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Abstract: Threshold photoelectron—photoion coincidence spectroscopy and density functional theory
calculations have been used to investigate the dissociation kinetics of the benzene chromium tricarbonyl
ion, BzCr(CO)s* (Bz = CgHs). The dissociation of the BzCr(CO)s* ion proceeds by the sequential loss of
three CO and benzene ligands. The first and third CO and the benzene loss reactions were associated
with metastable precursor ions (lifetimes in the microsecond range). By simulating the resulting asymmetric
time-of-flight peak shapes and breakdown diagram, the 0 K appearance energies of the four product ions
were determined to be 8.33 & 0.05, 8.93 £ 0.05, 9.97 £+ 0.06, and 11.71 + 0.06 eV, respectively. Combined
with the ionization energy of BzCr(CO)s, 7.30 £ 0.05 eV, the three successive Cr—CO bond energies in
the BzCr(CO)s;* were found to alternate, with values of 1.03 + 0.05, 0.60 + 0.05, and 1.04 + 0.05 eV,
respectively, and the Bz—Cr bond energy in BzCr* is 1.74 + 0.05 eV, a trend confirmed by the density
functional theory (DFT) calculations. Using the heats of formation of the fully dissociated products, CsHs,
Cr*, and CO, the 298 K heats of formation the ionic BzCr(CO)," (n = 0—3) species were determined. By
scaling the DFT calculated bond energies for the neutral molecules, the heats of formation of the neutral

BzCr(CO), (n = 0—3) were also obtained.

Introduction

The structures and reactivities of the arene chromium tricar-

bonyls have been the subject of extensive investigation in

organometallic chemistty® because of the importance of this
class of transition metal complexes in catalysisd organic
synthesi$:®

Benzene chromium tricarbonyl g8Cr(CO) or BzCr(CO},
is the simplest arene chromium tricarbonyl complex, and this
molecule has therefore been the object of many theorétical
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and experimental studié3:18 The structure of BzCr(CQhas
been the source of much controversy, in both theoretical and
experimental studies. Early room-temperature X-ray diffrac-
tion,’®29Raman and IR studiés?? suggested that the benzene
ring in this molecule retaineB®g, symmetry, but more recent
low-temperature X-ray and neutron diffraction stuéfeshow
that the benzene ring is in fact distorted in the solid state. The
gas-phase structure of BzCr(GQyas recently determined by
microwave spectroscopy by Kukolich et 226 who found that
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the symmetry of benzene reduces due to the interactions  cm field-free drift region. The electrons and ions were detected with a
with the Cr(CO} moiety. Theoretical studi€4%27.28 of the channeltron electron multiplier and a multichannel plate detector,
benzene and Cr(C@nteraction indicate that upon coordination respectively_. The elgctrorj and ion signals served as start and stop pulses
to the strongly electron withdrawing Cr(C§j}he benzene ring for_ measuring the ion tlme-of_-fllght (TQF), and the TO_F for each
becomesr-depleted and reduced in aromaticity. The properties comuqenpe event was storgd na multichanne p.ulse height analyzer.
of the benzene ligand are significantly changed relative to free ;%i:@tg%“&f(;Aéesrifezbézgifu';_ziam‘;ependmg on the photon
benzene, as is reflected in the alternating@bond lengths.

. The TPEPICO spectra were used for two purposes. First, the
The first photoelectron spectrum (PES) of BzCr(e@ps fractional abundances of the precursor and the product ions were

reported by Guest et &°who obtained an estimate of 7.42 eV measured as a function of the photon energy (breakdown diagram).
for the vertical ionization energy (IE). Two different values for  Second, the product ion TOF distributions were measured at energies
the adiabatic IE values of BzCr(C&have been obtained (7.3  close to the dissociation limit. Slowly dissociating (metastable) ions
and 7.41 eV), based on charge-transfer transition energydecay in the first acceleration region. The resulting product ion TOF
measurement®:3! In several electron ionization studies of distribution is asymmetrically broadened toward long TOF. The
BzCr(CO),32 35 the appearance energies (AE) of the molecular asymmetric peak shapes can be analyzed to extract the ion dissociation
ion, BzCr(CO)", and the fragment ions were measured. The rates as a function of the ion i_nternal energy. T_hese two types of
BzCr(CO)" ion was found to undergo fragmentation by information were used. toge'Fher in the data analysis.
successive loss of three CO ligands, followed by loss of the _ N benzene chromium tricarbonyl sample (BzCr(-@§%, Strem

. N . Chemicals) was used without further purification.
coordinated benzene. The electron ionization studies do not, C
however, lead to accurate ion energetics because of insufficient Determination of the Sample Temperature. |t was necessary to

lut 4th lect of th le’s th I heat the solid sample to 13@ to obtain sufficient vapor pressure.
energy resolution and the negiect of the sample's thermal eNergyyy,ever, this is not the real temperature of the sample vapor in the

distribution, as well as the kinetic shift in the data analysis.  jonization region because after the sample passes through the 2.5 cm

In this study we report the investigation of the gas-phase |ong quartz tube, it will cool. To obtain an estimate of the real sample
dissociation kinetics of BzCr(C@) ions using threshold  temperature, a similar organometallic compound, CpMn¢ZOp =
photoelectror-photoion coincidence (TPEPICO) spectroscopy, CsHs), whose breakdown diagram at room temperature has been
a technique by which the ions can be energy-selected. Thedetermined and well-characterized, was u¥elrom an analysis of
analysis of the experimental results with statistical unimolecular the CpMn(CO; breakdown diagram at a nominal sample cell temper-
reaction theory can extract accurate dissociation energies of thefture of 130°C, it was determined that the real sample temperature
ions, and thus bond energies and heats of formation. By under these conditions is only (‘_EE. In this analysis all CpMn(CQ)

. . . . parameters were kept fixed while only the assumed temperature was

combining these results with density functional theory (DFT), . : . . . .
o . . . varied. This temperature is used in the simulations of the present BzCr-
itis p033|bI(=T to determine an accurat_e gnd self-consistent set Of(CO)3 data. No GHg" ions were observed in this study, which indicates
bond energies for both neutral and ionic BzCr(€0) that the thermal decomposition of the sample did not occur as a result
of heating the sample.

