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Studies of the chemistries of gas phase transition metal atoms,

H . .. 8’ NbCZHZ Flow Tube Reactor

ions, and small clusters have yielded many surprising restisr 20 LN,

example, for the simplest unsaturated hydrocarbons, acetylene 21 | be L R

(C,H,) or ethylene (GH,), experimental studies of their reactivities 3 ™ sgm:,.msge'm

with small metal clusters, such as,F84 and even with single o gurinl -~ e

metal atoms or ions, such asF& Nbt,” W+ 28 U™ ° and supported 22 NbC,H, .

Pd % have indicated the formation of metal-bound benzene. These g sl | Il\ib3C4 >

experiments have employed mass spectrometric methods, such as ‘-g R N?CSHG Nb,Cy Nbics »

collision-induced dissociation, as the structural probe. Here, we 2 3 ; MMM

report direcispectroscopievidence of the metalbenzene structure < 5 —J —_°

for NbGsHe~ anions produced upon reaction with ethylene. = Nb, Nbs
In our apparatu$! anions are prepared in a flowing afterglow ij ijc3 Nb } “

reactor, mass selected, and probed by photoelectron spectroscopy. o 1¢00‘ 750 205L 250" 30‘5 350 L A460 50 °

Photoelectron Counts

In the present experiment, the 5 cm diameter flow tube (Figure 1) Ani

. X . SN nion Mass (amu)

incorporated a cold cathode DCI(.jlscharge soiftedth a niobium Figure 1. Mass spectra without (bottom) and with (top) addition of ethylene

cathode 2.5 kV, 12 mA) positioned 107 cm from the 2 mm 5 the flow tube reactor (inset) at the reactant inlet.

diameter nosecone sampling aperture. Flow rates of the He and Ar

buffer gases were 7 and 0.7 SLPM (std. L/min), respectively, giving 03

a flow tube pressure of 0.5 Torr. The initially hot plasma was NbCeHe hv, NbCgHg + € ﬂ/calcu'ated

relaxed by passage through a 30 cm long flow tube section ||

immersed in liquid nitrogen. The anion current was measured by a

Faraday cup following the laser crossing in the spectroscopy

chamber, 8 feet from the nosecone. A portion of the mass spectrum Sl

is shown in Figure 1 (bottom). The most abundant anions ake Nb M

and Ny~ (5 pA). Larger bare metal clusters with smaller relative Benzene . 1

abundances are also detected, as described in our studyafNb 15 2040 o 3

and metal carbides and/or oxides are observed. However, virtually x10—ernl | o0 Ao20

no Nb~ atomic anion (93 amu) is detected. 2.500 2000 1 500 1,000 0.500 0.000

Ethylene (GH,4 or C,D4) was introduced at the reactant inlet Electron Binding Energy (eV)
following the cooled section of the flow tube, as a 2% mixture in Figure 2. Photoelectron spectra of NgKs~ produced upon reaction with
Ar added at 1.0 SCCM (std. Gfmin). As illustrated in Figure 1 eth)gleni(rplddle) Vversus benzene (bottom)_._Top: calculatefi spectrum for
’ . : the 3A; A1 + € photodetachment transition of tii&, Nb—benzene

(top), the mass spectrum obtained upon addigd,@ dominated anion.

by anions containing a single Nb atom, including NBg" (290

pA), NbCH,4~ (120 pA), NbGHg~ (45 pA), and NbGHg™ (30 pA). A portion of the 488 nm photoelectron spectrum of mass-selected

Substantial retuning of the ion optics following the nosecone was NbCgHs~ prepared from gH, is shown in Figure 2 (middle). The

required to reoptimize the anion current, so the comparison of anion x-axis gives the electron binding energy, that is, the photon energy

intensities before and after ethylene addition is not quantitative. (2.540 eV) minus the measured electron kinetic energy. The

Nevertheless, in view of the scarcity of anions containing just one spectrum displays vibrationally resolved photodetachment transi-

Nb atom prior to ethylene addition, it is likely that the neutral Nb  tions from NbGHs~ to two electronic states of neutral NE.

atom is the major metal-containing reactant for the production of The position of the origin band in the transition to the lower energy

these abundant anions. Previous studies have established that in itstate, which we assign as the ground state, gives an electron affinity

4¢* 58 (°D) ground state, Nb reacts with,&,; at nearly the (EA) of 0.893+ 0.006 eV for NbGHe. This value is close to the

estimated hard-spheres collision rate, with no barrier (in excess 0f0.916+ 0.005 eV EA that we measure for Nb.

