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Abstract: A joint threshold photoelectron photoion coincidence spectrometry (TPEPICO) and collision-
induced dissociation (CID) study on the thermochemistry of Co(CO),NOPR3, R = CH3; (Me) and C.Hs (Et),
complexes is presented. Adiabatic ionization energies of 7.36 + 0.04 and 7.24 + 0.04 eV, respectively,
were extracted from scans of the total ion and threshold electron signals. In the TPEPICO study, the following
0 K onsets were determined for the various fragmentions: CoCONOPMes™, 8.30 + 0.05 eV; CoONOPMes*,
9.11 + 0.05 eV; CoPMe3™ 10.80 + 0.05 eV; CoCONOPEt;*, 8.14 + 0.05 eV; CoNOPEt;*, 8.92 + 0.05 eV;
and CoPEt;™, 10.66 + 0.05 eV. These onsets were combined with the Co™—PR3; (R = CH3 and C;Hs)
bond dissociation energies of 2.88 + 0.11 and 3.51 + 0.17 eV, obtained from the TCID experiments, to
derive the heats of formation of the neutral and ionic species. Thus, the Co(CO);NOPR; (R = CH3 and

Hs) O K heats of formation were found to be —350 + 13 and —376 + 18 kJ-mol~%, respectively. These
heats of formation were combined with the published heat of formation of Co(CO)3NO to determine the
substitution enthalpies of the carbonyl to phosphine substitution reactions. Room-temperature values of
the heats of formation are also given using the calculated harmonic vibrational frequencies. Analysis of the
TCID experimental results provides indirectly the adiabatic ionization energies of the free phosphine ligands,
P(CHz)s and P(C;Hs)s, of 7.83 & 0.03 and 7.50 + 0.03 eV, respectively.

Introduction Cobalt tricarbonyl nitrosyl has an important role in synthetic

T i al | q talvsts | organic chemistry-18 chemical vapor depositiot; 2t and even
ransition metal Complexes are used as catalysts in n_umerousnanotechnolog92 230n the other hand, experiments show that
reactions important in biology and industry. Their effectiveness

. N hosphine substitution may strongly affect the stability and
depends on several factors of which the availability of metal phosph UbSHILY y gy y

sites that can participate in the chemical reaction is of aramountcatalytic activity of transition metal carbonyt$.* Both steric
; P pate In ) parar effectg” and electronic factors related to the phosphines are
importance. An especially interesting group of complexes is the

(8) Meyer, F.; Armentrout, P. BVlol. Phys.1996 88, 187.
transition metal carbonyls. In these compounds, the usual starting (9) Sievers, M. R.: Armentrout, P. B. Phys. Chemil995 99, 8135-8141.
step for the formation of the catalytically active, coordinatively (10) Khan, F. A.; Clemmer, D. E.; Schultz, R. H.. Armentrout, P.JBPhys.

Chem.1993 97, 7978.

unsaturated speqes is maa?rbonyl bond rgpture. Therefore, (11) Schultz, R. H.: Crellin, K. C.: Armentrout, P. B. Am. Chem. Sod.991
the thermochemistry, especially the transition metarbonyl 113 8590.

(12) Goebel, S.; Haynes, C. L.; Khan, F. A.; Armentrout, PJBAm. Chem.
bond energies, is vitally important. In the past few years, our S0c.1995 117, 6994,
groups have studied the neutral and ionic gas-phase thermo<{13) %f; F. A Steele, D. L.; Armentrout, P. B. Phys. Chem1995 99,
chemistry of a number of organometallic complexes, such as ;4 Meyér F.: Chen. Y.-M.: Armentrout, P. B. Am. Chem. S0d995 117,
CpCo(C0),12CpMn(CO},2 BzCr(CO),* CpMn,> Bz,Cr.p and

7 (15) Zhang, X.-G.; Armentrout, P. BDrganometallics2001, 20 4266
Co(CO}NO’" (Cp = CsHs, Bz = CgHg) as well as the (16) Pdyi, Gy.; Sampa Szerencse E.; Galamb, V.; Pabyi, J.; Markq L.

unsaturated homoleptic metal carbonyls of FivV*,° Crt,10 17 l;{ung?rlanjpﬁteg,t HU 87-'&1%5, &9270(531,1“ 1989.PO Ceh
Fe",11 Co",2 Nit,13 Cut4 Ag*,“ and Pt .15 @ 1908u§??£é 195. jsnaire, M. Park, ©.; GullaumeJForganomet. chem.
(18) Kubota, T.; Okamoto, H.; Okamoto, ¥Ypn. Catal. Lett.200Q 67, 171.
t Ettvis Lorand Uni it (19) Lene, P. A.; Qliver, P. E.; Wright, P. J.; Reeves, C. L.; Piit, A”.D:u
. VOS Loraa University. Cockayne, BChem. Vap. Deposition998 4, 183.
University of North Carolina. (20) Ivanova, A. R.; Nuesca, G.; Chen, X.; Goldberg, C.; Kaloyeros, A. E.;
§ University of Utah. Arkles, B.; Sullivan, J. JJ. Electrochem. Sod999 146, 2139.
(1) Sztaay B.; Baer, T.J. Am. Chem. So200Q 122 9219. (21) Smart, C. J.; Reynolds, S. K.; Stanis, C. L.; Patil, A.; Kirleis, IMater.
(2) Sztaay B.; Szepes L.; Baer, T. Phys. Chem. 2003107, 9486. Res. Soc. Symp. Prot993 282 229.
(3) Li, Y.; Sztaay, B.; Baer, TJ. Am. Chem. So2001, 123 9388. (22) Rana, R. K.; Koltypin, Y.; Gedanken, AZhem. Phys. Let2001, 344,
(4) Li, Y.; Sztaay, B.; Baer, TJ. Am. Chem. So2002 124, 4487. 256.
(5) Li, Y.; Sztaay, B.; Baer, TJ. Am. Chem. So@002 124, 5843. (23) Liu, S.; Zhu, J.; Mastai, Y.; Felner, L.; Gedanken,Ghem. Mater200Q
(6) Li, Y.; Sztaay, B.J. Phys Chem2002 106, 9820. 12, 2205.
(7) Sztaay, B.; Baer, T.J. Phys. Chem. 2002 106, 8046. (24) Slaugh, L. H.; Mullineaux, R. DJ. Organomet. Chenl968 13, 469.
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important in this regard. The Co(CEOPR;, R = CH3; (Me),
C,Hs (Et), C4Hg (Bu), and GHs (Ph) complexes seem to be

fragment ions. Combining the heats of formation of the neutral
molecules with the known heat of formation of Co(GRXD’

ideal systems to study the influence of tertiary phosphines on permits the determination of the enthalpy for the following

the thermochemistry of Co(CENO™ species. These phosphine

derivatives have potentially useful industrial applications, for
example, they have been used in metal oxide vapor deposition

(MOVD) experimentd® to obtain clean Co films and they were

reactions: Co(CQNO + PR; — Co(CO»NOPR; + CO.

