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Ph oto ioni za ti on yie ld c urves from onset to 600A, a nd ionization threshold va lu es have been ob­
ta ined for th e ions F'e(CO) .;, F e(C O).;, Fe(CO);7, Fe(CO );, F e(CO )+, F e + and CO + from iro n penta-

carbonyl, a nd for N i(C O) i . N i(C O);t, N i(CO )l, Ni(C O) +, Ni +, a nd CO + from nicke l te traca rbonyl. From 
these curv es, information on the ioni za tion -fragmenta tion processes of F e(CO):, a nd Ni(CO)., unde r 
photon impa c t, ha ve bee n obta ined. Diffe rences in th e thresho ld ene rgies as dete rmin ed by photon 
a nd by elec tron impact me thod s inc rease with th e fragme ntat ion. The a l) pearan ce pote ntia ls and the 
l1<"at s of formation of the meta l-io ns, a:rree within 0.1 e V, with those ca lc ul a ted from th e rmoc he mi ca l 
data . The ave rage bond di ssoc ia tion energy of th e neutra l molecule ag rees within 0.02 eV, with the 
the rm ochemical valu es. Th e kine ti c shift for the format ion of Fe - a nd N i ' ions is ve ry small. The N i ' 
ion is mos t likely form ed direc tl y from th e molec ul e ion rathe r tha n by a cascade fragmentation process. 

Key word s : Di ssoc ia ti on e ne rgies; Fe(C O ),; heats of forma tion; ioni za tion: mass s pectrom e try: N i(CO).,: 
vacuum ultravio le t spec troscop y. 

1. Introduction 

In recent years, the mass spec trometri c study by 
electron impac t of transition-metal carbonyls has re­
ceived in creas ing attention [1 , 2].' Although th e data 
ob tained in the same laboratory are well correlated 
[3, 4] , they often differ from those obtained in other 
laboratories on the same molecules. Several reports 
are available on mass spectra and appearance poten­
tials of the iron pe ntacarbon yl and ni ckel tetracarbonyl 
by electron impact [5 to 9] and one by photon impact 
without mass analysis [10] which determin ed the ioni­
zation po tentials only. Th e agreement among the 
fragmentation patterns is sati sfactory, considering that 
the spectra were obtained with different instruments, 
and under differe nt ex peri me ntal conditions s uch as 
elec tron e nergy and ion source te mperature. However, 
the appearance pote ntials differ by as much as 1 e V 
or more es pecially for ion s of low mass. Thus, the 
purpos e of thi s work is to obtain more acc urate values 
for the ionization thresholds for molecular and frag­
me nt ions, more reliable data for ion heats of formation, 
and bond dissociation energies in both the molecules 
and in t he ion s, and informatio n on the ionization frag­
me ntati on processes under photon impact. 

2. Experimental Procedure 

Photoionization e ffi cie ncy c urves were obtained by 
means of the co mbined vac uum ultraviolet mono-
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c hromator and mass spec trome te r described in detail 
by Dibeler et al. [11 , 12]. Data were obtained with an 
optical reso lution of about lA, with a n un certainty 
in th e abso lute wavele ngth of lA or less over all wave­
lengths . The un certainty in the re ported relative ioniza­
tion efficie ncy (ions per photon trans mitted through th e 
ion source) is of the order of 3 to 5 percent. It is as­
cribed principall y to th e uncertainty in measuring th e 
number of electrons photoejected from a tun~s te n 
photon detector. At wavelength longer th a n 1200A, we 
do not have a correction for the change of th e quantum 
yield of the tungsten de tector with th e wavele ngth. All 
the data of fi gures 1 and 3 must be multipli ed by a 
s lowly decreasing factor going to longer wavelength. 
For thi s reason, the uncorrected part of the photo­
ionization effi ciency curves are plotted in different 
figures. The onset regions of th e Fe(CO) t , Ni(CO)t and 
Ni(CO):t ions have been re peated with a sodium salicy­
late de tector with only minor differe nces noted. The 
samples were obtained from a commercial supplier. 
Mass s pectrometric analysis s howed no detectable 
impurities other than carbon monoxide. The following 
conversion factors were used throughout this paper. 

