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INTRODUCTION

The interest in the cyclopentadienylmetal carbonyls arises from the previous
electron impact studies of the related compounds, the transition metal carbonyls?
and the dicvclopentadienvimetal species®. Friedman, Irsa and Wilkinson® found that
simple rupture processes gave rise to the few ions observed in the mass spectra of the
dicyclopentadienyvimetal compounds, and the study by Winters and Kiser! indicated
that simple, successive dissociations occurred in the metal carbonyls. It was anti-
cipated that similar simple cleavages would occur in the cyclopentadienylmetal
carbonvls, but that there would be some difference in the bond energies of the two
different coordinating groups.

The three cyvclopentadienyimetal carbonyls which were chosen for this study
were those in which cobalt, manganese and vanadium were the metal atoms. These
three molecules, although possessing very low volatility, could be admitted through a
conventional manifold to the ion source of the mass spectrometer. The results of this
study showed that the simple bond rupture does indeed prevail in the cyclopentadienyl-
metal carbonyls, but that some fragmentation of the C;H; group also occurs. Further,
there are significant differences in the bond energies of the M-CO and the M-C;H;
bonds in these compounds. The results found in this examination of the positive and
negative ions produced upon electron bombardment of the three cyclopentadienyl-
metal carbonyvl compounds are presented and discussed.

EXPERIMENTAL

The samples of cyclopentadienylcobalt dicarbonyl, cyelopentadienylmanganese
tricarbonyl, and cvclopentadienylvanadium tetracarbonyl were kindly provided by
Dr. R. B. Kixc. Low voltage mass spectrometry was used to determine the approx-
imate purities of the samples. The cyclopentadienyvlcobalt dicarbonyl was found to
contain a small amount of dicvclopentadiene. However, this impuritv did not interfere
with the study. No volatile irnpurities were detected in the manganese and vanadium
compounds.

The mass spectra and appearance potentials were determined with a Bendix
{(Model r2-100) time-of-flight mass spectrometer. During this work, the instru-

J- Organomeial. Cken:., 3 (1965) t90-197



IOXS FROM CYCLOPENTADIEXYL Co, Mn axXD V CARBOXYLS 191

mentation® was modified through changes in the ion source and the power supplies
in order to permit studies of negative ions preduced in the mass spectrometer. It was
not possible to record data from negative ion studies on a strip chart. In order to
obtain permanent records of the negative ion spectra, Polaroid-Land camera photo-
graphs were taken of the oscilloscope screen and the photographed spectra were
subsequently analvzed. Qualitative results concerning the relative abundances of the
negative jons were obtained. It was not possible to obtain detailed energetic informa-
tion, but it was determined whether or not a given negative ion showed a ““resonance
peak” indicative of electron capture.

The experimental ionization efficiency curves for the positive ions studied were
interpreted using the extrapolated voltage difference method®* and the method of
Lossing, Tickner and Bryce’. Since the compounds were not sufficiently volatile to
use any of the noble gases for calibration purposes, mercury (from the diffusion
pump) and oxygen (from a small air leak) backgrounds in the mass spectrometer
were used to calibrate the ionizing voltage scale. Spectroscopic values for the ionization
potential of mercury (1043 eV®) and of oxvgen (12.08 eV?) were employed for this
purposes.

Decomposition products were repeatedly cleaned from the ion source and the
\Wilev magnetic electron muitiplier components throughout this study. Also, frequent
replacements of tungsten filaments were necessary. The mass spectra were found to
remain constant and appearance potentials were reproducible to within the quoted
error limits (one standard deviation) for independent runs.

DISCUSSION OF RESULTS

Positive foi mass specira

Partial positive ion mass spectra, taken at a nominal electron energy of 70 eV,
are presented in Table 1. The relative ion abundances were normalized to 100 for
intensities of the cvclopentadienylmetal ions. Parent molecule ions were observed
in the mass spectra of the three compounds studied. No indication of dimerization or
other association of the molecules in the gaseous phase was detected.

