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Photoionization yield curves from onset to 600A. and ionization threshold values have been ob-

tained for the ions Fe(CO)., Fe(CO)/, F

1

e(CO):, Fe(CO)f, Fe(CO)*, Fe* and CO* from iron penta-
3 2

carbonyl, and for Ni(CO);, Ni(CO);, Ni(CO),, Ni(CO)*, Ni*, and CO * from nickel tetracarbonyl. From
these curves, information on the ionization-fragmentation processes of Fe(CO); and Ni(CO); under
photon impact, have been obtained. Differences in the threshold energies as determined by photon
and by electron impact methods increase with the fragmentation. The appearance potentials and the
heats of formation of the metal-ions, agree within 0.1 eV, with those calculated from thermochemical
data. The average bond dissociation energy of the neutral molecule agrees within 0.02 eV, with the
thermochemical values. The kinetic shift for the formation of Fe* and Ni* ions is very small. The Ni-
ion is most likely formed directly from the molecule ion rather than by a cascade fragmentation process.

Key words: Dissociation energies: Fe(CO);: heats of formation: ionization: mass spectrometry: Ni(CO)y:

vacuum ultraviolet spectroscopy.

1. Introduction

In recent years, the mass spectrometric study by
electron impact of transition-metal carbonyls has re-
ceived increasing attention [1, 2]." Although the data
obtained 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 pentacarbonyl and nickel tetracarbonyl
by electron impact [5 to 9] and one by photon impact
without mass analysis [10] which determined the ioni-
zation potentials only. The agreement among the
fragmentation patterns is satisfactory, considering that
the spectra were obtained with different instruments,
and under different experimental conditions such as
electron energy and ion source temperature. However,
the appearance potentials differ by as much as 1 eV
or more especially for ions of low mass. Thus, the
purpose of this work is to obtain more accurate values
for the ionization thresholds for molecular and frag-
ment ions, more reliable data for ion heats of formation,
and bond dissociation energies in both the molecules
and in the ions, and information on the ionization frag-
mentation processes under photon impact.

2. Experimental Procedure

Photoionization efficiency curves were obtained by
means of the combined vacuum ultraviolet mono-
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chromator and mass spectrometer described in detail
by Dibeler et al. [11, 12]. Data were obtained with an
optical resolution of about 1A, with an uncertainty
in the absolute wavelength of 1A or less over all wave-
lengths. The uncertainty in the reported relative ioniza-
tion efficiency (ions per photon transmitted through the
ion source) is of the order of 3 to 5 percent. It is as-
cribed principally to the uncertainty in measuring the
number of electrons photoejected from a tungsten
photon detector. At wavelength longer than 1200A, we
do not have a correction for the change of the quantum
yield of the tungsten detector with the wavelength. All
the data of figures 1 and 3 must be multiplied by a
slowly decreasing factor going to longer wavelength.
For this reason, the uncorrected part of the photo-
ionization efficiency curves are plotted in different
figures. The onset regions of the Fe(CO):, Ni(CO); and
Ni(CO)§ ions have been repeated with a sodium salicy-
late detector with only minor differences noted. The
samples were obtained from a commercial supplier.
Mass spectrometric analysis showed no detectable
impurities other than carbon monoxide. The following
conversion factors were used throughout this paper.

1 eV molecule~!=8065.73 cm~!
=23.0609 kcal mol—!
1 kcal mol-'= 4.1840 kJ mol!

3. Results and Discussion

Table 1 lists the relative abundances of the positive
ions observed in the mass spectra of Fe(CO); and
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TABLE 1. Relative intensity of the ions in Fe(CO); and Ni(CO)4 mass spectra
Ref. [5]# Ref. [6] Ref. [7] Ref. [8]" Ref. [9] This work

Energy in eV. ~ 25 30 50 50 70 21.22

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

temperature | temperature temperature| temperature
Fe(CO);
Fe(CO): 30 25 18 43 10.3
Fe(CO); 24 35 2 50 11.6
Fe(CO); 12 18 11 2 2.2
Fe(CO)S 95 30 24 36 18.8
FeCO+ 100 100 82 100 100.0
Fe+ 30 60 100 93 38.3
CO+ 10 “large” 1.8
Ni(CO)4

Ni(CO){ 37 26 51 31.0 10.8
Ni(CO)# 63 53 100 43.8 19.1
Ni(CO); 67 44 49 42.2 31.4
Ni(CO)* 100 106G 54 100.0 100.0
Ni+ 27 66 46 58.3 S35
CO* “large” 21.3

