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Structures, relative energies, vibrational spectra, and ESR parameters of thmdléeule V(CQOJ in O,

Dag, Dan, andD2, symmetry have been computed with density functional and high-level ab initio methods. At
all theoretical levels applied, the same energetic order is obtaib@ds Da, < D, < Op, with the Dy,
structure as a transition state connecting equivdlgpspecies. At the RCCSD(T)/AE2 level using UBP86/

AE2 geometries, the energies of the,, D4, and Oy, species relative to that @sy minimum are predicted to

be 210, 535, and 731 crh respectively. According to molecular dynamics simulations on the UBP86/AE1
potential energy surface, thgsy minimum is preserved at very low temperatures (around 16 K), whereas at
300 K the molecule is highly fluxional with an averaged structure indistinguishable from that of [§(CO)

with its O, symmetric ground state. Nearly complete IR and Raman spectra of Y@@)V{E3CO) have

been recorded at 300 K for the first time in the gas phase, in solution, and at cryogenic temperatures in Ne
and Ar matrices. The spectra show a pronounced temperature dependence, especially for-thellgahn
active modes, f£and T The observed infrared matrix spectra generally agree well with the calculated
spectrum (BP86/AE2 level) for thBsy structure and much less with that of tBe, isomer. The A; modes

in the Raman spectra are reasonably well reproduced computationally in the harmonic approximation, whereas
this approximation breaks down for thg &d T4 bands, as expected. Further evidence folihesymmetry

of V(CO)s is obtained from a reanalysis of the experimental ESR spectrum that is reported in the literature.
The observed ordering of the hyperfine coupling constantnd A is reproduced theoretically only when
distortion toD3y symmetry is assumed. In addition, the bonding properties of V{@) compared to those

of [V(CO)g]~ and Cr(COg.

1. Introduction electron diffraction data, the vibrational amplitudes, which are

The first synthesis of vanadium hexacarbonyl dates back to larger than for Cr(CQ) are in accordance with a dynamic

195912t is the only homoleptic transition-metal carbonyl that distortion oD Or Dsa Symmetry® The X'rayfa‘a at-30 g
exists near room temperature as a free radical; therefore, its'nd'cate_a small te}g\raghonal d'St?mOE (—g:ax - 1'993?) k
molecular and spectroscopic properties have been investigate(}/_Ceq = 2.005(2) A) that may also be due to.crysta packing
intensively. Magnetic susceptibility measurements of solid effects.l4:I'lQe ESR. results also do not provide a copsstent
V(CO)s have shown that this molecule has one unpaired electron picture. Agcordmg fo th? most recent wotkV/(CO)s exists
and that for temperatures lower tha6 K a weak antiferro- ina CO matnx .314 K'in axial symmetry P“f‘ or Dag). )
magnetic coupling= —50 cn1?) exists? As the2T,, ground AII published infrared Wor!< has been limited to the infrared-
state of a 8 system is three-fold degenerate, a distorted active CO bandi): the splitting of the octahedral,I band
octahedral geometry should be present, in accordance with theéhas been interpreted in favor ofu, distortion/™* without
Jahn-Teller theorenf=¢ To clarify this question and to regarding matrix splitting or a_posswﬂlgd d|s_tort|on. The FTIR
characterize its molecular properties, V(G@js been studied ~ SPectrum of this band at higher resolution (0.01~&ufor

in different aggregation states with different techniques#R ~ Supersonic jet-cooled V(C@jnolecules does not show resolved
UV—vis”1213 ESR14-18 MCD,12 and PE? spectroscopy as well rowbra‘glonal_ lines t_)ut only t_hree broad subbafti©n t_he
as electro?f and X-ray diffractior?! These investigations show  theoretical side, orbital energies of V(Cbjave been obtained
that V(CO} is subject to a dynamical JahiTeller effect and from SCF-Xa-DV calculationst® and CO substitution reactions

has nearly octahedral geometry at room temperature. Thehave been simulated by SCFOV?® and CISD//HP* calcula-
amount of static distortion, which should appear at lower tions. More recently, the geometry and the harmonic vibrational
temperatures, has been discussed controversially. For thefequencies of V(CQ)(Dss) have been computétby density
functional theory (B3LYP) in the context of modeling electron-

* To whom correspondence should be addressed. E-mail: e.bernhardt@transfer rates in [Co(Cpl[V(CO)g].2>2"
uni-duisburg.de. willner@uni-duisburg.de. thiel@mpi-muelheim.mpg.de.  Thjs paper reports an extensive theoretical and experimental

