be ing made to establish cor
respondence between the response of a single detector and the action 
waveforms. 

TIME (MICROSECONDS) 

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. 

V A P O R I Z A T I O N E X P E R I M E N T S . Several 0 . 1 2 5 - m m . si lver wires were 
pulse heated to obta in a ca l ibrat ion for the mass spectrometer. D u r i n g 
one such experiment, a t ime resolved mass spectrum of the vapor izat ion 
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of s i lver was recorded on the d r u m camera. T h e var iat ion of i on intens i 
ties w i t h t ime for both isotopes 107 a n d 109 is shown i n F i g u r e 7. It is 
seen that the g rowth and decay for the two isotopes is s imi lar a n d is i n 
approximate agreement w i t h the heat ing pulse. T h e two curves peak at 
about 400 /*sec., w h i l e the energy input pulse terminated at 385 //.sec. It 
is estimated that the peak temperature achieved was about 1150°K.; this 
value is based upon the ut i l i za t i on of an input energy just be l ow that 
r equ i red to melt (m.p . 1234°K.) the si lver wire . It is observed f r om 
F i g u r e 7 that the apparent vapor density of A g falls off to about one-fifth 
of its peak value w i t h i n 800 /xsec. U s i n g the k n o w n heat of vapor izat ion 
for A g (68.1 k c a l . / m o l e ( 3 1 ) ) , the temperature decrease corresponding 
to the five-fold vapor density decrease is ca lculated to be about 60 °K. 
H o w e v e r , calculations of heat losses caused b y rad iat ion , ax ia l a n d r a d i a l 
conduct ion a n d vapor izat ion show that the sum of these losses are m u c h 
less than requ i red for a 60°K. temperature decrease w i t h i n 800 //.sec. It 
w o u l d appear, therefore, that the spectrometer sensit ivity is v a r y i n g 
r a p i d l y w i t h t ime. T h i s is not unreasonable i n v i e w of the h i g h a n d v a r i 
able leve l of desorbed contaminates, w h i c h has been observed i n almost 
every experiment. F o r the A g vapor izat ion experiments, the rad iat ion 
intensity was too l o w to be moni tored b y the phototube employed (not 
the 931-photomult ip l ier ) . 

CO 

o 

Z r + 

H g " C d + 

1 1 

90 
1 1 1 1 

1 0 0 1 0 1 112 1 1 4 

J 
/ \ 1 0 2 

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 

T o obtain the precise mass spectral pos i t ion of Z r vapor b y isotopic 
identi f icat ion a n d to measure the sensit ivity of the mass spectrometer for 
vapors f rom a hot w i re , several Z r wires were heated continuously w i t h a 
d.c. power supply . T h e so l id l ine i n F i g u r e 8 shows an analog chart re 
corder trace of the mass spectral region of interest w i t h a Z r w i r e heated 
to about 2000°K. ( P Z r ~ 10" 3 t o r r ) , w h i l e the dashed l ine gives the back
ground over the same region about a minute after power terminat ion . 
T h e relat ive ampl i tudes of the 90, 91, 92, a n d 94 mass peaks are i n good 
agreement w i t h the accepted isotopic abundances. T h e C d vapor seen 
i n the mass spectrum came f rom a C d - p l a t e d screw used to h o l d the Z r 
w i r e to the probe support t ermina l . Since this s crew was heated on ly 
b y the thermal conduct ion of heat f rom the hot Zr w i r e , i t was f o u n d 
that the C d grew i n at a m u c h slower rate than d i d the Zr . T h e H g 2 + 
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spectrum is at tr ibuted to res idual mercury i n the i on source. C h e m i c a l 
cleanings of the i o n source a n d the v a c u u m chamber complete ly e l i m i 
nated it . Replacement of the C d - p l a t e d screw w i t h a stainless steel screw 
removed the C d contaminat ion. 