the energy of the reactants) to the exothermic elimination,df’ As one test of the NbgHg~ anion structure, we recorded the

The higher mass region in Figure 1x10) displays weaker photoelectron spectrum of NR8s~ prepared by adding benzene

intensities of metal cluster carbides and partially dehydrogenated (C¢Hg or CsDg, 0.5 SCCM), rather than ethylene, to the flow tube.

clusters with even numbers of C and of H atoms. No hydrocarbon As shown in Figure 2 (bottom), the resulting spectrum is the same

anions were observed in the1l00 amu region. as that obtained for the NRBs~ anions produced from ethylene.
The ground state transition in these photoelectron spectra displays

T Present address: NOAA Earth System Research Lab, 325 Broadway, Boulder, three active vibrational modes, with fundamental frequencies of

CO 80305.
* Present address: Department of Chemistry, University of Southern Indiana, 382+ 10 (355i, 10), 740+ 15 (588+ 10),'° a,nd 3060+ 2.5
Evansville, IN 47712. (23104 30) cnT!in neutral NbGHe (NbCsDg). Anion frequencies
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for the former modes are 37b 15 (345+ 10) and 730t 20 (565 totally symmetric (A) modes of &Cs, Nb—benzene complex, that

=+ 15) cnt. For the 740+ 15 (5884 10) mode, consistent values s, the out-of-plane H(D) bending,-€C stretching (ring breathing),

of 748.5 (588.3) cm! have been measured in matrix IR studies of and C-H(D) stretching modes, respectively.

the neutral molecule prepared from niobium and benz&ne. In summary, the photoelectron spectrum of the mass-selected
To analyze the photoelectron spectra in greater detail, we NbCsHg™ anion, prepared by reaction with ethylene in the niobium

employed density functional theory (DFT) using the Gaug8ian cold cathode discharge flow tube reactor, provides direct evidence

B3LYP method with the Stuttgart RSC ECP basis set for Nb and that this product anion has thg¢ Nb—benzene structure. The

6-3114-+G(df,pd) for C and H. These calculations found the ground spectrum provides no evidence for any other isomer of §aC

state of the Nb-benzene complex, as depicted in Figure 2, to be under these flow tube conditions. The production of this anion

3A; for the anion and?A; for the neutral molecule. The spin  appears to involve the initial reaction of a neutral Nb atom with

multiplicities of these complexes are thus reduced from those in ethylene, to produce Nbf, with loss of H.

bare Nb [4d* 52, °D] and Nb [4d 5s! (°D)]. Both complexes are Further insight into a possible formation mechanism is provided

predicted to have essentialfs, symmetry. In the triplet NbgHg~ by the photoelectron spectra and DFT calculations for #hC

ground state, the two unpaired electrons are calculated to have areind NbGH,~.22 For example, the Nbi,~ spectrum reveals that

(a)}(aw)! configuration. The doublet NkEls ground state is two structural isomers of this anion are sampled from the flow tube.

accessed by electron detachment from thenalecular orbital of On the basis of comparisons of the observed photoelectron spectra

primarily Nb 5s atomic parentage. with those calculated for various possible structures, the lower EA
If the anionic and neutral complexes have the same symmetry, (0.944+ 0.006 eV) isomer appears to have a cydig structure,

then the observed progressions in the photoelectron spectrum mustvith a%A; anion ground state and a higher spin, quaietground

be associated with totally symmetric {vibrational modes, of  state for the neutral complex. Following its production, such as by

which there are four in €, Nb—benzene complex. Their intensities ~ electron attachment to Nk, formed upon reaction of atomic Nb

in the spectrum will also depend on the differences between the With C:H,, this triplet ¢A,) isomer of the NbeH,~ anion appears

equilibrium geometries of the anion and neutral molecule states. Well-poised to undergo sequential reactions, with conservation of

These are calculated to be mainly a lengthening of the distance€lectron spin, with two additional ethylene molecules (witHds$s)

between the Nb atom and the plane of the carbon ring in the anionto produce the observed triplé¥\;) ground state of they® Nb—

(1.76 vs 1.71 A) and an increase in the-B bond angle with ~ benzene anion.

respect to that plane (2.5 vs 1)3Thus, the two corresponding Acknowledgment. This research was supported by an award

normal modes, the metaligand stretch and the out-of-plane from Research Corporation. Acknowledgment is also made to the

hydrogen bend, are expected to be most active in the ground statédonors of the American Chemical Society Petroleum Research

transition. The geometry displacements are small, consistent with Fund for partial support of this research, and to the University of
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anion as essentially nonbonding.
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