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Twelve ions have been observed in the dissociative photoionization studies of Ma(€l@) a synchrotron
radiation source in the photon energy range o#48 eV. The photoionization efficiency (PIE) curves of
these ions from the dissociative ionization of Mo(G@ave been measured for the first time. Appearance

potentials (AP) of all the ions have been determined from their PIE curves and these AP values, in turn, bring
about a series of bond dissociation energy (BDE) data for the intermediate ions produced by photoionization/

fragmentation.

I. Introduction radiation source from UV to extreme UV is a valuable technique
for thermochemical measurements concerning the ion fragmen-
tation and its dynamics.

Photoelectror-photoion coincidence (PEPICO) technique has
proven to be a powerful technique for studying ion fragmenta-
tion dynamic$:78 By the combination of this technique with
the synchrotron radiation source with a wide range of photon
energies from UV to the extreme ultraviolet region, energetics
and fragmentation dynamics of intermediate ions, produced by
photoionization of the parent molecule followed by dissociation,
can be studied. Recently, we have studied Cr¢@@)applying
a varied version of this techniqde.By detecting all the
photoelectrons from photoionization without energy selection,
we obtained the photoionization efficiency (PIE) curves of all
the observed ions from the dissociative photoionization of Cr-
(CO)k. In this study, aside from sequential fragmentation of
the parent ion, metal carbide and doubly charged ions from Cr-
(CO) were identified.

In the present work, we focus on the fragmentation of Mo-
(CO)™" produced by the photoionization of Mo(C£)sing the
synchrotron radiation in the photon energy range 8 eV.

We report the PIE curves of all the ions resulting from the
dissociative photoionization of Mo(C@and derive from these
PIE data the thermodynamic information concerning the ion
fragmentation processes.

Among the group VIB transition metal hexacarbonyls, Cr-
(CO) is the most studied compound concerning the thermo-
chemistry of its ionic fragments? The bond dissociation
energies (BDE) of C&Cr(CO)"™ have been estimated by
electron impact ionizatictf and photoionizatiof. The observed
reduction in BDE of CG-Cr(CO),* compared to that of CO
Cr(CO), revealed the importance of thef back-donation from
the metal to the ligands in the bonding of the metal carbonyl
compound.

Similar measurements on Mo(Cfhave been rather limited.
Most fragmentation studies on Mo(C§€)to date used the
electron impact ionization methdd. Winters and Kiser have
observed Mo(CQ) (n = 0—6), doubly charged ions Mo-
(COX2* (n = 1—3), and the carbide ion MaCfrom Mo(CQO)
using 70 eV electron impact ionizatidn.Michels and co-
workers observed only seven ions Mo(GD)(n = 0—6)
produced with a 50 eV electron bedmBoth groups have
estimated the appearance potentials (AP) of the observed
fragmentions. Although multiphoton ionization/fragmentation
of Mo(CO) in the UV and visible regions has been under
scrutiny® no single-photon ionization study of Mo(COhas
been reported. Since it is generally accepted that thermochem
istry data measured by photoionization is more accurate than
that measured by electron impact ionization, it is desirable to
derive the thermochemical data of the ionic fragments of Mo- ] )
(CO)s by studying the fragmentation of Mo(C@)generated  !l- Experimental Section
by single-photon ionization. Photoionization, especially when

Details of the experimental set up can be found in previous
armed with the widely tunable and powerful synchrotron p P P

publications'®!! Synchrotron radiation from the 800 MeV
electron storage ring (National Synchrotron Radiation Labora-
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6000 A. The gratings of 2400 and 1200 lines/mm are coated
with Au and Ir, and blazed at around 550 and 1400 A, Mo(CO),
respectively. The wavelength of the monochromator was
carefully calibrated with the known ionization potentials and
autoionization peaks of the inert gases Ne and Ar. The
wavelength resolution is about 1.5 A with 20t entrance and 10604
exit slits. The photon flux was monitored by a sodium salicylate
coated glass window with a PMT behind the ionization chamber. “
PIE curves were normalized by the photon flux. In the
wavelength region longer than the LiF cutoff (1050 A), a LiF
window (1 mm thick) was used to eliminate higher order
radiation of the dispersed light.