Ion species detected b y the superimposed oscilloscope-trace method 
consist of Z r + f rom a pure Zr w i re , Z r + a n d Z r O + f r om a s l ight ly ox id i zed 
Z r w i r e , and Z r O + and Z r C V f rom a h i g h l y ox id ized wire . T h e Z r + peaks 
were observed w h e n two strands of 0.25 m m . Z r w i r e were heated to 
about 2100 °K. T h e t ime de lay i n this case was 300 /xsec. Because of the 
associated large hydrocarbon vapor pulse, the spectrometer sensit ivity 
was l i m i t e d to Zr vapor detection only near the me l t ing point. T h e l i ter 
ature value for the e q u i l i b r i u m vapor pressure of Zr at 2100 °K. is 1.1 X 
10"Γ) torr (12). T h u s , the spectrometer sensit ivity must be at least 5 X 
1 0 1 0 mo lecu les / c c . 

90 

Zr 9 °0 

Zr9 1' 

_ 92 94 
Zr Zr 

Zr 
96 

Known Rel. Abund. 
Zr Isotopes 

Mass 
90 
91 
92 
94 
96 

94 
Zr 0 

Abund. 
100 
21.8 
33.2 
33.8 
5.4 

BACK
GROUND 
INTENS
ITY 

90 92 94 96 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) 

T h e spectrum in w h i c h Z r + a n d Z r O + peaks were observed is repro
d u c e d i n F i g u r e 9 ( t ime delay 1450 /xsec. ). Since the Z r peaks are greater 
than the Z r O + peaks, i t can be assumed that bo th are parent ions. T h e 
relat ive abundance of these two species is reasonable, since the s l ight ly 
ox id i zed w i r e f rom w h i c h these species were vapor i zed is a more oxygen 
deficient system than the Z r ( s ) + ZrO L>(s) mixture f r om w h i c h C h u p k a , 
B e r k o w i t z , a n d Inghram (4) reported Z r O + to be the major peak. 

T h e intensity of Z r ( V observed f rom the pulse heat ing of a h i g h l y 
ox id i zed Z r w i r e was about twice that of Z r O + . Since this mass spectrum 
was obta ined us ing 70-volt i o n i z i n g electrons, i t is possible that a s ig -
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nificant port ion of the Z r O + intensity is caused b y fragmentat ion of 
Z r 0 2 ( g ) . T h e predominance of Z r 0 2

+ over Z r O + is opposite to the results 
of C h u p k a , B e r k o w i t z , and Inghram (4) a n d of N a k a t a , M c K i s s o n , a n d 
Po l l o ck (24). B o t h groups reported Z r O + to be about six times greater 
than Z r C V w h e n Z i O 2 ( s ) was vapor i zed under e q u i l i b r i u m conditions. 
Because of the method used for the ox idat ion of the Z r wires , un i f o rm 
oxidat ion to stoichiometric Z r 0 2 ( s ) c ou ld not be expected. I n the h i g h l y 
ox id i zed wires , a center core of Zr , possibly a l loyed w i t h oxygen a n d 
nitrogen, must have p r o v i d e d the means for e lectr ical conduct ion . I n 
fact, some wires that were even more complete ly ox id ized , as ind i ca ted 
b y a h i g h resistance, c ou ld not be heated effectively. Another pos
sible explanation for the intensity difference is that the L a n g m u i r v a p o r i 
zat ion coefficient for Z r 0 2 ( g ) m a y be considerably larger than that for 
Z r O ( g ) vapor i zed f rom Z r 0 2 ( s ) . Shchukarev a n d Semenov (34) 
observed the Z r 0 2

+ i on intensity to exceed the Z r O + intensity for an interva l 
of t ime pr ior to the establishment of e q u i l i b r i u m w i t h Z r 0 2 ( s ) at 2470°C. 
T h e i n i t i a l ratio ( Z r 0 2

+ / Z r O + ) was 3 / 2 , whereas the steady-state value 
was 1/4. 