Quantum Chemical Calculations. In the simulations of the

The threshold photoelectreiphotoion coincidence apparatus has experimental data, vibrational frequencies and rotational constants of
been described in detail previousiBriefly, sample vapor was leaked  the equilibrium structures and transition states for relevant neutral and
into the experimental chamber through a 1.0 mm diameter inlet (2.5 ionic species are required. In this study, these were obtained from
cm long) and was then ionized with vacuum ultraviolet (vacuum-UV) quantum chemical calculations performed using either the Amsterdam
light from an H; discharge lamp disperseg b 1 mnormal incidence density functional package (ADF99)*! or Gaussian 9& Structural
monochromator. The vacuum-UV wavelengths were calibrated using and energetic results using the ADF package have been reported
the hydrogen Lymare line. The ions and the electrons were extracted previously, and the reader is referred to ref 8 for details of the
in opposite directions with an electric field of 20 V/cm. Threshold calculation. Calculations using the Gaussian package were performed
photoelectrons were selected by a steradiancy analyzer that consists 0bn various spin states of the neutral and ionic BzCr83Cr(CO},
a flight tube with small apertures that stop energetic electrons with BzCrCO, and BzCr structures using the hybrid B3LYP functional. The
perpendicular velocity components. Further discrimination against the 6-31G(d) basis set was used for the carbon and oxygen atoms, while
energetic electrons was provided by a hemispherical electrostatic sectorthe 6-31G basis set was used for hydrogen. The LANLZD%hasis
analyzer, which resulted in a 35 meV combined photon and electron set and effective core potential were used for the chromium atom. The
energy resolution. The ions were accelerated to 100 eV in the first 5
cm long acceleration region and were then accelerated to 220 eV in a(37
short second region. The ions were detected after drifting through a 30 (38

Experimental Approach
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Figure 2. Breakdown diagram of BzCr(C@). The points are the
experimental data with error estimates, and the solid lines are the simulation
results. Vertical dashed lines indicatetd K appearance energies of the
four consecutive dissociation reactions.

ion peak consists of two parts, a central peak on top of a broader
one. The sharp part results from the effusive jet produced by
the sample inlet, while the broad peak results from the BzCr-

(CO); vapor in the background.

Below a photon energy of 8.4 eV, the two peaks correspond
to the molecular ion BzCr(C@}) and its first product ion, BzCr-
(CO)". At photon energies higher than 8.4 eV, BzCrC@he
product of double CO loss, can be seen as well. At photon
energies in excess of 12.0 eV, the only two peaks correspond
to the BzCr and Cr ions. The latter ion is a result of the
complete dissociative photoionization of the molecular ion to
Crt + CgHe + 3CO, whose final product energy is well-
established. The results are in qualitative agreement with the
electron ionization studies that also show these sequential
ionization stepg?:35.45:46

As shown in Figure 1, for the loss of the first and third
carbonyls, as well as of benzene, the product ion TOF
distributions are asymmetric at the photon energies close to the
appearance energies of those product ions. This indicates that
these ions are produced slowly during the course of acceleration
in the first acceleration region.

The experimental breakdown diagram of the BzCr(€@)n

Figure 1. (a, top) lon TOF distributions at selected photon energies for X k ) : ’ .
the first CO loss reaction. The points are the experimental data, and theiS shown in Figure 2, in which the points are the experimental

solid lines are the simulation results. The asymmetric BzCr¢CPgak at data with error estimates, the solid lines show the simulation
31.6us is due to the slow CO loss reaction. (b, middle) lon TOF distributions results. and the vertical dashed lines indicate the location of
at selected photon energies for the third CO loss reaction. The asymmetric ’ . L . . .
BzCr' peak at 26.4s is due to the slow CO loss reaction. (c, bottom) lon  the four 0 K dissociation onsets determined in this study. The

TOF distributions at selected photon energies for the benzene loss reactioncrossover energies, in which the abundance of precursor ions
The asymmetric Crpeak at 16.7:s is due to the slow benzene loss reaction.  gn( product ions are equal, are 8.6, 8.92, 10.36, and 13.1 eV
respectively.

The dissociation reaction mechanism of the BzCr(£@)ns

can be described by

nature of the stationary points was confirmed through the calculation
of harmonic vibrational frequencies.

Results and Discussion

NEEY feot2
1. TOF Distributions and Breakdown Diagram. TOF mass BzCr(COY BzCr(CO)” +CO

spectra of BzCr(CQ)were collected in the photon energy range BzCrco" + ZCOT—%> BzCr™ + 3COT_S4.
of 7.5—14.2 eV. Typical time-of-flight distributions are shown crt + Bz +3CO 1)

in Figure 1. The ion peak at 33:& is the molecular ion, BzCr-
(CO)t (mVz 214), whereas TOF peaks at 31.6, 29.0, 26.4, and
16.7us correspond to the product ions, BzCr(GO)n/z 186),
BzCrCO" (m/z 158), BzCr (mvz 130), and Cr (m/z 52),
respectively. In the figures, the points are experimental data (45) Nebrasov, Y. S.; Vasyukova, N.@rg. Mass Spectronl979 14, 422~
and the solid lines are the fitted TOF distributions as discussed ., 424-

. i X X (46) Vandenheuvel, W. J. A.; Walker, R. W. Organomet. Cheni98Q 190,
in the following section. Figure la shows that the precursor 73-82.