Experimental Section

Preparation of the SamplesThe ThorsteinsonBasolo synthesf

applied as starting materials in the synthesis of ylide complexeswas used to prepare Co(GNOPR; (R = CHs, C,;Hs). Co(COYNO

of cobalt?®

(8.02 g, 50.0 mmol) was added to 50.0 mL of a room-temperature 1.0

The thermochemistry and gas-phase ion energetics data forM tetrahydrofurane solution of the appropriate phosphine (50.0 mmol)
these phosphine complexes and their fragments are poor|yunder an atmosphere of nitrogen. The reaction mixture was stirred for
characterized. For the case of Co(GRPPES, the first 6 h before the solvent and excess reactants were removed at reduc_ed
ionization energy (IE) is known from the study of Distefano et pressure. In both cases, the product was |splated as a dark red liquid
al3%as 7.62 eV. Recently, Hel photoelectron spectra and vertical \oN'th a.y'eld of >80% and was stored under inert atmosphere 28
ionization energies of Co(C@YOPR; (R = Me, Et) have been C until the TPEPICO measurements. Co(eN) was purchased from

e Strem Chemicals and was used without further purification. Phosphines
reportec: were purchased from Sigma-Aldrich in the form of 1.0 M tetrahydro-
furan solution.

Threshold Photoelectron Photoion Coincidence Spectroscopy.

Multiple values for the IEs of the trimethyl- and triethylphos-
phine ligands are available in the literatd?e3® but most of

these values are vertical IEs. Studies by Beauchamp and co-The details of the TPEPICO spectrometer have been described

workers list adiabatic IEs for PMas 8.01+ 0.07 and 8.1H-

previously*? Because of the sufficiently high vapor pressure of the

0.10 eV3%37 No explanation of the change in the reported IE samples, they were introduced through a room-temperature needle to
of the PMg was given. To estimate the adiabatic IE of REt the ionization r_egion of the ;pectrometer. 'I_'he sample was i_onized with
we note that Wada and Kiser obtained a relative difference in vacuum ultraviolet (VUV) light from a i discharge lamp dispersed
vertical IEs between the trimethyl- and triethylphosphine DY @ 1-m normal incidence vacuum monochromator. The VUV
complexes of 0.33 e¥ Yarbrough and Hall obtained 0.27 é¥ wavelengths were calibrated using the hydrogen Lymaesonance

and Weiner and Lattn'1an list values giving a difference of O 29 line. The ions and the electrons were extracted in opposite directions

with an electric field of 20 V/cm. The electrons were accelerated to
38 ; ;
eV>?1f we combine the average difference of 0:8(.05 eV about 60 V into the velocity focusing flight tuffeof 13-cm length.

with the weighted average of the adiabatic IEs for BMe Ejectrons with zero velocity perpendicular to the extraction voltage
determined by Beauchamp and co-workers, 8:08.10 eV, were focused to an aperture located in the center of the flight tube,
we estimate an adiabatic IE of 7.240.11 eV for PE§. This whereas the energetic electrons were focused onto rings around this
estimate can be compared with an adiabatic IE of 7.61 eV for central spot with radii proportional to their initial velocity perpendicular
PE&, determined from equilibrium gas-phase measurements byto the extraction axis. The electrons in the center were detected by a
Aue and Bower4o Channeltron electron detector, whereas the electrons with a certain

In the present work, the ionic gas-phase thermochemistry of perpendigular velocity were detected by a Chevron _stack of multichannel
Co(COYNOPMe; and Co(COJNOPE§ has been investi- plates _Wlth a center hole for _the gbovg-mentloned Channeltron.
gated to systematically examine changes in R. We investi- Assuming that the hot electron signal in aring argund the central spot

. . L as proportional to the hot electron contribution in the central spot, a
gate the gas-ph_ase d|§500|at|on kinetics of energy'se'?Cteqv/://eighted fraction of the outer ring signal could be subtracted from the
Co(COYNOPR;" ions using threshold photoelectron photoion o4 electrode signal. This procedure corrects the threshold electron
coincidence (TPEPICO) spectroscopy and the dissociation of signal for the contribution of hot electroffs.

CoPR™ ions using threshold collision-induced dissociation The ions were accelerated through 5 cm of the 20 V/cm region,
(TCID). The experimental results, interpreted with a statistical then further accelerated to 220 V before entering a 30-cm-long drift
analysis of the dissociation rates and the energy partitioning in region. They were detected with a multichannel plate (MCP) detector.
the dissociation steps, provide bond energies and heats ofThe electron and ion signals served as start and stop pulses for
formation of both neutral Co(C@YOPR; and its various measuring the ion time-of-flight (TOF), and the TOF for each
coincidence event was stored on a multichannel pulse height analyzer.
Because both the center and the ring electron signals served as start
signals, two TOF distributions were obtained at each photon energy.
TOF distributions were obtained in-28 h depending on the signal
intensity and the desired spectrum quality.

The PEPICO spectra were used for two purposes. First, the fractional
abundances of the parent and the daughter ions were measured as a
function of the photon energy (breakdown curve). Second, ion decay
rates were extracted from asymmetric TOF distributions of the daughter
ion signal. This asymmetry is the result of slowly dissociating
(metastable) ions dissociating in the 5-cm acceleration region, resulting
in a TOF between the parent and the daughter ion’s flight time. These

(25) Osborn, J. A.; Jardine, F. H.; Young, G. \J/.Chem. Soc. A966 12,
1711

(26) Crabtree, RAcc. Chem. Red.979 12, 331.

(27) Tolman, C. AJ. Am. Chem. Sod.97Q 92, 2953.

(28) Dickson, R. S.; Yin, P.; Ke, M.; Johnson, J.; Deacon, GPBlyhedron
1996 15, 2237.

(29) Malisch, W.; Blau, H.; Weickert, P.; Griessmann, X.Naturforsch., B:
Anorg. Chem., Org. Cheni983 38B, 711

(30) Distefano, G.; Innorta, G.; Pignataro, S.; FoffaniJAOrganomet. Chem.
1968 14, 165.

(31) Gengeliczki, Z.; Bodi, A.; Sztaray, B. Phys. Chem. 2004 108, 9957.

(32) Wada, Y.; Kiser, R. WJ. Phys. Chem1964 68, 2290.

(33) Fischler, J.; Halman, Ml. Chem. Socl1964 1, 31.

(34) Lappert, M. F.; Pedley, J. B.; Wilkins, B. T.; Stelzer, O.; UngerJE.
Chem. Soc., Dalton Trans. 1975 1207.

(35) Ostoja Starzewski, K. A.; Bock, H. Am. Chem. Sod.976 98, 8486.

(36) Staley, R. H.; Beauchamp, J. L. Am. Chem. Sod.974 96, 6252.

(37) Hodges, R. V.; Houle, F. A.; Beauchamp, J. L.; Montag, R. A.; Verkade,
J. G.J. Am. Chem. S0d.98Q 102, 932.

(38) Weiner, M. A,; Lattman, Minorg. Chem.1978 17, 1084.

(39) Yarbrough, L. W., II; Hall, M. B.Inorg. Chem.1978 17, 2269.

(40) Aue, D. H.; Bowers, M. T. Stabilities of positive ions from equilibrium
gas-phase basicity measurementsGhs Phase lon ChemistrBowers,
M. T., Ed.; Academic: New York, 1979; Chapter 9.

(41) Thorsteinson, E. M.; Basolo, B. Am. Chem. Sod.966 88, 3930.