A time-of-flight (TOF) mass spectrometer was employed for
the VUV photoionization/fragmentaion studies. Photoelectrons
and photoions produced by the VUV light were drawn out of
the photoionization region in opposite directions and detected
separately by a channeltron electron multiplier and an MCP
detector. The electron flight time from the photoionization
region to the electron detector is 0.1 us and can thus be
ignored compared to the ion flight time. Mass analysis was
achieved by TOF mass spectrometry which uses the photoelec-
tron pulse (in our PIE studies, this pulse includes both threshold
and nonthreshold photoelectrons) to start and the photoion pulse
to stop a time-to-amplitude converter (TAC). The output of
the TAC was sorted in a MCA. A mass spectrum was obtained 5 a0 o5 a0
as the total number of coincidence vs the flight time of the ions. Time of Flight (us)
The TOF tube is 1000 mm long and its mass resolution is i
typically ~120. A specified ion can be monitored by selecting F_igure 1. Typical diss_ociative photoionization TOF mass spectra at
the TAC amplitude, and the TAC output is then sent to a counter different photon energies.
through a single-channel analyzer (SCA). The ion signal
intensity was carefully controlled so as to avoid the parasitic . .
effect in using the TAC for the TOF measurements. The parent the only fragments which can be_observ_ed In _the mass spectra.
and daughter ions Mo(C@) (n = 0—6) were simultaneously However, at all the phqton energies we mvestlgated,. the parent
tracked through the TAC/SCA as the wavelength was scanned'o" ?"Ways gppeared; its intensity decreased only slightly with
with a wavelength increment of 1 A, yielding PIE curves of the increasing photon energy. .
these ions. Owing to the weaker signals of Mo(@O)n = The PIE curves of the parent ion Mo(CG)and of all the

1-3) and MoC, these ions were not selected for the wavelength CO-eEmination iragment ions Mo(C®), Mo(CO)", Mo-
scanning. Their PIE curves were obtained by recording a series(CO%"» Mo(CO", MoCO", and Mo" are presented in Figures

of time-of-flight mass spectra at different wavelengths. The 24 respectively. The AP in each PIE curve has been
APs of Mo(CO)2* (n = 1—3) and MoC were estimated based determined by the linear extrapolation meth&d? In our data

on the series of mass spectra and taken as the wavelength dféatment, we ignored the thermal energy distribution of the
which the ion disappears. parent molecule. Under the nozzle expansion condition de-

Mo(CO)s was obtained from Strem Chemicals with a stated scribed above, certain extent of cooling is expgcted (below 200
purity of 99% and used without further purification. In this K). The therr_n_al energy has the effect of lowering the obseryed
experiment, the vapor of Mo(C@yvas introduced by a 1.5 mm APs. In ad_d|t|_on, no correction ha_s be(_an '.“ade for _p_OSS|bIe
diameter hole and was carried by He400 Torr), forming a reverse activation barriers and kllnetlc shifts in determmlng. the
continuous beam through a Zfn diameter nozzle downstream. APS. .AS these factors tef‘d to shift the.observed onsetto .hlgher
The molecular beam travels from the source chamber into the EN€r91€s, th_e APs we estlmat_ed only give upper limits. Similar
ionization chamber through a 1.5 mm skimmer. The pressure data analysis has been carried out t_)y other resear_chers and
of the ionization chamber was5 x 10-6 Torr when the appears to be useful for studying ion fragmentation pro-
molecular beam was introduced. No cluster was observed undercesseg"wu

this condition, so no fragment ions were considered to originate Since the iqn signals.of the carbidg fragments and the doub!y
from cluster dissociation. charged species are quite weak, continuous wavelength scanning