Gerhard-Mercator-Universitduisburg. . L . .
8 Universitd Dortmund. study of the JahnTeller distortion in V(COy. We first describe

* Max-Planck-Institut fu Kohlenforschung. the computational methods that have been applied (section 2)
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SCHEME 1: Sketch of Possible Distortions fromO, Symmetry in V(CO)g
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and then present the calculated structures, energies, vibrationatlensity functionals, and AE1 and Ul basis sets, the latter
spectra, and ESR parameters as well as the results fromBorn denoting a fully decontracted version of the former. In the final
Oppenheimer molecular dynamics simulations (section 3). After SCF iteration, grid 4 was usé#l except for BP86/U1, which
specifying the experimental methods used (section 4), we presenemployed grid 5 throughodf. These ESR computations were
and assign the observed matrix infrared and Raman spectrgperformed with the ORCA program packaife.

(section 5). Finally, we discuss the available theoretical and

spectroscopic evidence that supportDg ground state of 3. Theoretical Results

V(CO)s (section 6). 3.1. Static Calculations According to group theory, the linear

. Jahn-Teller effect of octahedral ground-state V(G@jvolves
2. Theoretical Methods Togand & modest It will lower the symmetry fronOp (T2
Gradient-corrected unrestricted density functional calcula- state) either tdsqy (?A1q4 State) or toDa, (°Bzg State), and the
tiong8 were carried out by using the GaussiaR®®hd Gaussian  transition structures between tlizzy minima will have Doy
98% program systems. Gradient corrections for exchange andsymmetry £Bsq state). Consequently, we have considered struc-
for correlation were taken from the work of Beékeand tures with Oy, D34, Dan, and Do, symmetry (Scheme 1). All
Perdew?? respectively (usually abbreviated as BP or BP86). calculations refer to the electronic ground state that was deter-
Two basis sets were employed, labeled AE1 and AE2. Both mined either without constraints (Gaussian 98) or by imposing
use a (14s11p6d)/[8s7p4d] all-electron basis set from Waéhters the appropriate electronic state symmetry in the largest Abelian
for the 3d transition metal augmented with two additional 4p subgroup (MOLPRO:Da, for Op andDgp, Co, for Dag).
functions® and a diffuse d functiof* For carbon and oxygen, Table 1 lists the calculated optimized geometries of V(£O)
AE1 employs the 6-31G(d) basi%;®” whereas AE2 uses a as well as the available experimental data from electron
(10s,6p)/[5s,3p] triple: basis for C and € supplemented by  diffraction?® and X-ray analysid! For the sake of comparison,
two sets of d polarization functiof8 Spherical d functions were it also includes theoretical and experimental structures for two
applied throughout. Geometries were optimized at the UBP86/ related octahedral speciethe closed-shell [V(CQ)~ anion and
AE1 and UBP86/AE2 levels within the chosen point-group the isoelectronic Cr(CQ@)molecule.
symmetry On, Dsd, Dan, D2n). The resulting structures were It is obvious that the applied computational approaches yield
characterized by analytical second derivative calculatfthat qualitatively similar structures in each case. The tetragonal
yield the harmonic vibrational frequencies and the infrared and distortion of V(CO)} from Oy to D4, always leads to a
Raman intensities. This computational approach is analogouscompressed structure with a shorter VC bond in the axial
to the restricted BP86 calculations in our previous studies on position. The trigonal distortion tB34 changes the CVC angle

transition-metal carbonyf§:41 only slightly from the octahedral reference angle of by
Open-shell coupled cluster calculatid®s** were carried out about £) while keeping the VCO moiety almost linear (to about
with MOLPRO* using restricted open-shell HartreEock 1°). The same applies for tH&y, structure where the deviation

reference function$! Geometries were optimized with single of the CVC angle from 90is slightly larger (about 56°). The

and double substitutions and the AE1 basis (RCCSD/AE1). UBP86/AE1 and UBP86/AE2 bond lengths are similar (with
Single-point energy evaluations at BP86 and RCCSD optimized similar trends as found previousf#1-5} and thus exhibit no
structures included a perturbational estimate of the effects of pronounced basis set sensitivity. A comparison of the UBP86/
connected triple excitatiosand employed both basis sets AE1 and RCCSD/AE1 bond lengths shows that the latter are