The high abundances of the positive ions formed by successive removal of
2§ a.m.u. (i.e., the CO group) indicates that the carbonyl groups are fragmented more
readilv than the cvclopentadienyl ring svstem. Positive ions represented by the
formula (CsHM(CO)z=, where x = o, 1, 2, etc. up to the parent molecule ion, were
observed; however, only one M{CO),* species, namely MCO*, was detected in the
cvclopentadienylmetal carbonyls.

No fragmentation of the C-O bonds of the carbonyl groups in the metal-
containing positive ions was observed. However, fragmentation of the cyclopentadi-
envl ring was found to occur. {C;H;)Co~ and (C3H,)V+ were found to be abundant in
the mass spectra of (C;H;)Co(CO).and (C;H;)V(CO) ;. The low abundance of (C;H ;) Mn+
observed in the spectrum of the manganese compound will be discussed below.

The mfe = 39 positive ion observed in the cracking patterns of the three com-
pounds could only be CyH ;+. Difficulty was encountered in bringing this jion into sharp
focus. This phenomenon is undoubtedly associated with the fragmentation process
resulting in its formation. Investigation of this ion in the cyclopentadienylcobalt
dicarbonyl was prevented because of the dicyclopentadiene impurity noted previously.
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TABLE 1

RELATIVE ABUNDANCES (AT 70 €V) OF THE PRINCIPAL IONS FROM THE CYCLOPENTADIENYLMETAL
CARBOXYLS

Ior (CH)Co{CO), (CsH)Mn(CO); (CsH)V(CO),

Posstive ions

(GHM(CO)* 79
{GHM(CO);™ 25.7 3.6
(GHIM(CO),* 248 0.2 10.5
(GHIMCO~ 25.¢ 227 6.0
(CHOM 100.0 100.0 100.0
(CGH M+ 28.2 o 31.9
MCO*™ 17.1 0.2 7-1
ME 6o.1 63.1 58.7
CsH,™ - 5-3 177

Negaiice tons

CsH, )M CO)~

(CsH)M(CO}y~ 100 100
(C;HIM(CO)s~ 100 S5 50
(G HLMCO™ 50 5 —
{GH)M 5

Negative ton mass specira

The negative ions formed by fragmentation of the three mixed cyclopentadienyl-
metal carbonvls are conveniently summarized in Table 1. It was not possible to
compare directly the relative sensitivities of the negative and the positive ions;
therefore, their relative abundances are separated in Table 1. Also, due to the nature
of the Polaroid-Land camera photographs, assignments of #:/¢ values for the negative
ions could not be made with an accuracy better than three m/e units. This is shown in
Table 1 by (C;Hy)M(CO);—, where v may be 3 to 5, representing the negative ions
observed.

Earlier studies of dicobalt octacarbonyl and dimanganese decacarbonyl! in-
dicated negative fragment ions such as M{CO),~ to be present in the mass spectrum.
No ions of this typ= were observed in the negative ion mass spectra of the cyclo-
pentadienyimetal carbonyls of cobalt and manganese, again indicating the ease of
removal of the CO groups as compared with the removal of the C;H; group.

Clastograms

The variations i the fractional ion abundance for various ionizing energies,
are shown in Fig. 1. Indications of the precursors and/or daughters of a given ion
may be obtained from such a figure. Of course, this does not necessarily correspond
to the process which occurs in the threshold region. Striking similarities exist between
the clastograms (Fig. 1) for the cyclopentadienylmetal carbonyls and the clastograms
previously reported for the transition metal carbonyls.
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Fig. 1. Clastograms for cyciopentadienvicobalt dicarbonyl, cvclopentadienylmanganese tricarbonyl
and cyclopentadienvilvanadium tetracarbonyl. Cyclopentadienyl = Cp.