A significant increase in masses 14 a n d 28 was observed i n the case 
of a h i g h l y ox id i zed Z r wire . T h e signals appeared on a d r u m camera 
record at about 300 /*sec. after the in i t ia t ion of the heat ing pulse a n d at 
an est imated temperature of 1600 to 2000°K. B y approx imate ly 400 ftsec, 
the vapor pulse h a d become so great that complete mass spectrometer 
interference occurred . H o w e v e r , i t is significant that no hydrocarbon 
contaminat ion was observed i n this experiment to mask the l o w mass 
range. Fur thermore , since there was no corresponding increases at masses 
16 a n d 32 as w o u l d be expected from an outgassing of a ir , it appears 
that both atomic a n d molecular nitrogen m a y have been released f r om 
the heated sample . A t o m i c nitrogen is considered because the 14:28 
ratio was several times larger than that normal ly at tr ibuted to N 2 f rag 
mentat ion. Inasmuch as the Z r w i r e was ox id i zed b y pulse heat ing above 
the ign i t i on temperature in a ir , i t is possible that a Z r O v N z type oxyni tr ide 
c o m p o u n d was formed. G i l l e s (10) reported bo th the preparat ion of 
z i r c o n i u m oxynitrides and their thermal decomposit ion b y the e l iminat ion 
of nitrogen. T h e decomposit ion pressure of N 2 over pure Z r N ( s ) at 
2000°K. ( 1 2 ) , ca lcu lated accord ing to the react ion 

ZrN(s ) - » Z r ( s ) + 1/2 N 2 ( g ) 

is 1 X 10 r> torr, w h i c h is detectable i n the present operation. Ne l son (29) 
also reported that nitrogen is released d u r i n g the latter stages of the c om
bust ion of freely f a l l i n g z i r c o n i u m droplets in mixtures of oxygen a n d 
nitrogen. T h i s w o r k w i l l be referred to again later i n this paper. T h e 
above evidence suggests that the observed nitrogen was released i n the 
thermal decomposit ion of the sample. 

S u m m a r y of V a p o r i z a t i o n Studies. T h e impl icat ions of the semi 
quant i tat ive temperature measurement a n d qual i tat ive vapor izat ion re 
sults reported above are considered to be as fol lows. F i r s t , the good 
agreement ( w i t h i n 1 0 % ) between the temperature ca lcu lated f rom the 
act ion integral a n d the k n o w n temperatures of the a to β transit ion i n 
z i r c o n i u m indicates it is possible to calculate reasonable temperature 
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values as a funct ion of t ime for pulse heated wires. T h i s is only true for 
samples for w h i c h the heat capacity , e lectr ical resist ivity, and l inear ex
pansion are k n o w n accurately as a funct ion of temperature. H o w e v e r , 
b y determin ing temperature independent ly , as b y fast response opt i ca l 
pyrometry (2 ) a n d b y contro l l ing and measur ing the energy d ischarged 
( 3 2 ) , i t should be possible to measure heat capacities, resistivities, or 
Cp/p ratios b y this method for nonstoichiometric conduct ing materials . 

Second, the conclusion that superheating may have been observed 
for pulse heated Zr , bo th at the a to β transit ion a n d at the me l t ing point , 
suggests that it m a y be possible to measure vapor pressures for super
heated states b y t ime resolved mass spectrometry. 

T h i r d , the observed i n i t i a l increase i n vapor density for the two A g 
isotopes confirms that the rate of vapor izat ion can be f o l l owed for heat ing 
pulses of mi l l i second to microsecond durat ion . 

F o u r t h , the p r e l i m i n a r y results on pure Z r reflect both the ease of 
detect ing vapor densities i n the 1 0 1 0 mo lecu les / c c . range and the ab i l i ty 
to achieve temperatures of 2000 °K. or greater b y d.c. heat ing a n d b y 
capacitor-discharge pulses. 

F i f t h , the detection of Z r , Z r O , a n d Z r 0 2 vapors f rom a i r -ox id ized 
Z r wires presents the mot ivat ion to explore the vapor species for bo th 
stoichiometric a n d nonstoichiometric substances. 

F i n a l l y , i t appears that the freedom f rom sample reactions w i t h con
tainers at h i g h temperatures offered b y the L a n g m u i r geometry has been 
rea l i zed . 

Refractory Metal Combustion 

T h e h i g h temperature research effort, descr ibed i n the first section of 
this paper , was mot ivated b y established studies on the combustion and 
explosion of refractory meta l droplets i n atmospheres of oxygen a n d 
ni trogen a n d b y the absence of thermodynamic data on the metal -oxygen-
nitrogen alloys at h i g h temperatures. W e n o w describe h o w mass spec
trometry has been app l i ed d i rec t ly to the mechanism of the refractory 
meta l combust ion phenomenon. 