of these fragment channels was not pursued. Instead, we took
the TOF mass spectra Wit5 A intervals from 300 to 460 A
and constructed PIE curves based on the mass spectra. Shown
Typical TOF mass spectra at different photon energies are in Figure 5 are the PIE curves of Mo(C®) Mo(CO)2", Mo-
given in Figure 1. As can be seen from the figure, in addition (CO)?", and MoC", constructed from the TOF mass spectra.
to the parent ion and the CO-elimination fragments Mo((&0O) The Aps of these ion fragments were determined as the photon
(n = 0—6), other fragments, including the carbides Mo&hd energy at which the ion disappears. We did not attempt to
MoC(CO)" and the doubly charged species Mo(GO)(n = construct the PIE curve of MoC(CO)ue to its weaker ion
1-3) can be identified. These species were observed previouslyintensity, but the AP of MoC(CO) can be estimated to be
in the electron impact ionization mass spectra of Mo(0)  around 23.39 eV.
Figure 1 also shows that, as the photon energy increases, Mo- Figure 6 plots the relative ion abundance as a function of
(CON't (n = 4—6) gradually decreases. Mo(CO)disappears photon energy for the parent ion and the CO-elimination
at higher photon energy, but Mo(CQO)n = 0—3) gain intensity fragment ions from Mo(CQ) The ion intensities are normal-
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ized so that their intensity sum is 100 at any wavelength. At Figure S. Photoionization efficiency curves of (a) Mo(C#), (b) Mo-

low energy, the parent molecule ion predominates. As the (CO)?*", and (c) Mo(COJ" and (d) MoC from Mo(CO}.

photon energy is increased the fragment ions “grow in” in order graph is constructed from a series of TOF mass spectra with a
of their increasing APs, e.g., Mo(C&) Mo(CO)*, etc. relatively large wavelength intervals €80 A), some fine
Subsequently, the abundance of each of these ions passefeatures are not as clear as those observed in the corresponding
through a maximum (except for My and then decreases to a PIE curves obtained by the continuous wavelength scanning
nearly constant value at higher energy. Overall, the relative method.

ion abundance graph is quite similar to those obtained from In Figure 7 the He | photoelectron spectrum (PES) of Mo-
electron impact ionizatiod. Since the relative ion abundance (CO)s reported previously is reproducétl.lt is interesting to
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Energy (eV)

Figure 6. Relative intensities of the parent and fragment ions from
Mo(CO) as a function of photon energy. The intensity sum of all the
observed ions is set to be 100 at all the wavelengths in the plot.
compare the PES of Mo(C@)with the onsets of the ion
fragments from Mo(CQ) The first peak centered at around
8.4 eV arises from the ejection of an electron from thg 2t
orbital with mainly the Mo(4d) character. The PE peak
observed at ionization energy13.4 eV was assigned to an

electronic states corresponding to the removal of an electron

from the 8t orbital®1617 The PE peaks in the energy range

of 14—16 eV and around 17.6 eV correspond to the removal of

electrons from the®and Ir and 4 orbitals of the CO ligands,
respectively?16.17 The energy thresholds for the formation of
Mo(CO)* (n= 0—6) are indicated in Figure 7. The thresholds
for the formation of Mo(CQy" (n 0—3) approximately
coincide with the 8t, 50 and 1z, and 4 PE peaks, respectively.
The onsets for the elimination of the first two CO ligands from
Mo(CO) occur in the valley region of the photoelectron

J. Phys. Chem. A, Vol. 101, No. 39, 1997197

Some features in the PIE curves shown in Figured 2an
be clearly recognized. Inthe PIE curves of Mo(G0and Mo-
(COX* shown in Figure 2, two pronounced features labeled a
and b are noteworthy, which peak at around 10.2 and 11.5 eV,
respectively. For Mo(CQYJ, there is one more peak at a longer
wavelength £1400 A). Itis interesting to compare this result
to the total photoabsorption and photoionization cross sections
of Mo(CO) we measured previoushj. The most pronounced
peak b in the PIE curves of Mo(C&¥)and Mo(CO}" matches
closely to a sharp peak in the photoabsorption spectrum of Mo-
(CO) and a bump in the photoionization spectrum of Mo(gO)
at the same wavelength. As pointed out previously, this peak
corresponds to the excitation of one of the molecular orbitals
localized on the CO ligands ¢%or 1) to an unoccupied orbital,
e.g., 2t (7). Similarly, peak a and the peak at1400 A in
the PIE curve of Mo(CQ) can also be related to the
photoabsorption spectrum and photoionization spectrum of Mo-
(CO).28