(42) Baer, T.; Booze, J. A.; Weitzel, K. M. Photoelectron Photoion Coincidence
Studies of lon Dissociation Dynamics. Macuum Ultrasiolet Photo-
ionization and Photodissociation of Molecules and Clustétg, C. Y.,

Ed.; World Scientific: Singapore, 1991; p 259.
(43) Baer, T.; Li, Y.Int. J. Mass. Spectron2002, 219, 381.
(44) Sztaay, B.; Baer, TRev. Sci. Instrum 2003 74, 3763.
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two types of information were used together in the data analysis as below have been extrapolated to zero pressure to provide accurate single
described in detail below. collision cross sections.

Guided lon Beam Tandem Mass SpectrometerDetails of the .
guided ion beam tandem mass spectrometer used for TCID studies havé=XPerimental Results

. 5 ) X
e ol seufel I 1 cobal caIons S MOGLCES | TPEPICO Stucies of Co(COINOPWe and Co(CO)-
g ; NOPEts. Scans of the total ion and threshold electron signals

cm-diameter cobalt rod at approximately 1500 V is sputtered by argon . L .
ions formed in the resultant DC/glow discharge. The gas flow is We'€ used to extract the adiabatic ionization energies of 7.36

typically composed of 10% argon in helium at flow rates of 6500 ~ + 0.04 and 7.24t 0.04 eV for Co(CONOPMe and Co(COy

9500 sccm, which will maintain a flow tube pressure of approximately NOPEES, respectively. (As usual, our |E value of the trimethyl-

1 Torr. The phosphine ligands are then introduced half a meter phosphine complex is lower than the value determined by
downstream and attached to the'ons by three-body association ~ electron impact ionization (El) in the literatu¥e.This is
reactions. The flow conditions used in this ion source provide probably because of the unfavorable El threshold law, which
approximately 1®collisions between the ions and the flow gases, which makes it difficult to determine a precise ionization energy.) TOF
thermalize the ions to room temperature, both rotationally and vibra- mass spectra of both compounds were collected in the photon
tionally. Thus, ions are assumed to be in thelr_grqunc_i electronic statesenergy range from 8.0 to 13.5 eV. Typical TOF distributions
2?3\/;’;’)3! dvssfl?bhe;s bghzw'\:']a)t(r‘:vez{fogg":'ntig:sm%”tg;n \?;Ii?c’iO(i)nKhost with hot electrons subtracted are shown in Figure-flaThe
cases%114649 After the ions are extracted I?‘rom the ion source, they top three spectra are for Co(GBOPMe;, and the_bottom three

are focused and accelerated through a magnetic sector where theSp(:"Ctr‘rJ1 are for the ethyl analogu_e. _The experlmentgl data are
complex of interest is mass selected, decelerated to a desired kinetid!Ottéd as dots, whereas the solid lines show the fitted TOF
energy, and finally focused into an octopole ion beam guide. By using distributions as discussed in the data analysis section. Three
radio frequency (rf) fields, the octopole traps ions in the radial direction, Sequential dissociation reactions associated with the loss of CO,
while not perturbing the axial velocity because of the steep potential CO, and NO are observed for both compounds upon photo-

walls that characterize the octopole’s trapping Wel The octopole ionization between 8 and 13.5 eV (reactions3).
passes through a reaction gas cell with an effective length of
approximately 8 cm that was filled with Xe. Xenon is used as a collision CO(CO)ZNOPR; . CoCONOPI? +Co 1)

partner because its large polarizability allows for efficient translational
energy transfer with the ion complé3¢€2The instrumental configuration
ensures that reactant and product ions are collected efficiently, focused CoCONOPR" — CoNOPR" + CO (2)
into a quadrupole mass filter for separation, and counted with a Daly-
type detectoP? lon intensities are then converted to cross sections as
detailed previously® Absolute cross section magnitudes are estimated
to be accurate within:20%, and relative cross sections are accurate
to £5%. The spectra at low photon energies, shown in Figure la,d,
Energies in the laboratory (lab) frame of reference are converted to correspond to the loss of the first CO group. At higher energies,
the center-of-mass (CM) frame by the equat@gy = EaM/(M + in spectra of Figure 1b,e, the CO loss fragment ion becomes
m), whereM is the mass of Xe anthis the mass of the ion. All the  the parent ion for the next CO loss reaction. Finally, at still

energies listed for the CID experiments are in the CM frame unless higher energies, CONORR ion loses the NO ligand (Figure
otherwise noted. The absolute energy scale and kinetic energy diStl’ibU-lc,f)_

tion of the fon beam are dete_rmlned by_usmg th.e octopole as a.re.tard'ng At the lowest energies for each fragmentation reaction, the
energy analyzer as described previod8lyThis procedure limits

uncertainties from any contact potentials, space charge effects, orfragment ion TOF distributions are asymmetric, which indicates

focusing aberrations when determining the energy zero and the energytnat the reaction is slow and takes place while the ions are
distribution, where the full width half-maximum (fwhm) of the latter ~@ccelerating in the first acceleration region. The fittings of these
is typically 0.2-0.4 eV (lab). asymmetric TOF distributions using Rie®amsperger
Previous experimerits*54have shown that the CID cross sections Kasset-Marcus (RRKM) calculated rate constants discussed
are affected by multiple collisions with the neutral collision partner below are shown as solid lines.
even when gas cell pressures of the neutral are kept low. For this reason, Figure 2, parts a and b, shows the breakdown diagram of the
the pressure dependence of all experiments is explicitly measureddissociation of Co(CQNOPR;* (R = Me and Et, respectively).
because it is difficult to predict when multiple collisions will have an  The fractional abundances of the molecular ion and the fragment
effect on cross section shapes. For these experiments, Xe pressuregyns are plotted as a function of the photon energy. The points

used were around 0.06, 0.12, and 0.25 mTorr and pressure extrapolay o the experimentally determined ratios after the hot electron

tions to zero were performed. In all cases, the cross section data shown . L
P subtraction, whereas the solid lines show the results of the

RRKM simulations, briefly outlined below. Interesting fea-

CoNOPR" — CoPR" + NO ©)

(45) Ervin, K. M.; Armentrout, P. BJ. Chem. Phys1985 83, 166.

(46) Dalleska, N. F.; Honma, K.; Armentrout, P. &.Am. Chem. S0d.993 tures of the breakdown diagrams are the slopes of the break-
@) }:ilsﬁ]éflé% . Kickel, B. L.; Armentrout, P. B. Phys. Chem1993 97, down curves at the crossover points. In the case of the first
10204, T RS ' dissociation, Co(CGNOPRs* — CoCONOPR" + CO, the
(48) cDﬁgfnSkgbyiggi AP Sunderlin, L. S.; Armentrout, P.JBAM. breakdown of the parent ion abundance is quite steep, indicating
(49) Rodgers, M. T.; Armentrout, P. B. Phys. Chem. A997, 101, 1238. a narrow distribution of the ion internal energy. The second

(50) Teloy, E.; Gerlich, DChem. Phys1974 4, 417. i H

(31) Gerlich. DAy, Chem. Phys1992 82, 1. and the third crossovers, cor'respondlng to the carbonyl loss from

(52) Aristov, N.; Armentrout, P. BJ. Phys. Chem1986 90, 5135. CoCONOPRT and to the nitrosyl loss from CoNORR are

(53) Daly, N. R.Rev. Sci. Instrum196Q 31, 264. ; i ; indicati ; iatrilg it i i

(54) Hales, D. A Lian, L. Armentrout. P. Bnt. J. Mass Spectrom. lon mcrea_smgly wider, indicating wider distributions of ion internal
Processed.99Q 102 269. energies.
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Co(CO),NOPR “— CoCONOPR, +CO CoCONOPR,— CoNOPR,"+CO CoNOPR,— CoPR, +NO

8.37eV |, 9.24 eV 12.68 eV

8.29 eV 9.14 ¢V g ; 12.09 eV
x5 8.24 ¢V 9.10 eV 11.71 eV ,ﬁL
L Y — ¥ S

x20 808 eV xs g 04eV k o  1164eV
o o
&

32 33 34 35
TOF(us)

i

't

,

w

884evV .