Ne l son (25, 28, 29) demonstrated that the b u r n i n g of submi l l imeter 
droplets of z i r c o n i u m i n pure oxygen produces dense spheres of Z r 0 2 . 
H o w e v e r , w h e n smal l amounts of n i trogen are a d d e d to the oxygen 
atmosphere, the b u r n i n g droplet explodes or forms a single t h i n - w a l l e d 
sac of Z r 0 2 . H e reasoned that the explosion a n d sac format ion are gas 
d r i v e n a n d the gas is p r o b a b l y N 2 a l though no d irect conf irmation of 
gaseous N 2 f ormat ion w i t h i n the l i q u i d oxide droplet has been obtained. 

I f the explosions rea l ly are gas d r i v e n , the identi f icat ion of the gas 
is essential to the interpretat ion of the react ion mechanism for Z r b u r n i n g 
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at h i g h temperature i n a m i x e d N 2 a n d 0 2 atmosphere. T h e gas analysis 
technique must be sensitive enough to detect the s m a l l quantit ies of gas 
( 1 0 1 5 molecules ) expected to be encapsulated b y the unexp loded z i r con ia 
sacs. T h e fast response capab i l i ty of the t ime-of- f l ight mass spectrometer 
offers the advantages of complete mass range coverage a n d m a n y spectral 
analyses w i t h i n one pass of the gas sample through the i on izat ion zone. 
A n analysis can be per formed before the gas pulse expands into the 
spectrometer vo lume a n d is p u m p e d away. T h i s technique has been suc
cessfully adapted to the quant i tat ive identi f icat ion of gases contained 
i n the z i r con ia sacs a n d i n prepared capi l lar ies , bo th conta in ing 1 0 1 3 to 
10 l r > molecules. N i t r o g e n is the on ly gas observed i n the sacs. T h e ex
p e r i m e n t a l technique a n d the impl i cat ions of the n i trogen detection on 
the react ion mechanism are r ev i ewed i n the f o l l o w i n g paragraphs. A de
ta i l ed report of this w o r k is be ing p u b l i s h e d separately ( 2 1 ) . 

BENDIX 
S-14-107 ION SOURCE 4 

(-1mm DIA.) 

Figure 10. Sample holder and inlet system for zirconia sacs and 
gas calibration capillaries 

Sac P r e p a r a t i o n a n d A n a l y s i s Procedures . T h e apparatus used for 
observing the z i r c o n i u m droplet explosions a n d for generating the unex
p l o d e d z i r con ia sacs has been prev ious ly descr ibed (28, 30). A square 
of pure Z r f o i l is d r o p p e d through a flash l a m p i n a 625-torr atmosphere 
of N 2 a n d 0 2 , for w h i c h the N 2 / 0 2 ratio can be var ied . W h e n N 2 / 0 2 

equals or exceeds 0.04, the droplet explodes. U n d e r a contro l led thresh
o l d N 2 / 0 2 rat io of 0.025, the meta l becomes molten , burns , a n d inflates, 
but does not explode. T h e average sac diameter a n d vo lume are 1.0 m m . 
( range : 0.7 to 1.5 m m . ) a n d 0.5 Χ 10" 3 c c , respectively. T h e tota l t ime 
i n v o l v e d i n the inf lat ion a n d / o r explosion is 150 mil l iseconds (25, 30). 
F r o m separate experiments, i t has been establ ished that the explosions 
occur at temperatures around 3000°K. to 3500°K. (26, 27, 28). 

F i g u r e 10 shows the sample ho lder a n d in let system. O n e or more 
sacs are l oaded into the ver t i ca l a r m of the t h i n w a l l stainless steel t u b 
i n g , a long w i t h a quartz cap i l l a ry w h i c h contains an inert gas such as 
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argon. T h e sacs a n d cap i l lary are crushed s imultaneously b y h a n d to re 
lease the gases to the i on source. T h e sample ho lder vo lume is kept 
smal l , approx imate ly 1 c c , to prov ide a short -durat ion, high-pressure 
pulse of gas. T h e inert gas generates a mass s ignal tr igger pulse w h i c h 
synchronizes oscil loscope d i sp lay c i rcu i try . Cap i l l a r i e s conta in ing k n o w n 
amounts of various gases are crushed i n the hor i zonta l a r m of the ho lder 
to prov ide absolute cal ibrations. 