1 eV molecule - t = 8065.73 cm - t 

= 23.0609 kcal mol - 1 

1 kcal mol - t = 4.1840 kJ mol - t 

3. Results and Discussion 

TaGl e 1 li sts the relative abundances of the posItive 
ions observed in the mass spectra of F e(CO):; and 
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TABLE 1. Relative intensity of the ions in Fe(CO), and Ni(CO)4 mass spectra 

Ref. [5J " Re f. [61 Ref. [71 Ref. [81 b Ref. [9J This work 

En ergy in eV. - 25 30 50 50 70 21.22 

Source Room 250 °C 205 °C 150°C Room Room 

temperature temperature 

Fe(C O), 
Fe(C O),; 30 25 18 

Fe(CO); 24 35 22 

Fe(C O):: 12 18 11 

Fe(CO): 95 30 24 

FeCO + 100 100 82 
Fe+ 30 60 100 
CO + 10 

Ni(CO), 
Ni(CO); 37 26 

Ni(CO) t 63 53 

Ni(CO); 67 44 

Ni(CO) + 100 10(; 
Ni + 27 
CO + 

a Derived from figu re 2 of Ref. [51. 
h Derived from figure 2 of Ref. [81. 

Ni(CO)4 at 21.22 e V (584A). No metastable ions, double 
charged ions, or ions resulting from the rupture of the 
C-O bond were observed. The appearance potential 
of the CO + ion from these carbonyls is 14.01 ±0.02 eV 
(885 ± lA.). The thresho ld value and the shape of the 
curve (from the onset to 800A.) are exactly the same for 
those of CO +/CO. Thus, the CO + ion is not formed by 
photon imlJact on the metal-carbonyls, but from molec­
ular CO already present in the samples or formed by 
decomposition in the inlet system. 

Comparing the relative abundances of table 1 with 
those previously reported [5, 9], we observe a smaller 
relative abundance for the ions of heavier mass. The 
apparent origin of the CO + and the relatively low in­
te nsity of the higher mass ions suggests that interpre­
tation of results may be ambiguous due to decomposi­
tion [13, 14]. However, the threshold values ofFe(CO)t , 
Ni(COn , Fe + and Ni + ions show that these ions come 
from the molecular ion, and not from intermediate 
radicals. Therefore decomposition is not considered 
to have an important effect on the results. The dif­
ferences between the present relative ion intensities 
and those previously reported can be ascribed to 
differences in source and inlet systems temperature 
[7], to the ionization beam, to its energy, to different 
apparatus and detectors. 

Fe(CO)t. Typical photoionization yield curves for 
the Fe(CO); ion are shown in figures 1 and 2. The curve 

66 

temperature temperature 

43 10.3 

50 11.6 

22 2.2 

36 18.8 

100 100.0 
93 38.3 

"' I ar~e " 1.8 

51 31.0 10.8 

100 43.8 19.1 

49 42.2 31.4 

54 100.0 100.0 
46 58.3 35.1 

Hlarge" 21.3 

exhibits a weak onset at 1554 ± L.\ (7.98 ± 0.01 e V). 
Due to the size of the molecule, to its large number of 
electrons, and to the fact that the electron removed in 
the first ionization is a nonbonding or weakly bonding 
one (see later) , the geometry of the ion is expected to 
remain the same as that of the molecule in its ground 
state. For these reasons the molecule ion is likely I 
formed by 0' -0" (or I' -I", etc.) transitions and no ( 
hot bands are expected on the low energy side of the 
threshold. 

The threshold energy is lower than all electron im­
pact data [5,9], but it is very close to a previous photo­
ionization value (7.95 eV) [10]. Taking the present 
threshold value as the heat of reaction, !1Ho = 184.0 
kcal mol - I for Fe(COh+hv~Fe(CO)t +e, and add- Il 
ing the heat of formation of the molecule [15], 

!1H.f'[Fe(COhJ = -175.4 kcal mol - I, 

the heat of formation of the ion, !1H.f'[Fe(COH J = 8.6 
kcal mol - I is obtained. This and the following thermo· 
dynamic values and threshold energies are summarized 
in table 2. This table also includes the lowest and high· 
est threshold values obtained by electron impact. It is 
important to note that the appearance potentials for 
the M + and MCO + ions as measured by electron im­
pact may differ by as much as 2 e V. 
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FIG URE I. Photoionization·yield curves from onset to 1200A for 
Fe(CD);, Fe(CD):, and Fe(C DH ions of iron pentacarbonyl. 
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FI GU RE 2. Photoionization·y ield curves fro m 12,00 to 600A for 
molecule and fra gment ions of iron penta.carbonyl, 