8.48 eV 12.77 eV

8.30 ¢V a 1239eV

1

x5 g% 12.00 eV

x 10 X .
8.17 eV 5 $.89 eV M

350 355 360 365 37.0 375 380 325 33.0 335 340 345 350 355 360 30.030.531.0 315 32.0 32.5 33.0 33.5 34.0
TOF (ps) TOF (us) TOF (ps)

i
|

Figure 1. lon TOF distributions at selected photon energies. Points are the experimental data, whereas the solid lines show the calculated TOF distributions
as described in the data analysis—¢ Carbonyl and nitrosyl losses from Co(GRPPMe™. (d—f) Dissociation of Co(CONOPEg™ and its fragment
ions.

Collision-Induced Dissociation Studies of CoPMg™ and explains why the cross section for the kinetically disfavored
CoPEts*. Collision-induced dissociation of cobalt trimethyl-  reaction 4 declines at higher energies. It is interesting that the
phosphine cations, CoPMg with Xe was studied over arange dissociation of the uncomplexed Phteion leads only to H,
of collision energies from 0 to approximately 10 eV. The results, CHs;, and CH, loss, but not ethylene |0$8. Evidently,

shown in Figure 3, exhibit reactions—4. the presence of the cobalt catalyzes the latter rearrangement
reaction.
COPM%Jr + Xe — CoPI—QMeJr +C,H, + Xe (4) CID of cobalt triethylphosphine cation with Xe yields three
n sequences of products as shown in Figure 4. At low energies,
— Co + PMe; + Xe (5) ethene is lost in reaction 8, yielding a stable phosphine ligand,
. Co+ PMe3+ 4 Xe (6) PHE® attached to Co. At higher energies, additional ethene

molecules are lost sequentially in reactions 9 and 10. Another
—Co+ PMej + Me + Xe @) sequence starts at higher energies and involves loss of the neutral
cobalt atom, reaction 11. The primary REtproduct ion
) ] _undergoes subsequent loss of ethene molecules in reactions 12
The_ don_unant reaction throug_h mu_ch of the ene_rgy regl_on and 13. Competing with the PEt+ Co (reaction 11) is its
examined is t_h(_a CID process 5 in which the metal ion carries charge-transfer partner, Cer PEG (reaction 14) in which the
the charge. Rising from an apparent threshold approximately 1 ;opq |t retains the charge. However, in contrast to the trimethyl-
eV hlgh_er |s_the alterngte charge state reac_tlon 6, in whlch the phosphine reaction, the lower energy channel now produces
phosphine I|gapd carries the charge. At_ hlgh_er_energ|es,_ thePE'@*. Consequently, the Cochannel has a much smaller
PMe;™ product ion can undergo further dissociation by losing gpsoiyte cross section in the CoPEteaction than it does
a methyl group, reaction 7. The lowest energy channel is reaction;, 1o CoPMg' reaction. These contrasting results are

4, in which ethene is eliminated to form a stable phosphine ¢|eay influenced by the relative ionization energies of the
ligand, PHMe, still attached to the cobalt ion. Clearly this

process is a much more gc_)mpllcated reaction th_an the S|mple(55) Bodi, A Kercher, J. P.; Baer, T.. Srag, B.J. Phys. Chem B005 107,
bond cleavages. Competition among these various channels ° 8393.

9396 J. AM. CHEM. SOC. = VOL. 127, NO. 26, 2005
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a 10 Energy (eV, Lab)
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8085 90 95 100 105 110 115 120 125 13 Figure 3. Cross sections for the reaction of CoPM¥evith Xe as a function

b photon energy (eV) of kinetic energy in the center-of-mass frame (lowexis) and laboratory

frame (upperx-axis). Dashed lines are the model for monoenergetic ions
having no internal energy, whereas full lines include the distributions of
internal and kinetic energies for both reactants.
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Figure 2. Breakdown curves for the loss of two carbonyl and nitrosyl 0 2 4 6 8 10
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Figure 4. Cross sections for the reaction of CopPEwith Xe as a function

phosphine complexes and cobalt atoms, as discussed in moref kinetic energy in the center-of-mass frame (lowexis) and laboratory

detail below.

frame (uppex-axis). The dotted lines show the sums of the cross sections
for two sets of products: PKEt)s—x" (x = 0—2) and CoPKEt)s—x" (x =
1-3). Dashed lines are the model for monoenergetic ions having no internal

CoPE" + Xe — CoPHEL" + C,H, + Xe (8) energy, whereas full lines include the distributions of internal and kinetic

energies for both reactants.

— COPHEt" +2 CH, + Xe 9)
Data Analysis

. +

CoPH, +3GH, + Xe (10) Quantum Chemical Calculations.The vibrational frequen-

. PEg+ + Co+ Xe (11) cies of all neutral_ and ionic species, as well as the transitiqn
states, were required for the TPEPICO and TCID data analysis.

— PHEL" + CH,+ Co+Xe (12 For the TPEPICO data analysis, these were used to calculate
the internal energy distribution of Co(CNOPR; and the

— p|_|2Et+ +2CH,+ Co+Xe (13) dissociating ions, and also for the RRKM statistical rate constant
calculations. As discussed below, the four lowest frequencies

— Co" + PEg + Xe (14) of the transition states were scaled to fit the experimental

TPEPICO dissociation rates, and therefore the accuracy of the
individual frequencies was not a real concern. Thus, we used

No ligand exchange products were observed (i.e., no ionic I level of th ith Hicientlv | basi Al
products containing Xe were observed in either system). For only one level of theory with a sutficiently farge basis set.
the calculations were carried out at the DFT level using the

product channels that contained the cobalt ion, the cross SeCtion%BLYP functiona®® and 6-31-G* basis set for the neutral

displayed little dependence on the Xe reactant pressure; dissociating ions. As in the study of Co(GRD/ a singlet

however, the charge-transfer channels, reactions 6, 7, and 11 _ .
S spin state was calculated for the neutral ground state and a
13, exhibited a modest dependence on pressure. The cross

sections shown in Flgures 3_and 4 have been extrapolated to(56) (a) Becke, A. DJ. Chem. Phys1992 97, 9173. (b) Lee, C.: Yang, W.:
zero pressure to eliminate this effect. Parr, R. G.Phys. Re. 1988 B37, 785.
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Table 1. Vertical and Adiabatic lonization Energies of PR3 TPEPICO Data Analysis. The reaction mechanism for