T w o methods of mass spectrum a n d i on intensity record ing are used. 
O n e is to set the spectrometer analog c ircuits on two mass peaks a n d 
record the i o n intensities as a funct ion of t ime on a fast w r i t i n g chart 
recorder. T h e other consists of d i s p l a y i n g the complete mass spectrum 
on an oscil loscope for an in terva l of t ime at the peak intensi ty of the i n p u t 
pulse o f gas. I n the latter case, one mass selector analog is set on the 
inert gas a n d triggers a t ime de lay generator u p o n the i n i t i a l appearance 
of inert gas at the i o n source. T h u s , the 2 0 - k H z tr igger i n p u t to the 
oscil loscope is w i t h h e l d a n d gated on for a t y p i c a l durat ion of 25 msec, 
at the m a x i m u m of the gas pulse. T h e spectrum is photographed w i t h 
a P o l a r o i d camera. 

1 TORR CAPILLARY (~1013 Molecules) 

TIME (Milliseconds) 

Figure 11. Analog chart recorder response of argon intensity vs. 
time for a 1-torr capillary 

F i g u r e 11 shows the recorder response of i on intensity versus t ime 
for a 1-torr c a p i l l a r y of argon w h i c h corresponds to approx imate ly 10 1* 
atoms. T h e near peak of intensity is reached at 110 m s e c , a n d the s ignal 
persists beyond 1 sec. It is estimated that several orders of magni tude 
improvement i n sensit ivity c o u l d be achieved i f the gas pulse were c o m 
pressed i n t ime f r om the 1.5-sec. durat i on of this analysis to a spike s y n 
chron ized to one cycle of the spectrometer operation. T h e oscil loscope 
sensit ivity presently is 3 Χ 1 0 1 1 atoms; this value was ascertained f r o m 
the oscil loscope detection of the 3 C A r isotope i n a 10-torr argon cap i l lary . 
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Figure 12. Bar graph reproduction of oscilloscope 
mass spectral display for zirconia sac gas content and 
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Quantitative Identification of Sac Gases. T h e z i r con ia sacs have been 
ana lyzed bo th as single units a n d as several crushed s imultaneously . O n l y 
one such analysis is presented here. F i g u r e 12 shows bar graph reproduc 
tions of P o l a r o i d film records of the mass spectra of eight z i r con ia sacs 
a n d of a 100-torr ni trogen ca l ibrat ion cap i l lary . T h e top trace shows the 
spectrometer background gases, w i t h masses 14, 16, 17, 18, 28, 32, a n d 
44 read i ly recognizable . T h e argon tr igger s ignal at mass 40 is absent 
f r o m the oscil loscope record b y v ir tue of its be ing gated out b y the mass 
selector analog. T h e spectrum of the z i r con ia sacs, d i sp layed i n the 
m i d d l e trace, shows large increases i n masses 14 a n d 28, but no other 
s ignal increases above background . T h e 100-torr N 2 a n d A r ca l ibrat ion 
capi l lar ies (bottom trace) show ion intensities for masses 14 a n d 28 
w h i c h are about 0.8 times those recorded for the z i r con ia sacs. Masses 
20 a n d 44 are caused b y A r ( d o u b l y i on ized ) a n d COL> ( a cap i l lary i m 
p u r i t y ) . T h e m a x i m u m total vo lume of the eight z i r con ia sacs was 7.8 
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times the vo lume of the 100-torr N 2 cap i l lary . Therefore , the average 
pressure per sac is equal to or greater than 16 torr. T h i s value is a 
m i n i m u m because some of the sacs may have been premature ly broken 
d u r i n g l oad ing . 

Al together , 17 separate analyses have been per formed on the z i r con ia 
sacs; four analyses u t i l i z e d m u l t i p l e numbers of sac, a n d the remainder 
u t i l i z e d single sacs. O f this total , 11 analyses p r o v i d e d a posit ive detec
t ion of N 2 a n d a total absence of any other gases. O n e single sac analysis 
showed a N 2 pressure of approx imate ly 100 torr, whereas most of the 
others were 10 torr or less. A l t h o u g h the sensitivity l i m i t for 0 2 was about 
1 torr (No was somewhat better than 1 t o r r ) , no 0 2 was detected w h i c h 
c o u l d be at tr ibuted to the sac content. T h i s d i s t r ibut ion of values can 
not be interpreted as a statistical d i s t r ibut ion for several reasons, w h i c h 
are out l ined i n the deta i led report (21). T h e p r i n c i p a l factor is that very 
f ew of the i n d i v i d u a l sac preparations prov ide intact sacs; the major i ty 
of the preparations result i n r u p t u r e d sacs or i n dense spheres. 

