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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
- infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.
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Absuract The electron spln resonance spectrum of V(CO)6 has been
ooserved at llquld hellum=temperauures 1n samples of the pure solld and

ffln benzeue and - pentane glasses.: Because of an unusual power dependence

fgof the spectrum 1n n—pentane, both the 1sotroplc and anlsotroplc g-values
jnhave been measured dlrectly From a comparlson of these results w1th the
o sem1 emplrlcal predlctlons of crystal frerd theory,-it is.cencluded'that

(CO)G possesses a small tetragonal dlstortlon at 1 3 K
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The syﬂﬁhesié-éf vanadium hexacarbényl was‘firsﬁ reported in 1959
by Néfta, et al.* V(CO)g waé found to be a volatile, air-sensitive,
>b1ue-green solid at room temperature which is slightly soluble in hydro-
. _cafbon solvents. Magnetic Suséep£ibility resﬁlté on both the pure'solidf='
. end sélutions of V(Cb)e in benzene and toluene2 have shbwn that tﬂe molecule -
is paramagnetic with oné unpaired eléctron, thus confirming that'V(CO)g
is a low-spin,'rather than high-spin, molecule. However, in a sgries Qf
independent'studies, Prﬁeft and Wyman3 were unable to obféin an” ESR spectrum
of V(Co)é ?n solution at room‘tempefature. More .recently,. Haas and Sheline*
have studied the infréféd and optical spectra of V(CO)g in the gas phase.lg
From their résults, the éﬁthofs suggested that there was strong evidence
for the pfesence of a Jahn-Teller distortion in this molecule;

~In view of the magﬁetic susceptibility results on this compound, it
seeﬁed likely to us thaé-ﬁhe absence of an ESR spectrum of V(CO)g at n;fmali'
temperatures %as due .to a very short electron'spin relaxation time of the un-
‘paifed electron“inithis mélecule.: This would imake the ESR spectfum very
broad and éossibly unoBservabie,except at'véry low tem?eratures. Conseqﬁently,
we‘have'investigatedvﬁhe:ESR spectrum of V(CO)s gt iiquid helium temperatures
in both the pure s0lid and in dilute ﬁydrocérbon glasses and we have found .
strong ESR spéctra iﬁ both caseé at 1.3°K. An unusual power dependencé
of the spectrum in‘n-pentane has made possible the direct measgrement of
both the isotropic énd aﬁisotropic g-values, and they give evideﬁce of a

v

tetragonally distorted complex.
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Experimental

' The.V(CO)s ﬁsé&iiﬁ thése experiments was. prepared from bis(éiglyme)—
sodium hexacarbonyivanadate (Alfé,Inorganics, Inc.) according to the method
oleerneﬁ and Podsall. 5 Reagenu grade benzene and n-pentane, whlch were
used as solvents, were dried over sodium and degassed thoroughly prior to
use.  As soon as Doss1ble after preparation, the V(CO)s (and solvent, when
uséd) were vacuum-distilled into a small ampule prepared from a section
of 9 mmu. Pyrex tubing and the ampulé was sealed at the neck with a hot:
fiamé. Although the exact concentration of V(CO)s in the solution samples
was not_detefmined,.ﬁased on other expex"iménts6 it was thought to be of the
ofder of ohe mole peréent. The ampule was thén ?laqu in an X-baﬁd TEO12
rectangulai cavity,.quick-frozen by immersing the cavity in ligquid nitroéen,
and inserted into the liquid helium cryostat which ié described elsewhefe ©
A Verian V-4502 ESR- spchrometer and nine-inch magnet equipped with Fleldlal
were employed in these exnerlments, MOO Hz modulatlon coils were att;ched ‘
to the outside of the‘cavity and the entire assembly was immersed in

liquid helium during the experiment. Temperatures down to 1.2°K. were

obtained by pumping on_the-liquid helium with a high-speed vacuum system..
Experimental Results

Reproducible ESR spectra have been §5taiﬁed éﬁ liquid helium temperatures
for-samples of pufe V(C0)e and glasses of the carbonyl in n-pentane and
beniene. 'Of‘particﬁlar inferest here is the observationvthat sémé of the «
"spectrgl lineshapes~depend in anvunﬁsual way on the intensity of\microwa#e