In the electron ionization experimerifs34354548zCr(CO) "
ion is found with low intensity. From the breakdown diagram

J. AM. CHEM. SOC. = VOL. 124, NO. 16, 2002 4489
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in Figure 2, it can be seen that the dissociation onsets of thefreedom, were adjusted to fit the rate data. All the frequencies
first and the second CO loss are very close; that is, the BzCr- used in the best simulation are shown in Table S1 in the
(CO)* ion is stable over only a small energy range and easily Supporting Information.
dissociates to BzCrCOand CO. The poor electron energy 3. Simulations of the Experimental Data.The statistical
resolution in the electron ionization experiments resulted in a RRKM theory was used to calculate rate constants of the
very weak BzCr(CQy" signal. unimolecular dissociation reactions of the BzCr(gO)on

2. Computational Results.The structural parameters (Gauss- shown in eq 1. The RRKM calculations were performed using
ian 98) for the ground electronic state of each complex are the formuld’
shown in the Supporting Information. The structural and
energetic results are very similar to those reported using the gN*(E - Ey)
ADF package. In particular, there is a distinct trend toward the k(E) = T ho(B) 2)
adoption of higher multiplicity ground states as ligands are P(E)

progressively lost. Thus, for neutral BzCr(GOjhe ground- in which ¢ is the symmetry parameteEy is the activation

state m_u|t|pI|C|t|e_s are 1, 3, 3 gnd ! fqrz 3,21 and 0, energy,N*(E — Ep) is the sum of states of the transition state
respectlvely, while for the ionic species, BzCr(GQ)the ffrom 0 toE — Eo, andp(E) is the density of states of the ion
corresponding vglues are 2, 41’ 6, agd 6. The ground' states o measured from the bottom of the ion ground-state potential well.
the Cr at_om and ion ares; (30.’545.) and®Ss,; (3cP), re_spgctlve!y, . The symmetry parameters for BzCr€C@nd BzCt are both 1.
suggesting that the coordination of benzene in isolation is According to the DFT calculations, the symmetries of Cr(¢0)
relatively weak and insufficient to induce spin pairing. Similar (n = 3 and 2) in BzCr(CQy ,are nearly Cs, and C,
observations were m.ade f.or.the related organom_etalllc m°|eCUIe’respectiver. However, for their corresponding transition states
CpMn(CO}, where dissociation of the molecular ion (a doublet) the symmetry is reduced 10 because they have an extended

grodugei fragmentj Ik;] non(zi(.)ué)lcit gr(:#;d Siatez; 'r']e" theCr—C(O) bond length. As will be discussed shortly, the benzene
issociation proceeds by an adiabatic péffihese trends have ring in these two ions can rotate freely due to a low-energy

_bet?n mterp:je_tec: n term? of the rzdui:ed fr:fect|ve:|gand_f|e!d barrier. Thus, the symmetry parameters for BzCr({£Cjnd
In low-coordinate complexes and aiso the grealer gan in BzCr(CO)™" used in eq 2 are 3 and 2, respectively.
exchange energy associated with unpairing electrons in the In the electron diffraction studies, Chiu et®8Ifound that

cation (¢ configuration). The neutral species BzCr(GOps the BzCr(COj vapor consists of a mixture of several conforma-

?lm(:ﬁt perfecthgy _styhmmeFry, \;\gth altgerTatlng?hS?(;sSond tions which differ by the rotational arrangement of the six-
€ngtns, inaccord with preévious theoretical resus: ==+ /pon membered ring with respect to the carbonyl groups. They

ionization, the major change in the geometry is the lengthening : :

. concluded that the BzCr(C@j)nolecule in the gas phase is a
of the Cr—C(?) an? %Fog(g\enzeng)tbotnd.sthvtvrtnch gxterédbbyk nearly unhindered rotor. Extended tkel calculations gave a
an average ot nearly ©. » consisient wi € reduced back-yna oretical estimate of only 1.3 kJ/mol for this rotational

bonding in the cation. When CO ligands are lost from the ion, barriers! which compares well with an average of 1.9 kJ/mol

the remaining Cf—C(0) and Cr—C(benzene) bond lengths (based on different levels of theory) reported more recently by

are further increased, but this effect is associated with the Low and Hall®2 as well as an upper limit of 1.6 kJ/mol obtained
increase in multiplicity (and therefore occupation of antibonding from microwa{ve work4 Thus, in the calculations of the thermal

orbitals), rather than more subtle changes in the magnitude Ofenergy distribution of the molecule and the rate constants in eq

bggk-tjondlngjfe symlmetrlteds: of thg gr(@@mlet);.m cmr' q 2, this lowest frequency of BzCr(C®Jas treated as a rotation.