Ewncrgetic considerations

The appearance potentials, proposed processes and heats of formation for the
principal positive ions fragmented from cyclopentadienylcobalt dicarbonyl, cyclo-
pentadienylmanganese tricarbonyl and cyclopentadienylvanadium tetracarbonyl are
shown in Tables 2—4.

The heats of formation that were used in the calculations are as follows: Co+,
287 kcal/mole3; Mn~+, 241 kcalfmole®; V+, 276 kcal/mole®; CO, —26.4 kcal/moleS;
C,H,, 54.2 kcal/mole$; CgH,, 84 kcalfmole?; and C;H;, 50 kcal/mole®0.

Heat of formation data are not available for the cyclopentadienylmetal car-
bonyis. The appearance of the positive metal ions in the mass spectra (Table 1) allows
one to measure its threshold formation energy. By making the assumptions that no
€xcess energy is involved in the fragmentation processes to the transition metal ions
and that the accompanying neutral fragments are formed in their ground states, we
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TABLE 2

APPEARANCE POTEXNTIALS OF THE PRINCIPAL POSITIVE IONS FORMED FROM CYCLOPENTADIEXYL-
COBALT DICARBONYL

mie  :Appearance Probadiz process S Hy (iorm)
potential (eV) (kcalimole)
8o 53 =0z {C3H,;)Co(CO). - (C;H1Co{CO}.* 176
152 10.1 =+ 0.2 -» {CsH,;)CoCO™ -+ CO 244
124 II.7 =022 - {CGH)Co™ + 2CO 308
o8 168 =~ o0.3 - (G H,)Co* + C,H, + 2CO 371
87 16,53 —o.3 — CoCO+ +- C_,H, + CjH; + CO 254
59 168 = 0.3 - Co* + C3H, + C.H. + 2CO {—15)°

a Heat of formation of {(C;H)Co{CO),.

TABLE 3
APPEARANCE POTENTIALS OF THE PRINCIPAL POSITIVE IONS FORMED FROM CYCLOPENTADIENYL-
MANGANESE TRICARBONYL

mie Appearance Probable precess A Hy (fon)
Potensial (V") (kcalimole)
204 83 = 04 {C,H MR (CO); — (C.H)MR(CO),* 124
148 9.8 =~ 0.3 - {C;H)Mn(CO)= = 2CO 212
120 12.0 =~ 0.3 - {GsH, M+ + 3CO 239
55 15.9 — 0.3 — Mn* + C,H, + C,H. + 3CO {—67}%
39 20.3 = 0.3 -+ CyH~ = 7 —

= Heat of formation of (CgH;)Mn(CO),-

TABLE +

APPEARANCE POTENTIALS OF THE PRINCIPAL POSITIVE IONS FORMED FROJM CYCLOPENTADIENYL-
YANADIUNM TETRACARBONYL

mic Appearance Probable process AHy (iory
potential {eV) thecalimele)
228 8203 (CHOV(COj — (CSH)VCO;,~ 50
T2 Q.7 == 0.3 — {CHOV{CO), ™ -+ 2CO 137
rss 10.7 =~ 0.3 — (C;HVCO™ + 3CO 137
116 3.2 — 0.2 — {CGH V- = 3CO 294
go 1859 = 0.3 - {C.H}\= +~ C_,H, = 4CO 345
3f 1G4 = O.% - V+ - C4Hy + C.H, + 4CO  (—139)%
39 I35 =03 - CyHy™ + 2 —

2 Heat of formation of (C;H)V(CO),.
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are able to calculate the heats of formation of the organometallic molecules. The
processes chosen are indicated in Tables 2—4. The heats of formation calculated are
—15, —67 and —139 kcal/mole for cyclopentadienylcobalt dicarbonyi, cvclopenta-
dienylmanganese tricarbonyl and cyclopentadienylvanadium tetracarbonyl, respec-
tively. These values are in reasonable agreement with values estimated from bond-
strength data for similar compounds!!. Further support for the calculated heats of
formation of the molecules is the thermochemical data obtained for the (C;H )M+
ions (Tables 2—4). These are in good agreement with heats of formation calculated for
similar gaseous ions from the appearance potential data reported by Friedman, Irsa
and Wilkinson? on the dicyclopentadienylmetal compounds. It is clear that if one
considers the processes for the formation of the M+ ions to be

(CsHN(CO)z —— M* + CyH + 4CO 6y

much larger negative values for the heats of formation of the molecules will be ob-
tained. This neither would agree with the estimated values nor wounld allow the
calculation of reasonabie heats of formation of the gaseous (C;H;)M* ions.