PMe; PEt; decomposition of the Co(CeNOPR* (R = Me, Et) ions with
HE BLYP  B3LYP HE BILYP  B3LYP increasing internal energy involves the sequential loss of two
6-311G*  6-311G*  6-31++G*  6-311G*  6-311G"  6-314++G* carbonyl and one nitrosyl group in reactions3. The extraction
IEvert 7.48 8.52 8.49 7.12 8.14 8.12 of thermochemical data and bond energies from the experimental
IEad 6.73 7.80 7.77 6.40 7.47 7.45 results requires an analysis of dissociation rates in terms of the
I[Evet—IEag 0.75  0.72 0.73 072 0.7 0.67

ion internal energy distribution. Detailed descriptions of the
TPEPICO data analysis have been discussed in earlier
doublet spin for the nitrosyl containing ionic ground states. For articles!:3-759-61 Briefly, the ion TOF distributions and the
the CoPR™ species, the multiplicity of the most stable state breakdown diagram can be calculated using the following
was found to be triplet. Because these dissociations proceedinformation: the thermal energy distribution of the neutral
with no reverse activation barrier, the transition states do not Co(COYNOPR;, the internal energy distribution of the dis-
correspond to a critical point on the potential energy surface. sociating ions, the ionization energy, the ion TOF parameters
To approximate the vibrational frequencies of the transition (acceleration electric fields and the acceleration and drift
states in the PEPICO work, the precursor ion frequencies weredistances), and the transition state vibrational frequencies.
used as estimates for the frequencies of the transition statesSRRKM calculation823were performed to determine the rate
The Co-L (L = CO, NO) stretch mode was assigned as the constants for the three unimolecular dissociation steps of the
critical frequency for the final dissociation step and, thus, Co(COYNOPR;™ ion. (k(E) plots can be accessed in the
deleted. The frequencies used in the data analysis can be viewe@&upporting Information.) The following variable parameters
in the Supporting Information. were adjusted until the best fit was obtained: the dissociation
For the analysis of the TCID experiments, the TSs for GOPR  |imits, the four lowest TS vibrational frequencies, and the
dissociation were modeled as loose associations of the cobaltthreshold electron analyzer function. The four lowest vibrational
ion and the neutral phosphine ligand (and cobalt neutral and frequencies are ones that are converted from vibrations into
phosphine ion) because the metigand interactions between  gyerall product rotations. The calculations were carried out
the cobalt and the phosphine ligands are largely electrostatic minimizing the error between the experimental and calculated
interactions involving ior-dipole and ion-induced dipole forces.  TOF distributions and the breakdown diagram. The best fit to

This assumption leads to location of the TS at the centrifugal poth the TOF distributions and the breakdown curves was
barrier for the products, such that the vibrational frequencies gptained with the following appearance energies for

of the TS are those associated with these products. ThereforecoconOPMgt, CoNOPMg*, CoPMe*, CoCONOPE]",

no additional calculations of the TS frequencies were required coNOPESH, and CoPEf of 8.30, 9.11, 10.80, 8.14, 8.92, and

for the CID data analysis. ' o 10.66 eV, respectively. All appearance energy values have
The dissociation energies obtained from B3LYP/6-31G uncertainties of 0.05 eV, as discussed below. It is important to

calculations are compared to the experimental values in the dateﬁooint out that, to a first approximation, the determination of

analysis section. All of the above quantum-chemical calculations ¢5-h onset is independent of the previous one because in each
. . . . - _

were carried out with the Gaussian98 program, revision A¥1.2. - .ase \we hegin from the neutral parent molecule so that the error

d.f-fl.—hel adiabatic iogization e?ehrgiles of PiMand PhEé are bars do not increase with each subsequent loss of a ligand. The
ifficult to measure because of the large geometry change Upong; jated time-of-flight distributions and breakdown curves are

ionization (the ion is planar). Because the experimentally shown as solid curves in Figures-iband 2a,b, respectively.
reported adiabatic IEs do not seem to be well established (see The uncertainties in the derived parameters were studied b
above), the adiabatic and vertical IEs were determined by fixi he | ¢ . P ; . =d by
guantum chemical calculations. The latter were calculated from Xing the owest_ our transm(_)r! state requencies at various
values and carrying out the fitting procedure outlined above.

the energy difference between ground-state neutraldP the Thi h ol | d tiah "
PRs™ ion at the neutral’s equilibrium geometry. The ionization h IS ;C T‘m? S'E};J Iz;tes ooser aT tg fter ct‘rahnsm(k)]n st_ates,
energies were calculated at various levels of theory (HF/6-t ereby altering thé(E) rate curves. It was found that changing

311G**, B3LYP/6-311G**, B3LYP/6-3]:|—+G**) Results are the lowest four frequencies by]:SO% did not affect the

summarized in Table 1. These results show that the differencesSimulated breakdown diagram significantly, but the quality of

between the adiabatic and vertical ionization energies for the the TOF distributions got significantly worse. This is because
two molecules are very similar. Adiabatic ionization energies, the duasi-exponential shape of the asymmetric daughter ion
calculated with the more accurate CBS-QB3 and CCSD(T)/cc- distributions depends on the absolute dissociation rate, whereas
pVTZ (with B3LYP ZPE) theory, are 7.88 and 7.91 eV the breakdown diagram depends only on the ratios of the rate
respectively, for PMgand 7.66 and 7.69 eV, respectively, for ~constants. The optimized appearance energies chang.0%

PEt. If the averages (7.8% 0.06 and 7.67: 0.06 eV) are eV, with the altered transition state frequencies given above,
taken as the adiabatic ionization energies of Pidied PE3, which suggests an error bar #0.05 eV for these parameters.
respectively, a reasonable accordance with the experiments can
be achieved, as discussed below. In the calculations of the(59) Beyer,T. S.; Swinehart, D. Eommun. Assoc. Computing Machindgr3

ionization energies, the Gaussian03, revision BQaogram
was utilized.

(57) Frisch, M. J. et alGaussian 98revision A.11.2; Gaussian, Inc.: Pittsburgh,
PA, 2001.

(58) Frisch, M. J. et alGaussian O3revision B.05; Gaussian, Inc.: Pittsburgh,
PA, 2003.
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(60) Stein, S. E.; Rabinovitch, B. &hem. Phys. Lettl977, 49, 1883.

(61) Baer, T.; Hase, W. LUnimolecular Reaction Dynamics: Theory and
ExperimentsOxford University Press: New York, 1996.

(62) (a) Kassel, L. 1. Phys. Chenml928 32, 225. (b) Marcus, R. A.; Rice, O.
K. J. Phys. Colloid Chen1951, 55, 894. (c) Rice, O. K.; Ramsperger, H.
C.J. Am. Chem. S0d.927 49, 1617.

(63) Gilbert, R. G.; Smith, S. CTheory of Unimolecular and Recombination
ReactionsBlackwell Scientific: London, 1990.
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Table 2. Comparison of the Experimental and Calculated 0 K Dissociation Energies (eV)

experimental calculated®
reaction L = PMe; L =PEt; L = PMe; L =PEt;
Co(COYNOL* — Co(CO)NOL" + CO? 0.94+ 0.06 0.90+ 0.06 0.80 0.76
Co(CO)NOL" — CoNOL*" + co? 0.81+0.07 0.78+ 0.07 0.84 0.81
CoNOL" — CoL* 4+ NO# 1.69+ 0.07 1.74+ 0.07 1.58 1.59
CoL*—Co" +LP 2.88+0.11 3.51+0.17 3.16 3.36

aFrom present TPEPICO studyFrom present TCID study.B3LYP/6-31++G** with ZPE correction.