(CO)™ (n= )arec 0s€ L2y and Le,, respectively, an From the frequency analysis, the lowest frequencies of BzCr-

the symmetry axes are coincident with the approximataxs (CO)*™ and BzCr(COyt were also assigned as the internal

of the b(_anzer_le_rmg in each case. . ) ) rotation of the benzene ring. The calculated rotational barrier
The dissociation steps of BzCr(C£)ions involving the loss height of 1.9 kJ/mol was used for neutral BzCr(GQ)s well

of CO or benzene are expected to be direct dissociation reactionsaS for ionic BzCr(COy" and BzCr(CO)*

without reverse activation barriers. The determination of the Although the TPEPICO resolution is 6n|y about 35 meV. the

structures or the frequencies for these transition states ShOUIdaverage thermal energy of BzCr(GO3 280 meV (based on
iati ition- 49 i . . . . .
use variational transition-state theory (VTST)!in which the the DFT vibrational frequency calculation). To fit the experi-

tran_'5|t|o|_n-stﬁte stlrucltur_e varies with thz |or;_en§rTgé. However, mental data, it is necessary to interpret the rate constants in
to §|r3p ity .t ;;z&utﬁnon' V_IYE assumed a 'Xf ggometry terms of a thermal energy distribution. The procedure, described
asis donein eory. The precursor 1on frequencIes Were 3, jaqj) by Szteay and BaeP? involves convolution of the

gs(r)ed as ehstlmztes f(t;r the ér?nsmohn-stalte :‘re_quengg;.;’?le Crdthermal energy distribution of the molecule with the electron
stretch modes obtained from the calculations (389, »an analyzer function and the rate constarité) for the four

1 + = 23— | . L .
340. e ) for Bz(_:_r(CO)1 (n . 31, respect!\{ely) WEre  dissociation channels. The electron analyzer function was
assigned as thg critical frequelnues fqr the transition statgs, TS measured from the threshold photoelectron spectra (TPES) of
(n= %?3)’ while the 180 cm moqe n BZ,Cf was used as rare gases, NO or acetylene, which have widely spaced energy
the critical frequency for the final dissociation step. Four low- levels. However, as discussed by Li et#lsome adjustment
frequency modes (other than the benzene ring rotational mOCIe)’of this function i's necessary in certain cases. For the further
which ultimately end up as product rotational degrees of

(50

(47) Baer, T.; Hase, W. LUnimolecular Reaction Dynamics: Theory and (51
ExperimentsOxford University Press: New York, 1996.

(48) Wardlaw, D. M.; Marcus, R. AAdv. Chem. Phys1988 70, 231—-263. (52

(49) Hase, W. LChem. Phys. Lett1987 139, 389-394. (53

Chiu, N. S.; ScHar, L. J. Organomet. Chenl975 101, 331—346.
Albright, T. A.; Hofmann, P.; Hofmann, R. Am. Chem. S0d.977, 99,
7546.

Low, A. A.; Hall, M. B. Int. J. Quantum Chen00Q 77, 152-160.
Sztaray, B.; Baer, 1. Am. Chem. So200Q 122, 9219-9226.
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dissociations of the product ions, BzCr(GO)BzCrCO", and 4] BzCrCO) " —— BaCrH(CO),, +CO
BzCr*, their energy distributions were calculated using the Klots ] ’ "
equatior?* by a method described by Srag and BaeP3 124 n=2

The ion TOF distributions and the breakdown diagram can ]
be calculated using the following information: the thermal
energy distribution of the precursor molecule, the acceleration
electric fields and the acceleration and drift field lengths, and
the adiabatic IE value of BzCr(C@)However, in contrast to
the vertical IE valué? which is well-determined to be 7.42 eV
by the PES measurement, the adiabatic IE of BzCrgGnot 24
well-established. The vertical result should be the upper limit ]
of the adiabatic IE. Two independent charge-transfer stéftfies
suggest 7.3 and 7.41 eV. We have chosen to use the lower figure 2
of 7.3 eV as the adiabatic ionization energy of the BzCr($0O)
molecule in the simulation. Given the significant geometry
changes (see the Supporting Information) when BzCr¢G®©)
ionized, one expects a significant difference between the verticalis especially true for the higher appearance energies. Any shift
and adiabatic IEs. In addition, the lower IE value agrees better of the appearance energies beyond 0.05 eV makes the quality
with the derived CO loss bond energy. By adjusting the four of the simulated TOF distributions and breakdown diagram
dissociation limits, the lowest four TS vibrational frequencies become significantly worse. We also varied the assumed internal
(two for TSy) which determine the entropies of activation (not rotational barrier of the benzene ring by multiplying it by a
including the frequency associated with the benzene ring rotationfactor of 56-200%, adjusted the sample temperature from 330
for BzCr(CO)" and BzCr(COy", because it has been treated to 350 K, and found that all these tests resulted in barrier heights
as an internal rotation), and to a limited extent the threshold that agreed with the original one within 0.01 eV. These tests
electron analyzer function, the breakdown diagram and the TOF |ed to the estimated error limits of the four appearance energies
distributions can be simultaneously fitted. listed in the above.

To aid convergence of the optimization procedure, the The activation entropies of the four consecutive dissociation
simulation was carried out in a stepwise fashion. First, the reactions of 19.2, 40.6, 34.7, and 28:mdl~1-K~! at 600 K,
breakdown diagram was modified by summing all product ions. respectively (as shown in Figure 3), are all positive, which
By simulating this breakdown diagram and the TOF distributions indicates that these reactions proceed via loose transition states.
for the BzCr(CO)* ion, the energy barrier heighg(), the This is characteristic of a simple bond-breaking reaction. The
transition-state frequencies for the first dissociation reaction, 0 K dissociation onsets of the first and third CO loss and the
as well as the threshold electron analyzer function, can be benzene loss steps are 0.27, 0.39, and 1.39 eV lower than their
determined. Similarly, for the second CO loss reaction, the phenomenological crossover energies, respectively, while the
breakdown diagram was modified by combining the BzCICO  second dissociation onset is almost equal to its crossover energy.
BzCr", and Cr ions. In this fitting, E;, the transition-state  Because the second CO loss reaction has the highest activation
frequencies of the first CO loss reaction and the threshold entropy and the lowest bond energy, the dissociation rate
electron analyzer function, which are obtained in the first constant at the thermochemical onset is quite high so that this
simulation, were fixed. Only the energy barrier heigi)(and onset is not shifted to higher energies as much as the other CO
the TS frequencies were adjusted until the breakdown diagram |oss onsets.
and TOF distributions were simultaneously fitted. In a similar  Table 1 lists experimental dissociation energies and calculated
manner, the data set with, E; andTS, TS frequencies fixed  pond energies by two methods determined in this study, and