. power incident on the cavity. For example, Figure 1 shows a series of ESR
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spectra which were obtained from a sample of V(CO)S in n—penfaﬁe at .
various power levels. In spectrum la, the incidenf ppwer‘level was -30 DB
(~0.5 mw) and the line has a peakfﬁo-peak widtﬁ of about 215 G. As the
pover level is increased, the line bécomes considerably narrower and at

-16 DB'is apparently pérrowed to a widfh of about 100 G. (1b). However,
when the power level is increased above -16 DB (or when the field'is

swept at a slower rate at -16 DB), the shape changes abruﬁtly (see spectrum
lc). These changes were compietely'reversible. With the exception of

thé broad feature centered at sbout 3400 G., the spectrum at high power
(1c) is characteristic'of a molecule possessing an axial Spih Hamiltoﬁiah‘_
with %l‘>4glla7 The temperature of the sample in 'this experiment was
.estiﬁated to be 1.3°K. from liquid'heliﬁm§vapor pressure data'aﬂd.did not
vary noticeébly with changes in power. A lineshape similar to 1b is-
obtained from a sample of pure volycrystalline V(CO)s at the same temperature
when the power level is such that no saturatioﬁ occurs. In this case;

the linewidth is 130 G.

The g-values for V(CO)g obtained in these experiments are listed in’
Table I; these were determined by measuring the microwave frequéncy and
comparing the field positions of the V(CO)g séectra with that of DPPH at
this ‘cempere.tux‘e.'6 The isotropic g-value listed for‘the V(CO)s/n—pentane
sample at high ﬁower was calculated from the measured values of gll and
gl,.l.981 and 2.103; respectively. It can be seen from Table I that there
is excellent agreement between the g-values for pure V(CO)g and for the

V(CO)6/n-pentane'sample at medium and high power levels. This supports

the assignment of the high power spectrum described above and encourages

a comparison of these results with semi-empirical estimates.
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‘Diécussion
-

Formally, the electronic structure of the zerovalent vanadium in
V(C0)s is (Ar)3d5,'énd crystal field theory predicts a BTog ground state
fof the 1ow—spin cdnfiguration iﬁ a field of ocfahedral symmetry. According
to the theorem of Jahn and Teller, an octahed%al complex in a 2T2g |
electronicvstate is unstable with>réspectvto distortion. . Group theofetical
considerations show that either a tr*gonal distortion (D } or a teuragonal
distortion ( hh) will remove the orbital degeneracy of the 2Tay state
and satiéfy»the Jahn-Teller theorem. With a trigonal distortion, crystal
field calcﬁlatigné for the g-values show® that gll, %L’ and the isotrppic
g-value must be.less than the free electron value of 2.0023. This is
élearly‘hdt characteristic of V(C0)g. If, however, a tetragonal distortion
'witﬁ a decreased crysfal field along the tetragonal akis is‘assumed,

» then the oﬁserved order pf gll, gl, anduthe free electron value results.
\Qf,COﬁrSe, not éll this distortion’must be'due to the Jahn-Teller theorem,
for it is difficult to quantify, but such a distortion is chSiStént with
thié theorenm.

If one then assumes that the molécule‘undefgoes a small tetragénal
: dleOTtlon (yleldlng a Eng groundbstate), appllcatlon of perturbatlon

-'tneory in the usual way® gives the following predlcted g-values for the

elongatedioctahedrqn, correct to flrst order:6 -
'g]l = 8 - 8(|el/an) S (15_
g =g+ 2l (@)



UCRL-17789

-6-

In these expressions, 8o is the free electron g-value & is the one-electron

spin-orbit parameter, and A; and A, are crystal-field splittings defined

oy

b = Elbyg) - Blozg),  da = E(ogg) - E(e ).

= : . .
and the observed values of g|| and gl for the‘V(CO)6/n3

Takiﬁg £ <95 em?
pentane sample, one obtains from (1) and (2) the estimates Ay S 36,200 cm-f'
and As < 1880 cm_l.. The value of 4 found in this way is in good agreement
vith the values of 10 Dg (~4;) observed for other iow-spin, strong-field
~complexes such as Cr(CO)s, for which 10 Dg =-3%4,150 cm™~.10 Further,
although the optical spectrum of V(CO)g has not been assigned, this result
is consistent with existing uv data.4.