The curve shows ~any autoionizing Rydberg levels 
from the onset to 855A (14.50 e V) at which energy they 
appear to converge. The shape of the curve between 
1000 and 855A. suggests that there is a slow decrease 
in excitation of more highly excited s tates of Fe(CO)t. 
Where these peaks di sappear, th e molecule ion decom­
poses to form the excited Fe(CO) ,t fragment ion. At this 
e nergy the Fe(CO)t curve (see below) shows anew, 
abrupt and intense onset, which can be ascribed to a 
second ionization threshold. From 850 to 600A., th e 
molec ule ion curve is very constant. 

Fe(CO)t. The Fe(CO) ,t ion shows (see figs. 1 and 2) 
a weak onset at 1413 ± 1A. (8.77 eV). The previous 
values [5, 9] range between 8.4 and 9.2 e V. Pignataro 
and Lossing [13] assigned the lower value to the direct 
ionization of the Fe(CO)4 radical produced by thermal 
decomposi tion, whereas, the electron impact value of 
9.1 eV was ascribed to the process 

Fe(COh + e ~ Fe(CO) t + CO + 2e . 

The present va lue can be take n as the heat of reaction, 
I1Ho=202.2 kcal mol - I for 

Fe(COh + hll ~ Fe(CO):j +CO +e . 

Using the heats of formation for Fe(CO);, and CO 
(-26.416 kcal mol - I) [161 , the value 

I1Hf" [Fe(CO).t] = 53.2 ± 2 kcal mol - I 

is obtained. From the onset to 1200A. the c urve shows 
considerable stru cture due to autoionization. This is 
clearly correla ted with th e s tru cture in the molec ule 
ion curve, sugges ting that the same processes are pro­
ducing excited Fe(COH a nd Fe(CO)t ion s. A similar 
process is observed in the N i(COk From about 1200A. 
the Fe(CO)t ion c urve is no longer parallel to the 
molecular ion c urve and it s intensity slowly diminishes 
until it exhibits a new onse t a t 855A. as discussed above. 

Fe(CO>!. The Fe(C O)! ion c urve s tarts (see figs. 1 
and 2) with a very weak steplike onset at 1256±L:X (or 
9.87 e V). This is a few tenths of an e V lower than the 
energy at which the Fe(CO):t ion c urve begins to go 
down away from the molecule ion c urve . From 1040 to 
600A. the Fe(CO):t and Fe(CO)t ion curves are very 
similar. Likely the F e(COH ion is co ming from Fe(CO)t 
ion by a cascade process. The heat of formation, 

I1Hf"[Fe(COH J = 105±2 kcal mol- I, 

is obtained from the threshold value. 
The initial part of the curve exhibits a number of 

steplike features at an average interval of 426 cm - I. 
This value may be compared with the Fe-CO stretching 
frequency 1113 in the neutral molecule of 431 cm - I [17]. 
This initial part of the curve does not have the same 
shape as the curve for the distribution of the thermal 
energy of the neutral molecule. 

Fe(COH. The Fe(CO)t ion curve starts at 1159± 1A. 
(10.68 e V) (see fig. 2). The onset region shows a tail on 
the low energy side with superimposed unresolved 
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TABLE 2. Threshold values and heats of formation of the positive ions from Fe(COls and Ni(CO) •. 

Photoionization Electron impact I:J.Hj C 
threshold (eV)a threshold (e V) b 

Fe(CO), eV kcal mol - 1 

Fe(CO)t 7.98±0.01 8.14-8.53 0.37 ±O.02 8.6±0.5 
Fe(CO).t 8.77±0.1 8.34-10.0 2.31 ±O.1 53.2±2 
Fe(COlt 9.87±0.1 9.89-10.3 4.55 ± O.1 105±2 
Fe(COH 1O.68±0.1 10.92 -11.8 6.51±O.1 150.1±2 
FeCO + 11.53±0.1 12.9 -14.0 8.51 ±O.1 196.2±2 
Fe + 14.03±0.1 14.7 -16.1 12.35±O.1 284.7±2 J d 12.28 d 283.16 