=40.6 J K'mol,

600K

A"40=28.5 ) K'mol”!

n=1
AS

log (k/s™)

e _ -1 -1
00=34.7 J K'mol

BzCt —— Bz +Cr’

19.2 J K'mol”

T T T T T —r—
9 10 11 12 13 14

Photon Energy / eV
Figure 3. RRKM calculated dissociation rate curves of BzCr(gO)

was used in the simulation to obtaify, E4 and theTS, TS some literature results for comparison. Many of the literature

frequencies. values for the BzCr(CQJ dissociation energies are based on
The best fit to the TOF distributions and the breakdown electron ionization appearance energy measurements. These are

diagram was obtained with the following parametes:= 1.03 low-energy resolution studies that did not take into account the

eV, E; = 0.60 eV,Es = 1.04 eV, andes = 1.74 eV. These  thermal energy distribution of the sample nor the kinetic shift
values are based on the assumed adiabatic ionization energy oin the analysis of experimental data. However, the-Bz" bond
7.30+ 0.05 eV. The correspondin0 K appearance energies energy of 1.76+ 0.10 eV obtained by collision induced
are 8.33+ 0.05, 8.93+ 0.05, 9.97+ 0.06, and 11.7H 0.06 dissociatioR® agrees very well with our experimental value of
eV, for the BzCr(COy", BzCrCO", BzCrt, and Cr" ions, 1.74 4+ 0.05 eV, as well as with a theoretical calculation of
respectively. The simulated TOF distributions and breakdown 1.62 + 0.22 eV obtained using a modified coupled-pair
diagram are shown in Figures 1 and 2, and the RRKM calculated functional method® Table 1 also lists our calculated values
rate constant curves are shown in Figure 3. Although the pased on two density functional approaches. Both computational
adiabatic ionization energy of BzCr(C&fas associated with  approaches are conspicuously successful in predicting the trend
it an error+0.05 eV, the derived appearance energies for the
various product channels did not change substantially as the(S5) Meyer, F.: Khan, F. A Armentrout, P. 8. Am. Chem. S0d.995 117,
assumed ionization energy was varied. That is, if the IE was (56) Bauschlicher, C. W., Jr.; Partridge, H.; Langhoff, S.JRPhys. Chem.
raised, the AEs were lowered by corresponding amounts. This(57) }ngiztar?goizgﬁsl\%z%raxl, K.; Steiner, B. W.; Herron, J ERergetics of

gaseous ionsJournal of Physical and Chemical Reference Data, Vol. 6;
(54) Klots, C. E.J. Chem. Phys1973 58, 5364-5367. American Chemical Society: Washington, D.C., 1977.
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Table 1. Experimental and Calculated Dissociation Energies (eV) Table 2. Thermochemical Data (kJ/mol)2
reactions this study calcd® calcd® other species AH205¢° AHoE HO08x — Hopid
BzCr(COy™— BzCr(COy™+ CO 1.03 1.19 0.81 0.60.5190.4¢ BzCr(CO} —341.5+ 6.0 —322.8+6.C° 33.28
1.14 BzCr(CO)» —9+15 8+ 15 29.25
BzCr(CO)" — BzCrCO" + CO 0.60 0.75 0.28 0.60.8490.% BzCrCO 328+ 15 345+ 15 24.17
BzCrCO"— BzCrt + CO 1.04 1.29 1.20 2.982.2591.1° BzCr 470.9+ 6.3 485.6+ 6.3 21.11
BzCrt*— Bz + Cr* 1.74 219 1.68 2.43.1693.2¢ BzCr(COy" 365.1+ 7.7 381.6+ 7.7 35.44
1.7691.62 BzCr(COY" 579.3+ 7.7 594.8+ 7.7 30.99
BzCr(CO}— BzCr(CO)+ CO 2.2% 2.08 1.75 BzCrCO" 752.6+ 7.0 766.5+ 7.0 27.24
BzCr(CO»— BzCrCO+ CO 231 191 1.80 BzCr* 964.7+£ 5.0 980.6+ 5.0 19.90
BzCrCO— BzCr+ CO 0.28 1.28 0.22 Bz 82.93+ 0.50 100.33+ 0.50 8.11
BzCr— Bz + Cr 0.10 0.19 0.10 Cr 397.48+ 4.0 395.34+ 4.0 -
Crt 1050.28+ 1.5 1048.14+ 1.5 -
CcO —110.53 —113.80 8.665

aDFT results (ADF) (values taken from ref 8 and corrected for ZPE
using frequencies reported in Table S1 of the Supporting InformetiDmT
results (Gaussian 98)Midiller and Gmerd* the values for the first and
second CO loss are the average of the two bond enefyy@itoert et al33
e Gaivoronskii et af? f Pignataro and Lossind:the average of the three
Cr—C(O) bond energies Meyer et ak®> " Bauschlicher et &l® ' Scaled
Gaussian 98 DFT results (see the tekth ref 8, the ground state of BzCr
was erroneously reported to be a quintet withv&rcoordinated benzene

aIn the H%ggk — H%k calculations, the heat capacity of the electron
was treated as 0.0 kJ/mol at all temperatures (the ion convéntidro
convert to the electron convention, which treats the electron as a real particle,
6.197 kJ/mol should be added to the 298 K heat of formation of each ion.
b AfH%y — AsH%gs. © Determined using the appearance energies deter-
mined in this study? Determined using DFT or HF calculated vibrational

ligand. Further investigations carried out as part of this study revealed that frequencies® AiH%k(Bz) + AiH%k(Cr") + 3AtH%k(CO) — AE(Crt).