A valley is apparent in the PIE curves of Mo(G®) Mo-
(COX*, and MoCO shown in Figures 3b, 4a, and 4b
respectively. These valleys can also be observed in the PIE
curves of Cr(CO)" and Cr(COJ from Cr(CO}.° Close
examination of the PIE curves of Mo(C§) Mo(CO)*, and
MoCO" in Figures 3b and 4a,b shows that the valleys are
located at similar photon energies around 23 eV. The PIE
curves of Mo(CO)" (n = 4) have not been extended to these
photon energies, and we therefore do not know whether these
valleys persist. The coincidence of the valleys in the PIE curves
of Mo(CO}" (n = 1—3) suggests that these steps may have
the same origin. Since no obvious dip was observed in the total
photoionization yield spectrum of Mo(C&?® we suspect that
the parent ion Mo(CQ) may have preferentially survived at
the photon energies23 eV), leading to a lower probability
of forming the smaller fragment ions. Valleys at similar photon
energies were observed in the PIE curves of Cri€@pd Cr-

spectrum. Most likely, these fragments are produced from the (CO)* from Cr(CO}.°

vibrational autoionization of Mo(C@)s suggested for Cr(C@)
by Das et aP

IV. Discussion
The APs derived from Figures-5 are tabulated in Table 1

along with the values measured by other researchers. The erro
bars are also listed. These error bars only reflect either the band

width of our monochromator or the wavelength interval of the

From the AP values given in Table 1, the heats of formation
of different ions produced from photoionization/fragmentation
of Mo(CO) can be estimated by the following equations:

AH2Mo(CO)s_,") = AP(Mo(CO),_,,") +
AH{ 55 Mo(CO)) — MAHefCO) (1)

data points for performing the measurements. It appears tthUghAHfozgs(MoC(CO)s_m+) = Ap(MoC(CQ);_nj) +

a rough comparison that the data of Winters étand Foffani

et al!® are close to our result at lower energy, whereas the data

of Michels and co-workers agree with our result at higher
energy? The ionization potential (IP) of Mo(C@yve obtained

AHL,6(M0(CO)) — (M — 1)AH%5CO) — AH,64(CO,)
)

is lower than all the reported values using electron impact where AHi%gMo(CO)s), AH{%e(CO), andAH%eCO,) are

ionization and photoelectron spectroscopy in literaffré 21
The IP of Mo(CO} was also measured by the photoionization
method previously? The IP value of 8.12 eV measured by
Vileso and Kurbatov using photoionizat#h is in good
agreement with our result. It should be mentioned that, in
measuring the APs of Mo(C@) (n = 5, 6), we used a LiF
filter which effectively eliminated the effect of higher order
radiation from the grating. For the AP measurements of Mo-
(COX' (n = 0—4), the grating of 2400 lines/mm was used
without adding filter. According to our past experience, the
effect of the second order radiation from this grating is
negligiblel® Due to the adoption of the continuous wavelength
scanning procedure and the use of LiF fliter to cut off higher
order radiation, the photoionization onset of the Mo(€Qpn

—218.524 —26.4125 and—94.05 kcal/moF® respectively, taken
from literature. The derived heats of formation of the ions are
also listed in Table 1 together with the literature values. A
cursory inspection of the Table 1 shows that our results are
roughly consistent in trend with those obtained by other groups
using the electron impact ionization method but different in
terms of the exact values.