(RCCSD(T)/AE1 and RCCSD(T)/AE2). somewhat shorter for CO (by about 0.013 A) and significantly
Born—Oppenheimer molecular dynamics (MD) simulations longer for VC (by 0.03-0.05 A). This suggests that larger basis
were performed for neutral V(C@and anionic [V(COg]~ at sets are needed to converge the RCCSD calculations (which,

the unrestricted and restricted RI-BP86/AEL levels, respectively, however, is not affordable at present). However, there is
making use of the resolution-of-identity (RI) approximation as excellent agreement between the UBP86/AE1 and RCCSD/AE1
implemented in the TURBOMOLE prografhtogether with bond angles, which are thus expected to be reliable.
suitable auxiliary basis set&#°and a medium-sized grid (grid Experimentally, the vapor-phase electron diffraction data for
3).50 Starting from an optimized structure, MD simulations were V(CO)s have been interpreted in terms of a regular octahedral
performed with TURBOMOLE’ using the ChemShell inter-  structure and a dynamic Jahifieller effect?® The X-ray data
face®! for microcanonical ensembles with a time step of 1 fs. indicate a “marginally significant tetragonal distortion” for the
The simulations were run for 2.5 ps at an average temperatureVC and CO bond lengths (uncorrected for librational motion),
of ca. 300 K and for 4.5 ps at ca. 16 K (average temperaturesbut this distortion may also be due to crystal packing effékts.
in the NVE runs after initial, instantaneous heatup). In each The experimental VC bond leng#4g! are in the same range
case, data sampling was started after the first 0.5 ps, which wereas those calculated at the UBP86 level whereas the RCCSD
taken for equilibration. values are systematically somewhat larger (see Table 1). In an
Hyperfine coupling constants (HFCCs) agdensors were overall assessment, the UBP86/AE2 structures would thus seem
computed using BP86/AE1 geometries, BP86 and B32¥P to be most realistic.
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TABLE 1: Experimental and Calculated Bond Lengths (A) and Angles (deg) for V(CO}, [V(CO)g]~, and Cr(CO)g?

molecule method MCt M —C?ax) ct-0t C?—0%ax Ct-M-C" M—C!-Ot
V(CO)s
exptl X-ray’ 2.005(2) 1.993(2) 1.123(2) 1.136(3)
exptl EDF 2.015(2) 1.138(2)
On UBP86/AE1 2.0017 1.1641
UBP86/AE2 2.0042 1.1537
RCCSD/AE1 2.0434 1.1508
Dan UBP86/AE1 2.0169 1.9739 1.1622 1.1676
UBP86/AE2 2.0201 1.9750 1.1516 1.1577
RCCSD/AE1 2.0652 2.0033 1.1485 1.1554
Dag UBP86/AE1 2.0011 1.1641 94.2 179.2
UBP86/AE2 2.0038 1.1537 94.7 178.7
RCCSD/AE1 2.0435 1.1507 93.9 179.3
B3LYP! 2.0187 1.1410 93.7 179.4
Don UBP86/AE1 1.9929 2.0188 1.1652 1.1617 95.2 179.1
UBP86/AE2 1.9952 2.0223 1.1550 1.1510 95.8 178.7
RCCSD/AE1 2.0328 2.0662 1.1519 1.1483 95.3 179.1
[V(CO)el -
On expe 1.945(7) 1.148(7)
BP86/AE1 1.9632 1.1796
BP86/AE2 1.9637 1.1701
Cr(CO)
On expt 1.918(2y 1.141(2)
BP86/AEL 1.9122 1.1639
BP86/AE2 1.9113 1.1537

aFor D4y andDy,, C'—0O1 is in the equatorial position, anc?€0? is in the axial position. FobDs4, C'—M—C' represents the angle between two
COs connected by th&; symmetry axis. FoD2n,, C*—M—C? represents the angle between two pairs of equatorial COs. Only those angles that are
different from 90 or 180 are given.” Reference 21¢ Reference 20¢ References 25 and 26Reference 55.Reference 56.