a septet, with a weakly?-coordinated benzene, is more stable.

in the ionic BzCF—CO bond energies, the first and third CO

fWebbook® 9 AfH%gex — AH%«k. " NIST-JANAF thermochemical tablég.
I NIST-JANAF thermochemical tablé8 converted to the ion convention.
JWagman et af°

loss energies being similar to, and substantially higher than, i, \which is determined from the microcalorimetric measure-

the second CO loss energy. As previously mentioned, the mens of high-temperature heats of thermal decomposition and
measured CO loss appearance energy depends only weakly 0Rs jodinationst

the assumed BzCr(C@ipnization energy. However, the derived
bond energy for the loss of the first CO group from BzCr(€0)

depends strongly on the assumed IE. The good correlation with

Having verified the heat of formation of neutral BzCr(GO)
and knowing the energies of the dissociated products, Bz, Cr,
and CO, we can determine the sum of the bond energies in the

the trends in the calculated and our measured bond energies, g tral compound with the equation

when we assume an IE of 7.30 eV thus lends support for
choosing this value over the 7.41 eV.
4. BzCr(CO); and BzCr(CO)s" Thermochemistry. The

analysis of the experimental TPEPICO results determined all

four dissociation energies of BzCr(C£)o the fully dissociated
products, Bz, Cf, and CO. Since the heats of formation of Bz,
Crt, and CO are all well-known, the heats of formation of BzCr-
(CO)' (n= 3—0) can be accurately determined. For example,
the 0 K heat of formation of BzCrwas obtained using the
equation

AH®, [BzCr'] = AH,([BZ] + AH % [Cr'] —
[AE(Cr") — AE(BzCr)] (3)
The interconversion between the 0 and 298 K values is

performed for neutral or ionic BzCr(C@{jn = 3—0) using the
following equation:

AfHozgsK[BZCI’(CO)n] = AfHOOK[BZCI’(CO)n] —
[H e« — Hool(elementsi [HC,qq — H][BZCr(CO)]
4)

in which “elements” refers to the sum of the elements in their
standard states. TheH{x9sx — H%%xk][BzCr(CO),] value is

obtained from the DFT calculated vibrational frequencies. Table
2 lists the 0 and 298 K heats of formation of the relevant species

obtained in this study.

The only derived heat of formation that we can compare to
a literature value is th&:H® of the neutral starting compound,
BzCr(CO}. Our 298 K value 0of—341.5+ 6 kJ/mol agrees
well with the value listed in the Webbodk,—350.3+ 9.4 kJ/

(58) http://webbook.nist.gov/chemistry/om/. 2000.
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BzCr(CO)(g) — CgHg(9) + Cr(g) + 3CO(9)
AH, = 477 kdimol (4.94 eV) (5)

The corresponding bond energy sum for the ion is

BzCr(CO)"(g) — CgHq(g) + Cr'(g) + 3CO(g)
AH°y = 426 kd/mol (4.41 eV) (6)

The sum of the Crligand bond energies of the neutral is
slightly higher than that of the ion, a direct consequence of the
weaker back-bonding and longer-68€ bonds in the charged
species. A recent measurement of the BzCr ionization energy
of 5.134 0.04 e\f?2 combined with ou0 K heat of formation
of BzCr™ + 3CO (639.2 kJ/mol) fixes the heat of formation of
the BzCr+ 3CO product at 144.2 kJ/mol. This information
allows us to fix the experimental sum of the three BzCiO
bonds at 4.84 eV and the BLr bond energy at 0.1 0.06
eV. Since the heat of formation and the IE value of the
chromium atom are well-known, using the above sum of the
dissociation energies of neutral BzCr® = 3—0), the full
ionization—dissociation energy diagram of the BzCr(GO)
system can be established as shown in Figure 4, in which the
values ae 0 K heats of formation.

(59) Chase, M. WNIST-JANAF Thermochemical Tablesmerican Institute
of Physics: New York, 1998.

(60) Wagman, D. D.; Evans, W. H. E.; Parker, V. B.; Schum, R. H.; Halow, 1.;
Mailey, S. M.; Churney, K. L.; Nuttall, R. LThe NBS Tables of Chemical
Thermodynamic Propertiesournal of Physical and Chemical Reference
Data; NSRDS: U.S. Government Printing Office: Washington, D.C., 1982;
Vol. 11, Suppl. 2.

(61) Pilcher, G.; Skinner, H. A. Thermochemistry of organometallic compounds.
In The Chemistry of the MetalCarbon Bong Hartley, F. R., Patai, S.,
Eds.; John Wiley & Sons: New York, 1982; pp490.