The BDEs((CO}Mo*—CO) were calculated from the AP
values in Table 1 and listed in Table 2 along with some literature
values. In general, the agreement of our calculated results with
those of the electron impact ionization method other groups is
not so good in terms of the exact values. Since the photoion-
ization onsets of the ions are all quite clear, we believe that the
apparent BDEs we obtained should be reasonably accurate; by

shown in Figure 2a is very clear. We therefore believe that the “apparent” we mean that the kinetic energy shift and reverse

IP of Mo(CO) we measured is reasonably accurate.

barrier effect have been ignored. Of course, the true BDEs still
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TABLE 1: APs and Heats of Formation of the lons from Mo(CO)g

AP (eV) AH%gg (kcal/mol)
ions this work ref4 ref3 refl8 others assumed process this work ref4 ref3 refl8
Mo(CO)*+ 8.15+ 0.01 8.46 8.23 830 8.753.2° Mo(CO) —30.6+£0.25 —23.4 —-29 -27.1
8.5¢8.12¢ — Mo(COx" +e
8.22°F
Mo(CO)*+ 9.56+0.01 10.02 9.80 9.64 — Mo(CO)" +CO+e 28.2+0.25 39 34 30.2
Mo(COu*+ 11.08+0.02 11.61 11.9 11.28 — Mo(CO)," +2CO+e 89.8+0.45 102 109 94.4
Mo(CO)*  12.87+0.02 13.29 13.7 12.36 — Mo(CO)* + 3CO+e 1575+ 0.45 167 177 14538
Mo(CO)* 14.14+0.02 14.86 15.6 13.90 — Mo(CO)," +4CO+e 213.2+£ 045 230 247  207.7
Mo(CO)* 16.12+0.03 16.52 18.1 15.8 — Mo(CO)" +5CO+ e 285.0+ 0.70 295 331 2779
Mo* 18.13+0.05 18.24 20.7 183 — Mo* + 6CO+e 358.0+1.2 361 417 362.0
MoC(CO)" (23.39)% 0.20 — MoC(CO)" + CO, +3CO+e (494.2+5.0
or— MoC(CO)" + O+ 4CO+e (426.5+5.0
MoC* 25.83+0.30 27.2 — MoX* + X0, + 4XO + e 576.8+ 7.0 608
or—MoC"+ O+ 5CO+e 509.2+ 7.0
Mo(CO)?t 28.83+0.35 29.1 — Mo(CO)?" + 3CO+ 2e 525.5+ 8.0 532
Mo(CO)?*t 30.61+0.40 30.8 — Mo(CO)?" + 4CO+ 2e 593.0+ 9.0 597
Mo(COy+  33.97+0.45 345 — Mo(COY*t + 5CO+ 2e 696.9+ 10.0 709

aReference 19 Reference 20° Reference 219 Reference 22 Reference 22a.

BDE(Mo'—C) = AP(Mo") + BDE(C—0) — AP(MoC")
3)

where BDE(C-0) is the bond dissociation energy of the free
CO (11.158 eVy5 Of course, all the species near their APs
have to be assumed in the ground states in order to estimate
the ground state BDE. As will be shown below, however,"Mo
is actually produced in an excited state near the AP. Therefore,
BDE(Mo"™—C) can only be regarded as the energy required to
break the Md—C bond with Mo" in the excited state.

The average BDE®o(Mo-CO) of Mo(CO) and Dg(Mo™-
CO) of the Mo(CO§* ion are calculated by the following

Count/ sec

Figure 7. He | photoelectron spectrum of Mo(C&eproduced from equations:
(ref 15). The arrows show the onsets of photofragments from Ma(CO) _
Dy(Mo—CO)= [AP(Mo™) — IP(M0)]/6 (4)
TABLE 2: BDEs of Mo(CO)¢ and Mo(CO)g*"
BDE (eV) Dy(Mo"—CO)= [AP(Mo") — IP(Mo(CO)))/6  (5)
species this work ref4 ref 3 ref 18
(COBMo*—CO 1.55+ 0.02 156 157 134 where IP(Mo) is the ionization potential of the molybdenum
(COxMo*—CO 1.384+ 0.03 1.59 21 1.64 atom (7.099 eV) from the literatufé. These values are listed
(COxMo™—CO 1.794 0.04 1.68 1.8 1.08 in Table 2 as well. Itis seen that our data@g(Mo—CO) and
(CORMo*—CO 1.27+0.04 1.57 19 1.54 Do(Mo*—CO) are in good accord with those of Michels et al.
(CO)Mo*—CO 1.98£005 166 25 1.90 and Foffani et at
Mo™—CO 201+ 0.10 L2 2.6 2.5 In addition, we are able to obtain the second IPs of MoCO
(CORMo?*—CO 1.78+ 0.70 17 '
(CO)Ma**—CO 3.36+ 0.80 3.7 (1744 eV), MO(COQ (1647 eV), and MO(CQ) (1596 EV)
(CO)Mo™—C 2.4440.50 using our AP data through the following relation:
Mo*—C 3.46+ 0.30 4.7
Sl ch  ios I8 21 im  IR(Mo(CO)) = APMMO™(CO)) ~ AP(MO'(CO)) (6