Impl i cat ions on C o m b u s t i o n M e c h a n i s m . T h e posit ive identi f icat ion 
of n i trogen a n d the absence of other gases support the hypothesis that 
the explosions are gas-driven a n d that the d r i v i n g gas is nitrogen. T w o 
facts suggest that the nitrogen is released at h i g h temperature d u r i n g the 
ox idat ion react ion. F i r s t , the absolute p a r t i a l pressure measurements at 
300°K. indicate that the sac pressure at 3000° to 3500°K. c o u l d be as 
h i g h as 100 to 1000 torr ; the h igher values w o u l d approach the pressures 
r e q u i r e d for an explosive rupture . Second, the detected N 2 to 0 2 rat io 
w i t h i n the sac was at least 100 to 1, whereas the N 2 / 0 2 rat io for the reac-
tant environment was 0.025. T h u s , dif fusion of gases f rom the atmosphere 
into a h o l l o w sac cannot account for the presence or amount of n i trogen. 

A ni trogen release mechanism was prev ious ly suggested b y N e l s o n 
to describe sac format ion a n d explosion. T h i s m o d e l is based upon sev
era l independent observations: ( 1 ) the degree of explosion can be var i ed 
b y changing the percentage of N 2 i n 0 2 ( 2 9 ) ; (2 ) no explosion occurs 
i n pure 0 2 or pure A r (25, 2 9 ) ; a n d (3 ) there appears to be a h i g h sta
b i l i t y of Z r 0 2 against a permanent react ion w i t h N 2 (17). T h e present 
result , however , is the first direct evidence for the existence of N 2 as the 
d r i v i n g gas. 

T h e chemica l processes that occur d u r i n g the b u r n i n g of the z i r 
c o n i u m droplets are s t i l l obscure, but they m a y involve temperature a n d 
composi t ion changes i n the z irconium-oxygen-ni trogen system. A t the 
present t ime, i t is speculated that the react ion scheme might be repre 
sented as fo l l ows : 

0 2 , N 2 Oo 
Z r ( l ) Z r O a N b ( l ) Z r O x N y ( l ) + N 2 ( g ) , 

explosion 
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where 0 < a < χ < 2 a n d b > y (bo th b a n d y be ing s m a l l ) . It is sug
gested that l i q u i d z i r c o n i u m reacts w i t h oxygen a n d nitrogen to f o r m 
intermediate oxygen-nitrogen alloys. A s these alloys react further w i t h 
oxygen, however , a cr i t i ca l set of temperature a n d composit ion conditions 
are attained, f o l l owed b y the r a p i d release of ni trogen gas. 

Other observations that seem to support this mechanism are as f o l 
lows. It has been f o u n d that explosions occur i f the z i r c o n i u m meta l is 
s l ight ly nitr i f ied first a n d then b u r n e d i n a pure oxygen environment ( 29 ) . 
T h e existence of intermediate oxyni tr ide phases i n quenched droplets 
was demonstrated b y x-ray dif fraction studies (25, 28). F u r t h e r , the d is 
t inct poss ib i l i ty that a supersaturated phase is momentar i ly establ ished 
is suggested b y supercool ing effects w h i c h have been identi f ied i n the 
react ion of z i r c o n i u m droplets w i t h pure oxygen (26). 

T h e appl i cat ion of the techniques descr ibed here to the combust ion 
of z i r c o n i u m droplets suggests add i t i ona l experiments for p r o b i n g the 
react ion mechanism. F o r example, w e p l a n to analyze sacs prepared f r o m 
z i r c o n i u m droplets of var i ed sizes a n d of contro l led ni trogen a l l oy ing . I n 
this w a y we hope to explore i n deta i l the temperature a n d composit ion 
conditions for sac format ion a n d explosion. 
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