Ni(CO). 
Ni(CO).t 8.32±0.01 8.35- 8.75 2.07±O.O2 47.8±0.5 
Ni(COH 8.77±0.02 8.89- 9.36 3.58±O.02 82.6±0.5 
Ni(CO)t 1O.10±0.1 10.21-10.7 6.14±O.1 141.7±2 
NiCO + 11.65±0.1 12.17 -13.5 8.84±0.1 203.8±2 
Ni + 13.75±0.1 14.45 -16.0 12.09 ± 0.1 278.7±2 

d 12.15 d 280.24 

a See text for discussion of estimated uncertainty in threshold values. Only Fe + and Ni + ions threshold 
have been corrected for the thermal energy the neutral molecules possess. 

b Total range of reported electron impact values, (Refs. [5] through [9]). 

l C The assumed processes are M(CO)x+ hv--> [M(COlx _,,] ++nCO. 
d Calculated value from heat of formation and ionization potential of the metal atom [19, 20]. 

autoionization peaks, followed by steplike features at 
an average interval of 461 cm - I. This value is to be 
compared with the Fe-CO stretching frequency V8 in 
the neutral molecule of 474 cm - I [17]. These steplike 
features are a peculiarity of Fe(COH and Fe(COH ion 
curves. All other curves, both for iron and nickel car­
bonyls, show either autoionization peaks or a smooth 
continuum. Perhaps autoionization does not occur be­
cause the competing process of predissociation is much 
more probable. A similar effect has been reported for 
NHt molecule ion [18]. The remainder of the curve has 
maxima at about 960, 900, and 750A. From 960 to 600.A 
the curve is very similar to that of the Fe(CO)j ion , 
again suggesting the production of the Fe(COM ions 
from the Fe(CO);t+ 1 ions. From the threshold value , the 
~Hj[Fe(CO)tJ is 150.1±2 kcal mol- I. 

FeCO +. The FeCO+ ion curve starts with a weak, 
very long tail (see fig. 2) at 1075 ± lA (11.53 e V). From 
the threshold value, tl.Hj(FeCO+) is 196.2±2 kcal 
mol - I. Thoe ion yield curve rises quickly starting at 
about 980A and peaks at 780A. 

Fe +. The Fe + ion curve also starts with Jl weak very 
long tail (see fig. 2). The onset is at 884 ± 2A (14.03 e V) , 
which might become 14.23 e V if the thermal energy of 
the molecule at 298 K (0.2 e V as calculated from ir 
frequencies [17]) is taken into account. From this value 
~Hj(Fe+)=284. 7 kcal mol- I is obtained. By using heat 
of formation (tl.HjCFe) = 99.5 kcal mol- I [19], 

tl.H.fo'Fe(CO)5 = - 175.8 kcal mol- I [15], 

~H.fo'CO=-27.199 kcal mol - I [16]) and I(Fe) = 7.87 
e V [20] to calculate the theoretical threshold of the 

process FeCCO)5+hv~Fe+ +5 CO+e, 13.92 eV is I 

obtained if the quantities involved are considered at 
OK, and 14.16 eV at room temperature. Thus, the re­
sults agree with thermochemical values to within about 
0.1 to 0.3 eV. 

A calculation based on the Quasi Equilibrium Theory ~ 
shows that the mean rate of decomposition for mole- I 
cules of excitation energy equal to the activation energy 1 
(that is to the difference between dissociative and 
molecular ionization threshold) for the formation of the 
first fragment ion, is quite large: ~ 107 S-I for Fe(CO)5 
and~ 10" S- I for Ni(CO)4 [21J. Verylittleifanykinetic 
shift [22] is therefore to be expected for the formation < 
of Fe(CO).t and Ni(CO)j ions. Considering that the I 
fragmenting ion becomes smaller and smaller with the 
fragmentation, the kinetic shift for the formation of 
the naked metal ions is expected to be no more than 
few hundredths of an electron volt. Actually the kinetic 
energy of the fragments corresponds to a temperature 
between 0 and 298 K. So the difference between cal­
culated and experimental values is partially ascribed 
to translational energy C~ 0.2 e V) and partially to in­
ternal excitation of the fragments. From these consider­
ations an uncertainty of about 0.1 eV is estimated for 
all the fragmentation processes. 