(62) Kurikawa, T.; Takeda, H.; Hirano, M.; Judai, K.; Arita, T.; Nagao, S.;
Nakajima, A.; Kaya, KOrganometallics1999 18, 1430-1438.
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2071 Table 3. Bz—Cr and Cr—CO Bond Lengths and Bond Energies

800 - (BE)
1.74eV/" Bz+Cr +3CO
] Loy 639.2 neutral BE neutral bond ion BE ion bond
600 53897 BzCr+3C0 (eV) distance (A) (eV) distance (A)

E 1 1 03eyy—Ll O Baceco 1200 6.766eV] Bz—Cr(CO o3 1764 188 1872

> 004 3816~ Bzcrcoy, vco 4 z—Cr(CO) : : : :

5 B2CH(CO), 4 | 13V Bz—Cr(CO), 1.744 2.005

g 1 : ! 437eV) Bz—CrCO 1.699 2.196

E 200 GOSeVE 11:72 028ev 1442 0.10ev 1543 Bz—Cr 0.10 3.175 1.74 2.216

£ o Aocoacs BeCri3Cco  BzvCrdCo BzCr(CO»-CO 2.25 1.847 1.03 1.918

s 0 7:30eV] | ”’"]K’ BzCrCO-CO 2.31 1.892 0.60 1.970

5 057/ BzCr—CO 0.28 1.877 1.04 2.098

i -200 4 2 25eV/IBZCV(CO) 0 . b .

= i aMukerjee et af2 P Derived from our data and the data of Das efal.

-3228 7
—
BzCr(CO)E

-400 4

stronger than the GrCO bond, or at least that the activation
Fioure 4. Di  heats of font® K for the ionizat g energy for Bz loss is greater than that for CO loss. In agreement
igure 4. Diagram of heats of formation or the ionization an . . . 2 . . )
dissociation of the BzCr(C@}pystem. The solid lines and arrows show the with t,hls’ Mukerjee et al? on the basis of solution thermo
experimentally determined energies, while the dashed lines and arrows arechemical measurements have found that the 8¢CO) bond
the results based on the DFT calculations. The ionization energies of BzCr- energy is about 2.3 eV, which is equal to or higher than the
(CO), and BzCrCO are the energy differences between the ions and the neutral C-CO bond energies. Yet, both the calculated and the
neutral. . . . .
experimental Bz Cr bond energies shown in Table 1 and Figure

. . . 4 indicate that this value in BzCr is about 0.10 eV, far smaller
The experimental values in Table 1 and Figure 4 can now be . . - ’
D g than the C+CO bond energies. It is evident that the-Bzr

compared to the calculated bond energies that are listed in TabIeb q . W infl d by th f the CO
1. As noted above, only the sum of the three-CO bond ond energy Is strongly influenced by the presence of the

energies (4.84 eV) is known experimentally, and the calculated groups. In other words, the presence of the CO groups increases

values of this sum differ widely (5.27 and 3.77 eV for the ADF ?e Eong engrgyhbetwee: ttrg tl;)enz:,lne ”;9 aﬂd qt;llzebCrdatom.
and Gaussian 98 DFT calculations, respectively). This discrep- uch a drastic change should be reflected in the on

ancy can be traced to the well-known tendency of pure DFT distances a,s co I|gands. are sequentially IO,St' )
methods (such as BPE6* used in the ADF program) to Table 3 lists the experimental and theoretical bond energies
overestimate the stability of"s? configurations relative to 210" With the calculated distances between the Cr atom and

d"1sL65 Thus, the relative underestimation of the stability of the plane of the benzene molecule or carbonyls. It is apparent

the”S ground state of the Cr atomPg) by the BP86 functional that the much weake_ned BLr bond is reflected in a much_
leads to a larger overall value for the sum of the three longer Bz-Cr bond distance. Why should the bond energy in
dissociation energies. In the cationic species, the much closerthe neutral BzCr be so much weaker than in the lonic form? In
agreement between experiment and theory is simply a conse-the_septet ground stat_e of the ne_utral Cr aom, all six v_alence
guence of the fact the 4s orbital remains unpopulated throughoutorbltals (3d+ 4‘?') are singly occupied. As a result, donation of
the reaction sequence. The bias towabe? donfigurations in one or more pairs of el_e_ctrons from the benze_ne can only occur
BP86 is clearly reflected in the prediction of a triplet, rather at the expense of pairing eleqtrons, a relatively unfavorable
than septet (B3LYP), ground state for BzCrCO. Given the process in Cr where the 3d orbitals are rather small. The BzCr
general consensus that hybrid functionals perform better in complex is, in fact, best viewed as a weak van der Waals
describing relative energies of different spin st&f¥, we Comp"?x r_ather thar_1 a covalently bonded one. In contra_st, the
choose to employ the individual bond dissociation energies as prbnal Is vacant in the groun_d state of the_LGIm, a_nd _th|s
generated by the Gaussian 98 package, rather than those frcmqrbltal can act as an electron pair acceptor without significantly
ADF. By scaling the Gaussian 98 calculations by a factor of increased electrorelectron repulsion. This charge transfer, in
4.84/3.77, we therefore obtain separate estimates of the first,a‘doIition to the inherently larger chargdipole interaction, leads

second, and third CO dissociation energies for the neutral specieg,sq th_f very low observelc)i (and fcalculzted)—EI_Zr b?.nd ehnergy.k d
(first column of Table 1 and Figure 4). imilar arguments can be put forward to rationalize the marke

We are now faced with an interesting fact. Multiohoton difference between BP86- and B3LYP-calculated CO dissocia-
disSociation exberiments on neutral BaC 9@@ Ié Ieéf?*” tion energies in BzCrCO, the only point where a major
Issociatl xper! s u zCr(@Oplecu discrepancy between the two theoretical techniques was ob-

have shown that the molecule breaks apart through the loss of . : :
AN ) d. The B3LYP calculat dicts a triplet d stat
CO, rather than Bz. This indicates that the-Bzr bond is serve © caicuiation predicts a tipiet ground state

for BzCrCO, leading to a low dissociation energy for the reasons
noted above. The BP86 functional, however, predicts a septet

Progress of Reaction

(63) Perdew, J. PPhys. Re. B 1986 33, 8822-8824.