The derived dissociation energies for reactions3lalong reactant complex to channel m, as calculated using RRKM
with theoretical values generated from B3LYP/6+31G** theory5263 |t then follows thatkg(E*) = = kn(E*). The
calculations are summarized in Table 2. The quantum chemicalfrequencies and rotational constants for the complexes and
calculations reproduce the observed trends moderately well. product transition states (TSs) are taken from the theoretical

TCID Results. In the studies detailed here, the kinetic energy calculations outlined above.
dependence of the cross sections for reactions 5, 6, 11, and 14 The general form of eq 15 has been found to be suitable for
was analyzed as these product channels yield thermochemistrytranslationally driven reactioffsand has the ability to reproduce
of direct relevance to Co(C@NIOPRs. All of the remaining cross sections for numerous reactions of atoms and molecules
reaction pathways are either decomposition products of thesefrom diatomic to polyatomic species as well as CID type
channels (making it unnecessary to include them in the analysis)processe$?11:464% The model (eq 15) is convoluted with the
or they most likely proceed through tight transition states kinetic energy distribution of the reactants before comparison
(making them unlikely to compete effectively with the channels with the data. The fitting parameterspm, Eom, andn, are
of interest). Further analysis of such remaining channels would optimized by performing a nonlinear least-squares analysis
necessitate an intensive computational study to find the transitioncompared to the data. The error associated &ith includes
states for these pathways, which is beyond the scope of thevariations in the parametar, £10% scaling of vibrational
present collaborative study. frequencies, a factor of 2 scaling of the time window available

Previous work from the Armentrout lab has described in detail to the ions for dissociation, and tHeD.05 eV (lab) uncertainty
the modeling of threshold regions for single channel CID in the absolute energy scale for the experiment.
processe& % In the present study, strong competition between  The model of eq 15 includes all sources of energy available
the various channels must be explicitly considered to obtain an to the complex, and therefore the thresholds extracted from this
accurate analysis of the threshold region for the multiple model represent the minimum energy that is needed for the
dissociation channels of the CoP§eand CoPEf" complexes’ dissociation of the complex, &0 K value. This conjecture has
This is primarily important for an accurate analysis of the higher been tested for a number of systéfid46-4% and has revealed
energy competitive channel threshold. The following competitive that allowing all the energy in the ionic complex (rotational,
modeling equation was used: vibrational, translational) to couple into the reaction coordinate

leads to sensible thermochemistry. To com@K thresholds

on(E) = (Eo,m) to bond dissociation energies, it is assumed there are no
Nog m E+E, - Eon *) activation barriers to dissociation of reactants to products at

ng 0 T [———N1 — exp[-k(E*) 7]} 0 K in excess of the bond endothermicities. For -ion

E |4 Kiotl(E¥) molecule reaction® this should hold true for modeling the
(E— e)”‘l d(e) (15) simple heterolytic and homolytic bond fission reactions studied

here’t
In this equationgom represents an energy-independent scaling  |onization Energies of PMe; and PEts. As discussed in the
factor for the channel mE is the collision energyn is an Introduction, several adiabatic ionization energies of Patel

adjustable parameter that represents the efficiency of energypeg have been reported in the literature. Because of the large
transfer in the collision with X&% Eomis the 0 K threshold for  geometry change upon ionization, exact experimental values are

the channel my is the experimental time for dissociatior§ difficult to obtain. On the other hand, the vertical ionization
x 107*s), e is the energy transferred to internal energy of the energies are readily determined. The analysis of the photoelec-
complex during the collision of the reactants, dtfds the total  tron spectra gives an average difference in vertical ionization

internal energy of the collisionally energized molecule (EM). energies of 0.3@& 0.05 eV (see above). Ab initio calculations
The summation is over the rovibrational states of the reactant (See the guantum chemical Section) were used to demonstrate

ions having internal energies B and populations ofi,, where that this value is correct and the difference in the adiabatic
Zgp = 1. The BeyerSwinehart algorith¥?~°! is used to  jonijzation energies can be expected to be similar to this value.
calculate the vibrational energy distribution at 300 K using the Similarly, our CBS-QB3 and CCSD(T)/cc-pVTZ calculations

frequencies calculated as outlined above. The rate tex(E), both obtain a difference in the calculated adiabatic ionization

represents the rate constant for unimolecular dissociation of thegnergies of 0.22 eV. A recently obtained room-temperature
threshold photoelectron spectrum of PEhows a broad first

(64) Aristov, N.; Armentrout, P. BJ. Am. Chem. S0d.986 108 1806.
(65) Rodgers, M. T.; Ervin, K. M.; Armentrout, P. B. Chem. Phys1997,

106, 4499. (69) Chesnavich, W. J.; Bowers, M. J. Phys. Chem1979 83, 900.
(66) Armentrout, P. BInt. J. Mass Spectron200Q 200, 219. (70) Armentrout, P. B. IPAdvances in Gas Phase lon ChemistAdams, N.
(67) Rodgers, M. T.; Armentrout, P. B. Chem. Phys1998 109, 1787. G., Babcock, L. M., Eds.; JAI: Greenwich, CT, 1992; Vol. 1, p 83.
(68) Muntean, F.; Armentrout, P. B. Chem. Phys2001, 115 1213. (71) Armentrout, P. B.; Simons, J. Am. Chem. Sod.992 114, 8627.
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Table 3. Optimized Parameters for CID of CoPR3;" (R = Me, Et)
Complexes with Xe

reactant ion product ion 0y Ey (eV) n

CoPMe* Co" 53+1.1 2.88£0.11 1.2+ 0.2
PMe;* 107.7+24.1 3.26+0.12

CoPEt*" Co" 16.9+ 8.4 3.51+0.17 1.5+05
PE&" 3.13+0.17

band with a vertical IE of 8.32 0.05 eV8! However, it was

difference in their vertical (and presumably adiabatic) ionization
energies of 0.30t 0.05 eV and the calculated difference of
0.22 eV. Such a discrepancy is clearly outside the boundaries
of our measured or assumed energetics.

This discrepancy in the RRionization energies can be
reconciled by considering the dissocation behavior of the
CoPR™ complexes more carefully. Heterolytic bond cleavage
of CoPR* should yield ground-state CE¢F, 3cf) + PRy(1A),
whereas homolytic bond cleavage could lead either to*fGo(

not possible to obtain a clear onset for the adiabatic IE because4s?3d’) + PR;™(?A) (adiabatic path) or CAF, 433c®) +
the signal descended smoothly into the background noise atPRs™(?A) (diabatic path), where the latter is an excited-state
about 7.7 eV. Because of the large change in the geometry fromlying 0.43 eV above the ground-state ¢f(4$3d").”¢ The

tetrahedral to planar, it is probably not possible to obtain an

discussion above finds that the difference between the adiabatic

adiabatic |IE using photoelectron spectroscopy (PES), a situationionization energies of the phosphines would be 07®.04

that was also encountered in the adiabatic IE of;N@at was
established to be 9.586 0.002 eV’2 which is almost 1 eV
below the observed onset in the PE€harge-transfer reactions
confirmed the accuracy of this spectroscopic val&hen large

eV if homolytic bond cleavage leads to ground-state*Ep(

423d") in both systems However, if the formation of the excited-
state CofF, 4$3d°) is assumed in the dissociation of the
CoPMe™ complex, the difference in the phosphine IEs is

geometry changes accompany ionization, the use of equilibriumreduced to 0.33t 0.04 eV, which is in good accord with the
measurements (e.g., charge transfer) are more appropriatalifference of the vertical ionization energies. In fact, we can

because they depend much less on Frai@éndon factors. For
the case of Pitsuch a study was reported by Aue and Boders

use the CID threshold energies to calculate adiabatic IEs for
PEg that best fit the data. From the CoRECID data and the

some years ago in which they report an adiabatic IE of 7.60 IE of the cobalt atom, the adiabatic IE of triethylphosphine is
eV, which is in reasonably good agreement with the values 7.50+ 0.03 eV, somewhat below the 7.61 eV value obtained

calculated here of 7.66 and 7.69 eV. If we add the vertical IE
difference of 0.30 eV between ethyl and methyl, we obtain an
adiabatic IE of 7.90 eV for the adiabatic IE of PMevhich
agrees well with the average calculated value of A86.06
ev.