These values are consistently larger than those measured by
await further modeling of the dissociative photoionization Winters and co-workerswhich are 16.5, 15.2, and 15.4 eV
kinetics. Recently, high-level theoretical calculations on the for the second Ips of MoCO, Mo(CQ)and Mo(COj}, respec-
BDEs of (CO)}Mo*™—CO have been available. For example, tively.

BDE((Mo™—CO) and BDE((CO)M&—CO) have been calcu- It is interesting to note that the heat of formation of Mo
lated to be 0.82 and 0.92 eV, respectively, by Barnes & al. calculated by eq 1 and listed in TableAH;%0gMo0*) = 358.0
While both the theoretical calculation and our experiment show kcal/mol) is significantly larger than the presently accepted
that the two BDEs are quite close, the discrepancy between theliterature value (320.5 kcal/mof). This discrepancy of 37.5
calculation and our experiment is significant. This is in fact kcal/mol seems larger than could reasonably be attributed to
not surprsing since, as we will show below, the fragmentation kinetic shifts and reverse activation barriers since in a similar

process prdoduces an excited state {Mdnstead of a ground ~ Study on Cr(CQj, we did not observe such discrepancy. We
state Md". therefore believe that the molybdenum ion is produced in an

excited state. Cotton and co-workers proposed that excited

Table 2 also includes the BDEs of the doubly charged speciesstates of the metal atom and carbon monoxide might be involved
and the carbide fragment ions. These BDEs were obtained inin the bond rupture in the metal carbon$isWinters and Kiser
a similar way to that described above. For instance, BDE- also suggested that an excited state'Nould be produced by
(Mo™—C) can be calculated by the following equation: the electron impact ionization/fragmentatiorf we assume that
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this process might occur in the VUV single-photon ionization
fragmentation, represented as
Mo(CO),— (Mo™)* + 6CO+ e (7)

then the thermochemical relation involving the AP of (b
would be

AHL,65(M0")*) = AH,0{M0(CO)y) + AP((Mo")*) —
6AH,64(CO) (8)

According to Sugar and Musgro¥ethe lowest excited states
of Mo™ described a8 are derived from the configuration 4d
5s. According to varioug values, théD term of the Md" ion
can split into®Dyy,, ®Dayz, ®Dsyz, 8D7/2, and®Dgp. Their energy
levels are 33.7, 34.4, 35.5, 36.9, and 38.5 kcal/mol above the
ground state Mo, respectively’® As mentioned above, our
experimental value (358.0 kcal/mol) is larger by 37.5 kcal/mol
than the accepted literature value (320.5 kcal/mol). This value
(37.5 kcal/mol)) is close to the energies of the excited states
D702 Which is the first excited state of the Moion.
Therefore, we suggest that the molybdenum ion, formed from
the VUV single-photon ionization of Mo(C@)followed by
dissociation, is left in some excited states of Wossibly
8D7;202 It should be mentioned that Winters and Kiser
attributed the excited state of Mpproduced by electron impact
ionization/fragmentation, to°c#l11/,, which lies approximately
66 kcal/mol above the ground stateClearly, the correctness
of the assignment of the excited state of Mwoduced by either
photoionization or electron impact ionization is largely deter-
mined by the accuracy of the AP data.

V. Summary and Conclusions

A detailed study on the PIE curves of 12 ions resulting from
the dissociative photoionization of Mo(C§&has been carried
out for the first time with a synchrotron radiation source in the
photon energy range of-810 eV. The experimental measure-
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