The heats of formation calculated for the gaseous cyclopentadienyl- and cyclo-
propenylmetal ions, ¢.g., (C;H )M and (C3H,)M+, respectively, permits an estimation
of the bond strengths for the ring-metal bonds of the gaseous ions. Consider the re-
actions

(CsHgM* —— C;Hy + MI* (2)
and
(CyH 1M+ —— CyHy + M~ (3)

for which AHreactton 1s the bond strength, D(R-M*). Using the appropriate thermo-
chemical values, bond energies of 29, 2 and 32 kcal/mole for the D{C;H;)-M+] in
the cyclopentadienylcobalt, -manganese and -vanadium ions, respectively, are
obtained. Similar calculations using eguation (3) yield o and 12 kcal/mole for
D (C3H;)-M~=] in the (C3H3)Co~ and (C3H,)V+ ions, respectively. Thus

DUCH)-MF] > D{CH -] ()
and
DTiCH;—Co™] = DI(CH)—V*: > Di(C;H)—>Mn™} (5)

The decrease in cyclopentadienyl-metal bond strength in (C;H;)Mn+ ion fo that in
the analogous cobalt and vanadium ions is thought to be due to the dissimilarities in
the bonding of the corresponding ‘‘sandwich’ compounds'2. Also, since D7{C;H;)-Mn+]
1s approximately 30 kcal/mole less than D{(C;H;)-Co+] and D{(C;H;)-V+], and since
Di(C;H;)-Co~] and D{(C,H,)-V+] are 20-30 kcal/mole less than the bond strengths
in the analogous cyclopentadienylmetal ions, it is anticipated that D{(C,H;)-Mn~]j
would be a negative value. This is substantiated by the small gquantities (~0.2 per
cent) of (C;H;)Mn* observed in the mass specttum of (C;H;)Mn(CO);, whereas large
relative abundances for the (C,H;)Co* and {C,H,)V+ ions were noted in the mass
spectra of the cobalt and vanadium compounds®.
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Negative ions can be formed by either electron capture processes

AB t ¢ — AB- (6)
and
ABf+te — A+ B (7}

or by an ion-pair production process

AB+e— A~ + BT +¢ (8)

Process (6; is the resonance electron capture and process (7) is the dissociative
electron capture of the molecule. The metal-containing negative ions formed upon
electron impact of the cyclopentadienylmetal carbonyls were observed to be in-
dicative of ions produced by processes (7) and (S}. Each negative ion observed in the
70 eV mass spectra {Table 1) of the cobalt, manganese and vanadium compounds
was found tc exhibit an electron capture phenomenon at low ionizing energies
(< 10 eV) in addition to a pair-production process at higher electron emergies. In
addition to the negative ions tabulated in Table z, (C;H;)Co~ was detected at lower
ionizing energy. This is attributed to production by the dissociative electron capture
process

{CHiCo{ LU, + ¢ —— iCiHCo™ + 2CO {9}

involving electron capture and loss of two neutral CO groups. Similar fragmentation
involving loss of neutral CO groups by dissociative electron capture might be written
for the remaining negative lons {Table 1) except for those negative ions with mife
values near that of the parent molecule ion.