Average Bond Energies. From the threshold 
energies of Fe + from Fe(CO)5 , and the ionization , 
energies of atomic iron and of Fe(CO)s, it is possible I 
to obtain the averag~ bond dissociation energies for l" 

the neutral molecule D [Fe_- (COh] = 1.25±0.03 eV, 
and for the molecular ion D 

[Fe - (CO):J = 1.23 ± 0.03 e V. 
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~ 
The first value mu st be compared with 1.20 eV from 

.. thermochem ica l data [21] and with 1.24 e V as calcu· 
' late d from the heats of formation of Fe(CO):;, Fe and 
CO. Th ese data suggest that the first ionization results 

" by removing th e e lec tron from a ~irtua~ly non-bon?!ng 
( or weakly bondin g molec ular orbItal wIth a prevaIlmg 

metal charac te r. This agrees with the nature of the 
last occupied molecular orbital as calculated for the 

\>metal hexacarbonyls [24]. 
Ni(CO)t. A typi cal photoionization field curve for 

) the N i(CO )4+ ion is shown in figures 3 and 4. The on set 
;, occurs at 1490 ± l A (8.32±0.01eV). This value is 

to be compared with the previous photoionization value 
,..Iof 8.28 eV [10]. As discussed for the F e(CO): ion , 

the Ni (C O ) t ion also is likely formed by 0' - 0" (or 
, I ' - I ", etc.) transitions. From the threshold value 

and th e heat of formation of Ni(CO)4 (-144.10 kcal 
> mol - I) [15] the ionic heat of formation, 

~Hr[Ni(CO)t] =47.8±0.5 kcal mol - I 

I is ob tain ed . Below 1450A, the c urve s hows ma ny 
! autoionization peaks every 0.02 - 0.03 e V, which com­

pose broad maxima between 1450 and 1350A and 
between 1310 and 1060A. From the la tter wavelength 
to 600A, th e curve is constant or slowly decreases in 
intensity. 

Ni(CO):i . Th e onse t of the Ni (CO ):i ion (see fi gs. 
3 and 4) shows weak autoionization levels peaking at 
1413, 1410, 1407, 1403, 1397, 1394, 1390, and 1388A. 
These energies and the shape of the curve are the same 

p as those of the molecular ion in the correspondin g 
region. This again suggests that the Ni(CO):i ion is 
coming from th e molecular ion a nd n otfrom a Ni (CO ):1 
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FIGURE: 3. Photionization-yield curves from onset to 13801\ for 
Ni(CO )i and Ni(CO) 1 ions from nickel tetracarbonyl. 

radical formed by decomposition. The for mation 
process of this ion at thi s e nergy see ms to be: 

(a) Ni (CO)4 + hv -;> Ni (CO)~!' 

(b) Ni(CO)1'-;> Ni(CO U* +e 

(c) Ni(COlt*-;> Ni (CO),t+CO 

Process (a) and (b) refe r to the autoionization of th e 
molecule. Process (c) is ascribed to predissociating 
levels of the molecule ion leading to the Ni (CO ):i 
ion. If this is true, the threshold of the Ni(CO):i ion 
is not affected by the thermal energy present in the 
neutral molecule. The thermal energy if present would 
have obscured the details of the curve structure. From 
the threshold value of 1414 ± lA (8.77 e V) , and the 
heats of formation of Ni(C O) 4 and CO, 

~Hr[Ni(CO) :iJ=82 .6 kcal mol - I 

is calc ulated. 
Ni(CO)t. The s tepli ~e , very weak vllser tor N i(CO)~ 

ion occurs at 1228± lA(lO.lO eV) (see fig. 4) resulting 
in a heat of formation , ~Hf'[Ni(COH ] = 141.7±2 
kcal mol- I. Th e c urve shows a number of au toioni zat ion 
levels in the initial part, and a broad maximum be­
tween 985 and 895A. From th e lalLer energy to 600A, 
the Ni(C O),t a nd Ni(CO),t c urves are very similar. 

NiCO+. From th e thres hold va lue of 1064 ± 1 A 
(11.65 eV) the heat of formation ~Hf'[NiCO j ] =203.8 
kcal mol- I is calculated. The c urve, shown in figure 4, 
exhibits the expec ted tail on the low energy side. 