According to the present TCID experiments, the formation
of Co™ + PMe; has a threshold lower than that of PMe+
Co, but the threshold for Co+ PEg is higher than that of
PEt™ + Co. This suggests that the ionization energy of the
cobalt atomJE(Co) = 7.8810 eV’>falls between the ionization

by Aue and Bower4? From the CoPMg" CID experiment,
using the 0.43 eV cobalt excitation energy, we arrive at a
trimethylphosphine IE of 7.83 eV, in excellent agreement with
the average calculated value of 7.860.06 eV. The good
agreement between these numbers suggests that the ionization
energies determined above are probably correct, and in fact,
that competitive CID experiments can be used to determine
adiabatic ionization energies when the photoelectron results are
ambiguous.

Although the thermochemistry is now self-consistent between

energies of the phosphines, which appears to confirm the the CoPMg" and CoPEf" systems, it remains to be explained

adiabatic IEs noted above. However, we can be more quantita-why the former dissociates diabatically and the latter adiabati-
tive. As shown in Table 3, we measure the CID onset for both cally in the homolytic bond cleavage channel. Such a difference
the Co” and the PR channels. In principle, the difference in behavior is possible as illustrated in Figure 5, which shows
between these onsets should equal the difference in the Co andgchematic potential energy surfaces for the dissociation behavior
PR; adiabatic IEs. The measured differences between the lowerof the two complexes. Full lines show potential energy surfaces
and higher CID thresholds are 0.380.03 eV for both reactions,  in which there are two electrons in thebonding space (thereby
but in opposite directions. (Note that the precision of the yielding the ground-state complex), whereas dashed lines
difference in threshold energies is higher than that of the absoluteindicate surfaces where there is a third electron indispace
values reported in Table 3.) Thus, the CID experiments suggest(which necessarily goes into an antibonding orbital such that

that the difference between the |IEs of p&hd PMg is 0.76+
0.04 eV, which is significantly higher than the measured

(72) Bryant, G. P.; Jiang, Y.; Martin, M.; Grant, E. B. Chem. Phys1994
101, 7199.

(73) Kimura, K.; Katsumata, S.; Achiba, Y.; Yamazki, T.; IwataHandbook
of Hel Photoelectron Spectra of Fundamental Organic Molegulapan
Scientific Societies Press: Tokyo, Halsted Press: New York, 1980.

(74) Clemmer, D. E.; Armentrout, P. B. Chem. Phys1992 97, 2451.

(75) Page, R. H.; Gudeman, C. B5.0Opt. Soc. Am. B99Q 7, 1761.

(76) Sugar, J.; Corliss, A. Phys. Chem. Ref. Data, Suppl1285 14, 1.

(77) Cox, J. D.; Pilcher, GThermochemistry of Organic and Organometallic
CompoundsAcademic Press: London, 1970.

(78) Rabinovich, I. B.; Nistratov, V. P.; Telnoy, V. I.; Sheiman, M. S.
Thermochemical and Thermodynamic Properties of Organometallic Com-
pounds Begell House: New York, 1998.

(79) Linstrom, P. J.; Mallard, W. QNIST Chemistry WebBopKIST Standard

Reference Database Number 69; National Institute of Standards and

Technology: Gaithersburg, MD, 2001.

(80) Chase, M. WJ. Phys. Chem. Ref. Data, Monodr998 9.

(81) The PEf heat of formation was obtained by a TPEPICO study in which
the energy associated with the dissociative photoionization,HR[E+
hv — PH;" + 3 CH,4, was determined to be 12.480.04 eV. Kercher, J.
P.; Baer, T. To be submitted for publication.
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the bonding interaction is weaker). The repulsive character of
the surface evolving from the C3¢8) + PR;™ asymptote is
correct, as demonstrated by quantum mechanical arguments
elsewheré?! The key difference between the two systems is the
position of the crossing between the surfaces evolving from
Co(gd") + PRs™ (3 o electrons) and Cdd®) + PR; (2 ¢
electrons). When R= Et, the crossing occurs at a relatively
short distance, such that dissociation of CaPEktan occur
adiabatically to the charge-transfer products. In contrast, in the
CoPMeg™ system, formation of Cot+ PMe&™ presumably
involves electron transfer occurring at much longer range where
coupling between the? ando® surfaces is inefficient, thereby
leading to the diabatic behavior observed.

Thermochemical Data

The heats of formation of Co(CeNOPR; (R = Me, Et) are
not listed in any of the major thermochemical compilatiéhg?
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Figure 5. Schematic potential surfaces for the dissociation of CoPMe
and CoPE4". The dissociation energies (eV) are indicated on the right.
Long-range potentials are accurately shown, but the positions of the potential
wells are approximate.

One approach to obtaining these values is to measure the energ

required to dissociatively ionize the molecules to"Cbe 2CO
+ NO + PRs. Combining the measured onset with the known
product heats of formation permits the determination of the
neutral Co(CONOPR; heat of formation. The total dissociation
energy to the known products is obtained by adding the
TPEPICO measured energy for Co(GRDPR; — CoPR™ +
2CO+ NO to the CID energy for the CoBR— Co" + PR;
reaction. All auxiliary and derived thermochemical data are
listed in Table 4 and Figure 6.

Zero Kelvin heats of formation of the Caon, CO, and NO
are taken from the NIST-JANAF thermochemical tatfegero

Table 4. Auxiliary and Derived Thermochemical Data (in kJ-mol~1)

Kelvin heats of formation of PM£® and PE$ determined by
Kercher and Baét are also listed in this table. Combining these
data with the C6—PMe; bond dissociation energy obtained in
the TCID experiments, we obtain the CoPMe K heat of
formation, 8304 12 kJ/mol (Table 4). For the CoP£tsystem,
the Co—PEg bond dissociation energy of 3.5& 0.17 eV
suggests thakiHy°(CoPE$") = 790+ 17 kJ/mol. Alternatively,
the Co-PRs;t bond energies could be combined with the
adiabatic ionization energies of the phosphines to obtain the
heats of formation of the CoRR complexes, but the best IE
values were clearly not obvious prior to this work.