Because of the poor resolution on the Polaroid-Land photographs taken,
{CSHDHCO) .~ (CHYM{COY~ and (C;H)M(COj~ could not be distinguished in
this study. The appearance of negative tons of m/¢ values near or at that of the parent
was observed (Table 1) for both the cobalt and manganese compounds. The observation
of these negative ions at high ionizing energies (70 eV), indicates that their formation
processes must involve ion-pair preduction. Two possible modes of formation are

(CHIMICO); ~ e — (CHOM{CO},~ + HF ~ e (10)
or
(CsHIMICO) 2 + ¢ —= {GHPOALCO)~ = Hy" + e (x5}

with the H~ or H,* ion being formed in conjunction with the negative ion. It follows
that, at these higher energies, the ions observed are not the negatively charged parent-

iolecule 1ons. However, these same (or very nearly the same) m/e 1ons were also
observed at low ionizing energies, and therefore also may be produced by an electron
capture or dissociative eleciron attachment process. Accordingly, it is not possible to
determine if a resonance electron capture to form (C;H;}3(CO);~ does occur. It
would be of significant interest to study these ionic species in greater detail, particularly
with the purpose of making more definite /e assignments.
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SUMMARY

The positive and negative ions formed from (C;H;)Co(CO)., (C;H;)Mn(CO); and
{C;H,)V{CO) upon electron impact in the mass spectrometer have been investigated.
Separation of the carbonyl groups in preference to the cyclopentadienyl ring system
from the remainder of the molecular ion was found to occur. Ionization potentials of
8.3 ~ 0.2, 8.3 = 0.4 and 8.2 = 0.3 €V were determined for cyclopentadienylcobalt
dicarbonyl, cyclopentadienvlmanganese tricarbonyl and cyclopentadienyivanadium
tetracarbonyl, respectively. A discussion of the probable processes of lonization and
dissociation, consistent with the observed energetics, is presented and the thermo-
chemical data for DI(C;H;)-M+} and BI(C,H,;)-M+] are considered.

REFERENCES

1 R, E. WixTERS AxXD R. W. KISER, Inorg. Chem., 3 (1663) 699; 3 (1965) 157: J. Pkys. Chem.,

69 (19535) 1618.

L. FriepMaX, A. P. Irsa axp G. WiLKixsox, J. Am. Chem. Soc., 77 (1955) 3689.

E. J. GALLEGOS axp R. W. KisER, J. Am. Cken:. Soc., 83 (1961) 773: J. Phys. Chem., 65 (1g61)

1177.

J. W_\WARREN, Naiure, 165 (1950) S1o.

F. P. Lossixg, A. W. Tick~ER axD W. A. BrycEg, J. Ckem. Phvs., 19 (195I) I254.

C. E. MoOORE, Atomic Encergy Levels, Natl. Bur. Std. Circ. No. 467, U.S. Govt. Printing Office,

Washington, D.C., 1958.

G. HERZBERG, Molecular Spectra and Molecular Struciure. I. Spectra of Diatomic Molecules,

\an Nostrand, New York, 1950, p. 459.

S F. D. Rossixi, D. D. Wacyax, W. H. Evaxs, S. LEVINE axp I. JarrE, Selected Values of
Chemical Thermodynamic Properties, Natl. Bur. Std. Circ. 500, Washington, D.C,, 1952.

o J. B. FarMER aAXD F. P. Lossixg, Can. J. Chem., 33 {(1955) 861.

to F. A. Corrox axD G. WILKINSON, [. Am. Clem. Soc., 74 (1952) 5764.

11 C. T. MorTIMER, Reaction Heats and Bond Sirengths, Pergamon Press, New York, 1962,

149-I53.

2 G. WiLkinsoN, F. A. Cottox axD J. M. BirMINGHAM, [. Inorg. Nucl. Chem., 2 {1956) 95.

5 Professor D. SEvFerTH has kindly called our attention to the paper by E. SCHUMACHER AXD
R. Tavsexest [Helv. Chin. dcta, 47 (1963) 1525 in which the cyclopropenylmetal ions also
were noted in the mass spectra of ferrocene and nickelocene.

QWU e [V 1

~)

o

J- Organometal. Chem., 4 (1965) 190-197