Ni +. The Ni + ion curv e s tart s with some we ak auto­
ionization peaks (see fig. 4). The shape of the curve at 
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the onset, and the absence of a low energy tail suggest 
that the Ni+ ion is not formed by a cascade process, 
but directly from the molecule ion. The onset is at 
915± 1 A (13.55 e V). Considering the thermal energy 
the neutral molecule possesses at 298 K (0.2 eV 
a-s calculated from ir frequencies [25] the threshold 
value might become 13.75 eV. From this value 
tlHf'(Ni+) = 278.7 kcal mol- I is obtained. 

From heats of formation (tlHf'(Ni) = 102.7 kcal 
mol- I (19), tlHfl Ni(CO)4 =-144.877 kcal mol- I 
[15] and from I(Ni) = 7.63 e V [20], the theoretical 
tnreshold for the Ni+ ion is 13.82 eV at 298 K and 
13.63 e V at 0 K. As for Fe+ ion the kinetic shift in­
volved in the production of this ion is very small. 
The increase of the translational and rotational de­
grees of freedom due to the fragmentation, could 
account for the difference between calculated (at 
o K) and experimental threshold value. Again the data 
show that the fragments possess kinetic energy cor­
responding to a temperature between 0 and 298 K. 
From the agreement between experimental and cal­
culated threshold value, an error of about 0.1 eV is 
estimated for the fragmentation processes. 

Average Bond Energy. The average bond dissoci­
ation energy for the neutral molecule and for the mole­
<::ule ion (obtained as for the iron-carbonyl) are 
D [Ni-(CO)4] = 1.53 ± 0_03 e V and D [Ni-(CO).t] = 1.36 
± 0_03 eV respectively. The first value should be com­
pared with 1.53 e V obtained from the thermochemical 
bond energy [26] and from the heats of formation 
of Ni(CO)4, Ni and CO. The first ionization results 
from removing the electron from a partially bonding 
molecular orbital with prevailing metal character, 
in agreement with a calculated molecular orbital 
energy level diagram [27]. 

4. Conclusion 

In electron impact experiments, ions formed by suc­
cessive decompositions show a weak long tail on the 
low energy side. Due to the distribution of thermal 
energy of the electrons ejected from a hot filament, 
the threshold value determination is difficult for these 
ions by electron impact technique. For this reason, 
the bond energies and the heats of formation for the 
metal ions calculated from data obtained by electron 
impact [5-9] disagree with those obtained by thermo­
chemical method s_ The better resolution obtained by 
photon im pact and the different threshold law allow 
one to obtain more accurate data. In fact bond energies 
and tlHf'(M+) obtained by photon impact agree well 
with the thermoche mical values. 

The curves obtained by photon impact show several 
peaks assigned to autoionization processes previously 
not reported. Often the features of the M(CO)~ ion 
curve are very similar to that of M(CO)~+ I ion curve. 
Likely this fact can be ascribed to the formation of 
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the lower mass ion from that with one more CO ligand , J 
even if metastable ions are not observed to confirm o 
the fragmentation path s_ The relative abundances o{ j' 
the ions differ from the values obtained by electron 
impact as disc ussed. 

The author )!:ratefully acknowledges helpful diSCUS-) 
sions with Dr. V. H. Dibeler and Dr. H. M. Rosenstock 
and the use of the facilities of the Mass Spectrometry 
Section_ 
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Symposium on Electronic Density of States 
El ectronic Density of States was the subj ect of the 3d Materials Research 

Symposium , sponsored by, and held at the National Bureau of Standards, Gaith ers ­
burg, Md_ on November 3-6, 1969_ Attention was focussed on the correlation of 
va rious experime ntal and theore ti cal techniques such as opti cal methods; photo­
electron , soft x-ray, and ion ne utralization spectroscopy; specific heat ; Knight 
s hift ; and magneti c susceptibility_ Band th eory and many-body effects, as they 
rela te to the elec tro nic density of states, were included_ 

A pproximately 100 papers were presented at these sessions , including 16 
invited presenta ti ons_ Six of these invited paper s are being published in thi s issue 
of the Journ al; th e remaining ten will appear in s ucceeding issues_ All of the papers 
presented a t th e Symposium will be published by th e Nati onal Bureau of S ta ndards 
as S pecial Publica ti on 323 whi ch will a ppear la te r thi s yea r. 
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