4 Derived from figure 2 of Ref. [5].
Y Derived from figure 2 of Ref. [8].

Ni(CO), at 21.22 eV (584A). No metastable ions, double
charged ions, or ions resulting from the rupture of the
C—O0 bond were observed. The appearance potential
of the CO* ion from these carbonyls is 14.01 =0.02 eV
(885*1A). The threshold 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 impact 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-
tensity of the higher mass ions suggests that interpre-
tation of results may be ambiguous due to decomposi-
tion [13, 14]. However, the threshold values of Fe(CO);,
Ni(CO);, 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):. Typical photoionization yield curves for
the Fe(CO)# ion are shown in figures 1 and 2. The curve

exhibits a weak onset at 1554 +1A (7.980.01 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
formed by 0'—0" (or 1'—1", ete.) 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-
lonization value (7.95 eV) [10]. Taking the present
threshold value as the heat of reaction, AH,=184.0
kcal mol~! for Fe(CO);+hv— Fe(CO): +e, and add-

ing the heat of formation of the molecule [15],
AH f°[Fe(CO);] =—175.4 kcal mol-!,

the heat of formation of the ion, AHf°[Fe(CO):]=28.6
kcal mol~! 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 eV.
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FIGURE 1. Photoionization-yield curves from onset to 1200A for
Fe(CO):, Fe(CO);, and Fe(CO); ions of iron pentacarbonyl.
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FIGURE 2. Photoionization-yield curves from 1200 to 600A for

molecule and fragment ions of iron pentacarbonyl.

The curve shows many autoionizing Rydberg levels
from the onset to 855A (14.50 eV) 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 states of Fe(CO)#.
Where these peaks disappear, the molecule ion decom-
poses to form the excited Fe(CO){ fragment ion. At this
energy the Fe(CO)j curve (see below) shows a new,
abrupt and intense onset, which can be ascribed to a
second ionization threshold. From 850 to 600A, the
molecule ion curve is very constant.

Fe(CO);. The Fe(CO); 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 eV. Pignataro
and Lossing [13] assigned the lower value to the direct
ionization of the Fe(CO)4 radical produced by thermal
decomposition, whereas, the electron impact value of
9.1 eV was ascribed to the process

Fe(CO);+e—>Fe(CO){ + CO + 2e.

The present value can be taken as the heat of reaction,

AH,=202.2 kcal mol ! for
Fe(CO);+ hv — Fe(CO){ +CO +e.
and CO

Using the heats of formation for Fe(CO);
(—26.416 kcal mol—1) [16], the value

AHf[Fe(CO); ] =53.2+2 kcal mol !

is obtained. From the onset to 1200A the curve shows
considerable structure due to autoionization. This is
clearly correlated with the structure in the molecule
ion curve, suggesting that the same processes are pro-
ducing excited Fe(CO)— and Fe(CO){ ions. A similar
process is observed in the Ni(CO),. From about 1200A
the Fe(CO); ion curve is no longer parallel to the
molecular ion curve and its intensjty slowly diminishes
until it exhibits a new onset at 855A as discussed above.
Fe(CO);. The Fe(CO); ion curve starts (see ﬁ(fs

and 2) with a very weak steplike onset at 1256+1A (or
9.87 eV). This is a few tenths of an eV lower than the
energy at which the Fe(CO)i ion curve begins to go
down away from the molecule ion curve. From 1040 to
600A the Fe(CO)d and Fe(CO){ ion curves are very
similar. Likely the Fe(CO)§ ion is coming from Fe(CO){
ion by a cascade process. The heat of formation,

AH f°[Fe(CO)§]=105=*2 kcal mol~",

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~!
This value may be compared with the Fe-CO stretching
frequency v,3 in the neutral molecule of 431 cm~" [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(CO);3. The Fe(CO); ion curve starts at 1159+ 1A
(10.68 eV) (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(CO)s and Ni(CO);.
Photoionization Electron impact AHf©
threshold (eV)? threshold (eV)?