(64) Becke, A. D.Phys. Re. A 1988 38, 3098-3100. ground state for BzCrCO, and hence a much strongerG0
(65) Russo, T. V.; Martin, R. L.; Hay, P. J. Chem. Physl1994 101, 7729 bond.

7737. ) ] )
(66) Ricca, A.; Bauschlicher, C. W., Ir. Phys. Cheml994 98, 12899-12903. In contrast to the BzCr bond energies, which are inversely
(67) %%nZ”EZ'B'a”C"' O.; Branchadell, . Chem. Phys1999 110, 778~ related to the bond length, the ©€0 bond energies show no

(68) Wang, W. H.; Jin P.; Liu, Y. W.; She, Y. b.; Fu, K. J. Phys. Chem. direct correlation with bond length (1.918, 1.970, and 2.098 A

1992 96, 1278-1283. — ; ;
(69) Fisanick, G. J.; Gedanken, A.; Eichelberger, T. S. I.; Kuebler, N. A.; Robin, forn=3,2,and1, reSpeCtlvely) contrary to the suggestion of

M. B. J. Chem. Phys1981, 75, 5215-5225.

(70) Opitz, J.; Bruch, D.; Boau, G.Int. J. Mass Spectrom. lon. Proces4€93 (72) Mukerjee, S. L.; Lang, R. F.; Ju, T.; Kiss, G.; Hoff, C. D.; Nolan, S. P.
125, 215-228. Inorg. Chem.1992 31, 4885-4889.

(71) Dale, M. J.; Dyson, P. J.; Suman, P.; ZenobiRganometallics1997, (73) Das, P. R.; Nishimura, T.; Meisels, G. &.Phys. Cheni985 89, 2808
16, 197—204. 2812.
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Calhorda et al* that the bond energies should weaken progres- and Bz are known, the BzCr(CO)* bond energy can be
sively as the number of CO groups is reduced. The origin of determined to be 1.86 eV. This value is 0.12 eV higher than it
this apparent paradox is simply that a direct correlation betweenis in BzCr, which means that the presence of the CO groups
bond length and strength can only be expected where there isstrengthen the BzCr bond.

no change in multiplicity in the course of the reaction. If such Conclusions

a change does take place, it serves both to reduce the bond
strength (as noted in ref 8) and to increase the bond length in

the ligand deficient species, by populating antibonding orbitals. ) - = i g
investigate the dissociation kinetics of the benzene chromium

Thus, more generally, we might anticipate an inverse correlation "' : - e
between bond energy and change in bond length (rather thant"icarbonyl ion, BzCr(CQJ". The dissociation of the BzCr-

bond length itself), and such a trend is indeed apparent in Table(COX™ ion proceeds by the sequential loss of three CO and

3. The excellent correlation between bond length and bond benzene ligands. By fitting the metastable ion time-of-flight
strength in BzCr and BzCris simply a consequence of the distributions and the breakdown diagram with the statistical

fact that no change in multiplicity occurs upon dissociation of RRKM theory, accurat 0 K appearance energies of the four
the ligand. product ions were determined to be 8:83.05, 8.93+ 0.05,
Mukerjee et af2 measured the neutral BL£r(CO) bond 9.97+ 0.06, and 11.7% 0.06 eV, respectively. Combined with

energy. Although the ionic BzCr(CO)* bond energy has not the ionizatiqn energy of BzCr(C@)7.30+ 0.05 eV, the ion
been directly measured, we can derive it from the known Pond energies for all three CrCO bonds and the BzCr*

thermochemistry of the molecules and ions in the following Pond were obtained to be 1.88 0.05, 0.60+ 0.05, 1.04:+
reaction: 0.05, and 1.74 0.05 eV, respectively. Using the known heats

of formation of the fully dissociated products, benzenet,Cr
BzCr(CO); _ Cr(Coy + Bz ) and CO, the heats of formation of BzCr(GO)n = 3—0) are
determined to be 365.& 7.7, 579.3+ 7.7, 752.6+ 7.0 and
964.7+ 5.0 kJ/mol, and the heat of formation of BzCr(G®&)
—341.5+ 6.0 kd/mol. Using the IE value of BzCr and the scaled
DFT bond energies of BzCr(CQ)n = 3—1), the heats of
which the appearance energies of the various Cr{CQ) = formatipn of neutral BzCr(CQ) BzCrCO, and BzCr were
6—0) were determined by photoionization of Cr(GOIf we determmed to be-9 £ 15, 3284+ 15, and 470.9t 6.3 kJ/mol,
use the reasonably well-established 298 K heat of formation of reSPectively.
the Cr(COy complex of—910 kJ/mol as listed by the Webbook Acknowledgment. We thank Dr. Béint Sztaay for the use
and by Pedle$ along with the appearance energy for the Cr- of his program that analyzes the data and the Department of
(CO)* fragment, we can determine its 298 K heat of formation Energy for financial support of this work.
to be 461.7 kJ/mol. Since the heats of formation of BzCr@#0)

Threshold photoelectrerphotoion coincidence (TPEPICO)
spectroscopy and density functional theory have been used to

The heat of formation of the Cr(C@) ion can be derived
from a previous TPEPICO study of Das et’aland the
photoionization mass spectrometric study of Chen et®ah,
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