Althoﬁgh the value of A, is less amenable to direct comparison with
other résults, some qualitative remarks can be made. .First, the parametef
Np is considerably 1argef than the éplittiné on the tég hanifold by a
spin-orbit interaction acting alone, which produces:é separation of abouf
3¢/2,8,11 It is therefore nécessa?y to postulate the existence of other
mechanisms which might contribute to the‘aistortion. Orie possibility*®
is that a change in the n-character of the metal-carbon bonds from that -
hormally present in thé mononuclear carbonyls occurs iﬁ V(COjs. TFor exaﬁple,
in Cr(CO)g the metal atom has the configuration (tzg)s'and the n-bonding
‘ﬁhich is thought to,exiét between the tgg orbitalsrand the antibonding
n-orbitals of the ligands would strengthen all M-C bonds equally. Thus
the ocfahedral symmetry resulting from the d®sp® hybridization of ‘the g-orbitals .

is preserved. Tn V(CO)s the ZBog ground state has only one electron in

the bag orbital. This orbital corresponds to the dxy orbital for octahedral”
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symmetry. In this caee there would Be less "back donation” toaﬁhe ligands
in the.x, N éiéne; vThis ievequivalent_to a'stronger crystel field in the
'X; v plane for 1t would result in less charge compensation in this plane
in agreement with the.crystal'flela caleulatlon. At the same time bhe Cd
bonds in the x,,ylblene would be sfrengthened becauee of the decreased
"pack donation” to theranfi—ﬁonding-CO'orbitals. Haas and Sheline*
have observed, in the ganphase infrared spectrum, a broadening in the
co stretehing region which coﬁld be ascribed to sucﬁ an effecf on the CO
bonds. This explanatioﬁ ef our resﬁlts, though'probably ever-siMplified,
supports the cencept of "back-donation" in metal carbonyls. In our
experiments, the existence‘of intermolecular effects mennet' of course,:
be elulrely ruled oﬁt and further exnerlments to test these ideas are in
progress.

No reseivable hyperfineestructﬁre was observed in any of the‘spectra
recorded in,these experimehts. Since the'nucleer.spin’of 51V is 7/2,
an uppervlimit for the iSotropic coupling cehstant would be about one-seventh
of the linewidth, or 30 G. or less for the widest lines observed. This is
considerably smalier than normally observed forlﬁaramagnetic vaﬁadium
compounds and sﬁggests.ﬁhe'pfesence ef anbexchange iﬁteraction'in.our
samples.i Further‘evidence for exchange is provided by a closer insﬁeetion
of the iiﬁeshapes;s The existence of such an interaction in the n-pentene )

_glass samples could be the result of pre01nltatlon of V(CO)g which may

 occur durlng the freez1ng process; however, experlments with benzene as &

solvent also yielded no hyperfine structure. The benzene spectra were
asymmetric even at low power levels; the g-values measured from the benzene

~ spectrum (gll 2.023 and, %L = 2.126) do not 'agree with those calculated
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on the bas1s of elther teuraconal or trlgonal models. It is oossible
that tcls 1s due to ohe lormatlon of an assoc1ated V(CO)G-beﬁzene spec1es.

The oresence of rather strong exchange forces can, in some cases,

A
produce unusual varlatlons in- LSR llneshapes when the soectrum is power

satureted For exeﬁole; Goldsborough et ai 13 have observed qat in pure->
chrystalllne free radlcal systems such as DPPF a oronounced narrowing “
ofvthe resonance<line occurS'when itvis power saturated-. In.suco systeﬁng'i*
spin-latfice relaxetion occurs via an exchange reservoir‘and the herrowihé"
“occursvwhen-the exchaﬁge ftemperaturef‘exceeds the.lettice‘temperature.:

: It;is oossible_thetﬁsdch'a mechanism'aCCOdnts fop some;,if:not'all,fofv f”’t ;?yf"

“the observed variations'in_the shape of the v(C0)g spectra.
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- Figure 1. ESR spectra of V(CO)g in n-pentane at 1.3°K.; (a) -30 DB,

(b) -16 DB, (c) -6 DB.
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