By combining the CoPR appearance energies determined
in the present TPEPICO experiment with the above derived heats
of formation, we obtain the neutral Co(CDOPMe; heat of
formation of —350 4= 13 kImol~! and the Co(CQNOPE%
heat of formation of~-376 & 18 k}mol~! (Table 4). From the
derived heats of formation of the neutral molecules and their
adiabatic ionization energies, one can find that the molecular
ion Co(COYNOPMe™ has a heat of formation of 36& 13
kJ-mol~1 and the Co(CQNOPEg™ heat of formation is 322
+ 18 kImol~1. By combining the neutral molecule heats of
formation with the CoCONOPR appearance energies, the 0
K heats of formation of CoOCONOPMe (565 + 14 kkmol1)
jand CoCONOPEt (523+ 18 kJImol~1) can be obtained. In a
similar way, the heats of formation of CONOPMg756 + 14
kJ-mol~1) and CoNOPESt" (712 £ 19 kImol™) can also be
Yerived. One can get the €E®R; bond energies in each
dissociating ionic species if the above derived heats of formation
are combined with the heats of formation of the species
Co(COYNOT (x = 2, 1, 0), determined in an earlier stutly.
The derived bond energies are listed in Table 4 and Figure 6.

Using the heat of formation of neutral Co(GRP published
earlier! we obtain reaction enthalpies for the following reac-
tions: Co(COJNO + PR; — Co(COYNOPR; + CO, AH (0
K) = 18 £+ 15 kJ/mol, andA/H (0 K) = —29 £ 20 kJ/mol for
R = Me and Et, respectively. These values are listed in Table
5.

Dy (Co*-L) AHy® AsHagg® Hage® = Ho®

Co(COYNOPMe; —350+ 13 —379+ 13 43.0

Co(COYNOPES —376+ 18 —423+ 18 53.6

Co(COYNOPMe™ 90.7+ 6.2 (L=CO) 360+ 13 334+ 13 45.4
167+ 16 (L= PMey)

Co(COYNOPEg 86.8+ 6.2 (L=CO) 322+ 18 278+ 18 56.0
226+ 20 (L= PE®)

CoCONOPMeg"™ 78.2+ 6.8 (L= CO) 565+ 14 538+ 14 40.2
188+ 16 (L= PMey)

CoCONOPEs* 75.3+ 6.8 (L=CO) 523+ 18 479+ 18 51.3
250+ 20 (L = PE®)

CoNOPMe™ 163.1+ 6.8 (L= NO) 756+ 14 728+ 14 324
261+ 16 (L= PMey)

CoNOPE$*+ 167.94+ 6.8 (L= NO) 712+ 19 666+ 19 43.8
326+ 20 (L = PE®%)

CoPMe* 278+ 11 (L= PMey) 830+ 12 802+ 13 24.7

CoPE" 339+ 16 (L= PE}) 790+ 17 745+ 17 36.0

Co™a 1183.9+ 1.0

Ca? 4235+ 1.0 4.771

co? —113.81+ 0.17

NO2 89.77+ 0.17

PMeP —76+5 —102+5 20.4

PEg® —55.3+5 —100+5 315

aSee ref 80° See ref 55¢ See ref 81.
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CoNO*
+ PR3

2.69+0.16
3.38+0.21

CoCONO*
+PR;

1.94+0.17

259021
0.81 £0.07
\ Co(CO),NO" 0.78 +0.07
PRy 7CoCONOPR;"
1.74£0.17 2o
2.34+0.21 0.94 £ 0.06
0.90 + 0.06
C 0(CO)2NOPR3+
736+ 0.04
7.24 % 0.04

Co(CO),NOPR;

1.740.07
CoNOPR;"

Co*
+ PR;+2CO+NO

2.88+0.11
3.51+0.17

/ CoPR;"

1.69+0.07 +2CO+NO 7.88

+2C0
Co
+ PR3 + 2CO+ NO
5.80+0.17
6.29+0.21

Figure 6. Thermochemistry of the Co(CeNOPR; (R = Me, Et) systems. lonization energies and bond energies are indicated in electronvolts with their
uncertainties. Data for the R Me system are always above those for the=FEt system

Table 5. Reaction Enthalpies Derived from the Heats of
Formation in Table 4 (in kJ-mol~?1)

reaction

Co(COXNO + PMe; — Co(CORNOPMe; + CO
Co(CO}NO + PEt — Co(COYNOPE% + CO
Co(COYNOPMe; + PEt —

Co(COYNOPE;+ PMes

AHy® ArHes®

18+ 15 18+16
—29+19 —-28+20
—47+23 —-46+23

known heats of formation of Coand PR (R = Me, Et) to der-
ive the 0 K gas-phase heats of formation of the neutral precursors.
The derived Ce-PR; bond energies in the various ionic

species show that phosphine ligand is always more strongly
bonded to the metal center than the carbonyl and nitrosyl ligands.
The triethylphosphine ligand with longer alkyl chains are also
harder to remove from the complex than the trimethylphosphine
ligand. These findings are in accordance with the higher electron

To convert the above thermochemical data to room temper- donor capability of the phosphine ligands observed in an earlier

ature, one has to calculatel,gg® — Ho°® values for the
Co(COYNOPR; molecules and the various ions. Thiggg® —
Ho® values obtained by using the B3LYP/6-B+G** frequen-

photoelectron spectroscopy studly.
Combining these heats of formation with the published heat
of formation of Co(COJNO, we obtain the reaction enthalpy

cies are listed in Table 4 with the room-temperature heats of of the carbonyl replacement with the two phosphines. Formation
formation of the neutral molecules and ionic species. Using theseof Co(CORNOPMe;, in gas phase, is less favored thermody-

data along with theH,g9g® — Hp® values of the elements (Co,
4,771 kdmol™%; C, 1.051 kdmol™%; Ny, 8.670 kdmol™1; Oy,
8.683 kdmol™1; P, 6.197 kdmol~%; H,, 8.468 kdmol=1),80 we

namically than formation of the triethylphosphine derivative.
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té'te g?;pg?(se heats of formaﬂoq of thfe tr? OWR‘ ]ER - Me,t . Note Added after ASAP Publication: In the version
)- appearance energies of the various fragment lons published on the Internet June 14, 2005, there were errors in

+ = . = I
gCO(Ct:r?)(NOyII:’Rg ’ )f(th 2TI31E§I8:/O 1, 0)_ Werte dgtermlnedth Figure 6. The final version, published June 20, 2005, and the
rom the analysis of the experiments. However, the print version are correct,

highest photon energy available in the TPEPICO instrument was . ) . .
not enough to observe either bare'@s PR;*. The [Co-PRy* Supporting Informatlgn Ayallable. Calcylated (BSLYP/G-

. . . 31++G**) harmonic vibrational frequencies required for the
bond energies were obtained from the TCID experiments. The data analvsis (Table 1). Detailed descrintion of the TPEPICO
data indicate that the dissociation of CoPNMean yield ground- data analys!s ( ith the )éRKMIcaIc Iate:jprlate constants of the
state CO(%F, 3d) + PMey(*A) and excited-state C, 453c) three diss):)éiarivc:n reactions from CL:Jo GRDPR;* (Figure 1
- PMes"(*A), where a lower threshold can be assigned (o the and sample ion internal ener di(stribgation c(ur\?es of) the
former reaction. In contrast, CoREwissociates adiabatically to b N 9 . ,

o . Co(COXNOPMeg™ (x = 2, 1, 0) species (Figure 2). Full list of
form Co(*F, 483d") + PEg™(?A) at energies lower than C¢F, ! 2 :

1 . . authors for refs 57 and 58. This material is available free of
3®) + PEg(*A). On the basis of the TCID experiments, new charge via the Intemnet at htto://pubs.acs.or
adiabatic ionization energies of PR = Me, Et) are proposed. gevi p-/lpubs.acs.org.
As aresult, it is possible to combine these bond energies with theJA0504744
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