Fe(CO)s 4 kcal mol—?
Fe(CO)3 7.98+0.01 8.14—8.53 0.37+0.02 8.6+0.5
Fe(CO)t 8.77+0.1 8.34—10.0 2.31+0.1 53.2+2
Fe(CO)§ 9.87+0.1 9.89—10.3 4.55+0.1 105+2
Fe(CO)3 10.68 +0.1 10.92—11.8 6.51+0.1 150.1+2
FeCO+ 11.53=%0.1 12.9 —14.0 8.51+0.1 196.2 +2
Fe+ 14.03 0.1 14.7 —16.1 12.35+0.1 284.7+2

412.28 4283.16
Ni(CO),
Ni(CO)1 8.32+0.01 8.35— 8.75 2.07+0.02 47.8+0.5
Ni(CO)3 8.77+0.02 8.89— 9.36 3.58+=0.02 82.6+0.5
Ni(CO)z 10.10+0.1 10.21—-10.7 6.14+0.1 141.7+2
NiCO+ 11.65+0.1 1R =185 8.84+0.1 203.8+2
Ni+ 13.75%0.1 14.45—16.0 12.09+0.1 278.7+2
G915, 4280.24

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.

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

¢ The assumed processes are M(CO),+ Av — [M(CO),_,] * +nCO.

4 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~!'. This value is to be
compared with the Fe-CO stretching frequency vy in
the neutral molecule of 474 cm~' [17]. These steplike
features are a peculiarity of Fe(CO)3 and Fe(CO)$ 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
NHj molecule ion [18]. The remainder of the curve has
maxima at about 960, 900, and 750A. From 960 to 600A
the curve is very similar to that of the Fe(CO){ ion,
again suggesting the production of the Fe(CO); ions
from the Fe(CO); . ions. From the threshold value, the
AHf°[Fe(CO)3] is 150.1+2 kcal mol-!.

FeCO ‘. The FeCO" jon curve starts with a weak,
very long tail (see fig. 2) at 1075+ 1A (11.53 eV). From
the threshold value, AHf°(FeCO™) is 196.2+2 kcal
mol~!. The ion yield curve rises quickly starting at
about 980A and peaks at 780A.

Fe . The Fe* ion curve also starts with a weak very
long tail (see fig. 2). The onset is at 884+ 2A (14.03 eV),
which might become 14.23 eV if the thermal energy of
the molecule at 298 K (0.2 eV as calculated from ir
frequencies [17]) is taken into account. From this value
AH f°(Fe*)=284.7 kcal mol=! is obtained. By using heat
of formation (AH f°(Fe)=99.5 kcal mol-! [19],

AH f5Fe(CO); =—175.8 keal mol~! [15],

AHf3CO=—27.199 kcal mol-"' [16]) and I(Fe)=7.87
eV [20] to calculate the theoretical threshold of the

process Fe(CO)s+hv— Fet+5 CO+e, 13.92 eV is
obtained if the quantities involved are considered at
0 K, 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-
cules of excitation energy equal to the activation energy
(that is to the difference between dissociative and
molecular ionization threshold) for the formation of the
first fragment ion, is quite large: ~ 107 s—! for Fe(CO);
and ~ 10" s~ for Ni(CO)4 [21]. Very little if any kinetic
shift [22] is therefore to be expected for the formation
of Fe(CO)7 and Ni(CO)i ions. Considering that the
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 (< 0.2 eV) 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);, and the ionization
energies of atomic iron and of Fe(CO)s, it is possible
to obtain the average bond dissociation energies for
the neutral molecule D [Fe — (CO);] =1.25+0.03 eV,
and for the molecular ion D

[Fe—(CO);]1=1.23+0.03 eV.
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The first value must be compared with 1.20 eV from

o thermochemical data [21] and with 1.24 eV as calcu-
lated from the heats of formation of Fe(CO);, Fe and
CO. These data suggest that the first ionization results
by removing the electron from a virtually non-bonding
or weakly bonding molecular orbital with a prevailing
metal character. This agrees with the nature of the
last occupied molecular orbital as calculated for the
metal hexacarbonyls [24].

Ni(CO);. A typical photoionization field curve for
the Ni(CO); ion is shown in figures 3 and 4. The onset
occurs at 1490+ 1A (8.32+0.01eV). This value is
to be compared with the previous photoionization value

aof 8.28 eV [10] As discussed for the Fe(CO).} ion,
the Ni(CO){ ion also is likely formed by 0'—0" (or
~1’—1", etc.) transitions. From the threshold value
and the heat of formation of Ni(CO), (—144.10 kcal
mol 1) [15] the ionic heat of formation,

AHf°[Ni(CO);]=47.8%0.5 kcal mol !

is obtained. Below 1450A, the curve shows many

_ autoionization peakb every 0.02 —0.03 eV, which com-
pose broad maxima between 1450 and 1350A and
between 1310 and 1060A. From the latter wavelength
to 600A, the curve is constant or slowly decreases in
intensity.

Ni(CO);. The onset of the Ni(CO), ion (see figs.
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

~as those of the molecular ion in the corresponding
region. This again suggests that the Ni(CO), ion is
coming from the molecular ion and not from a Ni(CO);
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FIGURE 3. Photionization-yield curves from onset to 1380A for

Ni(CO)% and Ni(CO); ions from nickel tetracarbonyl.
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radical formed by decomposition. The formation
process of this ion at this energy seems to be:

(@) Ni(CO),+hv— Ni(CO)*
(b) Ni(CO)*— Ni(CO); *+e
(c) Ni(CO);*— Ni(CO); +CO

Process (a) and (b) refer to the autoionization of the
molecule. Process (c) is ascribed to predissociating
levels of the molecule ion leading to the Ni(CO),
ion. If this is true, the threshold of the Ni(CO), 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 +1A (8.77 eV), and the
heats of formation of Ni(CO), and CO,
AHf°[Ni(CO).; ]=82.6 kcal mol !

is calculated.

Ni(CO).. The steplike. very weak ouset for Ni(CO)3
ion occurs at 1228 = 1A(10.10 eV) (see fig. 4) resulting
in a heat of formation, AHf°[Ni(CO) _]—141.7 ==
keal mol=1. The curve shows a number of autoionization
levels in the initial part, and a broad maximum be-
tween 985 and 895A. From the latter energy to 600A,
the Ni(CO); and Ni(CO); curves are very similar,

NiCO*. From the threshold value of 1064+1 A
(11.65 eV) the heat of formation AHf°[NiCO*]=203.8
keal mol=! is calculated. The curve, shown in figure 4,
exhibits the expected tail on the low energy side.

Nit. The Nit ion curve starts with some weak auto-
ionization peaks (see fig. 4). The shape of the curve at
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FIGURE 4. Photoionization-yield curves from 1200 to 600A for
molecule and fragment ions of nickel tetracarbonyl.
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the onset, and the absence of a low energy tail suggest
that the Nit* ion is not formed by a cascade process,
but directly from the molecule ion. The onset is at
915+1 A (13.55 eV). Considering the thermal energy
the neutral molecule possesses at 298 K (0.2 eV
as calculated from ir frequencies [25] the threshold
value might become 13.75 eV. From this value
AHf°(Ni*)=278.7 kcal mol~' is obtained.

From heats of formation (AHf°(Ni)=102.7 kcal
mol~' (19), AHf; Ni(CO),=—144.877 kcal mol™!
[15] and from I(Ni)=7.63 eV [20], the theoretical
threshold for the Nit jon is 13.82 eV at 298 K and
13.63 eV 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
0 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-
cule ion (obtained as for the iron-carbonyl) are
D[Ni-(CO);]=1.53%0.03 eV and D[Ni-(CO);]=1.36
+0.03 eV respectively. The first value should be com-
pared with 1.53 eV obtained from the thermochemical
bond energy [26] and from the heats of formation
of Ni(CO);, 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 methods. The better resolution obtained by
photon impact and the different threshold law allow
one to obtain more accurate data. In fact bond energies
and AHf°(M+) obtained by photon impact agree well
with the thermochemical 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);,, ion curve.
Likely this fact can be ascribed to the formation of

the lower mass ion from that with one more CO ligand,
even if metastable ions are not observed to confirm:
the fragmentation paths. The relative abundances of
the ions differ from the values obtained by electron
impact as discussed.

The author gratefully 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

Electronic Density of States was the subject of the 3d Materials Research
Symposium, sponsored by, and held at the National Bureau of Standards, Gaithers-
burg, Md. on November 3—6, 1969. Attention was focussed on the correlation of
various experimental and theoretical techniques such as optical methods; photo-
electron, soft x-ray, and ion neutralization spectroscopy; specific heat; Knight
shift; and magnetic susceptibility. Band theory and many-body effects, as they
relate to the electronic density of states, were included.

Approximately 100 papers were presented at these sessions, including 16
invited presentations. Six of these invited papers are being published in this issue
of the Journal; the remaining ten will appear in succeeding issues. All of the papers
presented at the Symposium will be published by the National Bureau of Standards
as Special Publication 323 which will appear later this year.
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