TABLE 2: Calculated Relative Energies (cnt?) for V(CO)¢ of V(CO)g are given in the Supporting Information (Tables S1
geometry energy Dsy Dua® Du  Of and S2, respectively) both at the UBP86/AE1 and UBP86/AE2
UBPBG/AEL UBPBG/AEL o 318 818 95 If_evels. Since these result§ are based on the harmqnic approxima-

RCCSD(T)/AEL 0 126 350 539 tion, they should be unreliable for the Jakifeller active modes
UBPS86/AE2 UBP86/AE2 0 332 839 1000 (Eg, Tog). For other modes, especially for the infrared-active

Sgggggg;ﬁg 8 %1(2) ggg %i vibrations of ungerade symmetry, they are expected to be as
RCCSD/AEL  RCCSD/AEL 0 108 273 555 realistic as previously found for related molecuteé-5" The

RCCSD(T)/AEL 0 136 371 560 theoretical results for the vibrational spectra will be discussed
o in more detail during the assignment of the experimental spectra
aMethod used for geometry optimization (see Table?Method (section 6) 9 9 P P
used for energy evaluation; zero-point vibrational corrections are not T -
included.® Transition structure with one imaginary frequengé\ot a The harmonic force constants of transition-metal carbonyls
stationary point. provide a sensitive probe for-back-donation effect® Table

In the case of [V(CQJ~ and Cr(CO}, there is also good S3 of the Supporting Information presents selected internal force

agreement between the observed and calculated BP86 structure€onstants of V(CQ) [V(CO)e~, and Cr(COj that indeed
In these 18-electron complexes, the me@lbond length is confirm (see above) thz_at the back_—donatlon is smaller in th_e
significantly shorter than in the 17-electron V(G@dical. This L 7-€lectron V(CQ) radical than in the 18-electron species
may be attributed to the fact that there is one electron less to [V(CO)e]~ and Cr(COy. This can be seen, for example, from
provide 7 back-donation in V(CQ) which should lead to a the Sma” values @MC andcho (See ref 58 for a more detailed
weaker and longer VC bond. However, an analogous effect is diSCUssion).
not seen for the CO bond (Table 1). 3.2. Molecular Dynamics Simulations.To study the effect
Table 2 presents the calculated relative energies for theof thermal averaging on the geometrical parameters, we
different structures of V(CQ) All chosen approaches yield performed MD simulations on the BottOppenheimer surface.
qualitatively the same energetic ordddzq < Do < Dgn < Op. An unconstrained geometry optimization for V(G®as first
Force constant analysis at the UBP86 level confirms that the conducted at the RI-BP86 level. Starting from an octahedral
D34 andDg, Species are minima on the potential surface whereas arrangement, a minimum with effectii@ss symmetry was
the D,y structure is a transition state connecting equivalzit obtained, consistent with the energetic ordering of the stationary
species (see below). The relative energies from UBP86/AE1 points at the DFT levels. In the subsequent MD simulations
and UBP86/AE? are quite similar whereas those from RCCSD/ starting from this minimum, the system was first heated to very
AE1 are more closely spaced. Our most reliable estimates oflow, cryogenic temperatures, around 36) K. At this tem-
relative energies are expected to come from Sing|e-point perature, the System essentially Stayed within the potential well
RCCSD(T)/AE2 calculations (which are still feasible): using Of the initial Ds minimum. Two distinct sets of €V—C angles,
the preferred UBPS86/AE2 geometrieS, the energies omﬂe which fluctuated around 94_(4) and 86ﬂ:4)°, were discernible.
Dan, andoh Species relative to thBSd minimum are predicted This result is consistent with a static Jatireller (JT) distortion,
to be 210, 535, and 731 cm, respectively. The corresponding ~ at least on the 4-ps time scale of the simulation.

UBP86/AE2 values are 332, 839, and 1000 émespectively, When the MD simulation was repeated at room temperature,
whereas a recent B3LYP stud¥y puts theD,y, species at 207 around 300£70) K, much larger amplitudes for the bending
cm™L, modes were found. After 2 ps, the average values of all of the

The calculated vibrational wavenumbers, infrared and Raman C—V—C angles fell in the range between 88 and,9®ith
intensities, and3CO isotopic shifts for thé®zy andD4, minima maximum deviations arountt20°. Since the values for the 12
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TABLE 3: Computed ESR Parameters of V(CO)g

level of
symmetry theory A Aq Aiso g 9o Oiso

Dan BP86/AE1 —181.4 —63.4 —102.8 1.998 2.242 2.161
B3LYP/AE1 —187.9 —64.1 —105.4 1.995 2.209 2.137
B3LYP/U1 —178.2 —b55.6 —96.5

Daqy BP86/AEL -1.4 —124.2 —83.3 2.001 2.048 2.033
B3LYP/AE1 +0.3 —129.3 —86.1 2.001 2.056 2.038
B3LYP/U1 +7.8 —121.2 —78.2

expt 21(3) 143.8(6) 1.98(2) 2.111(1)

aHyperfine couplings (HFCCsA (MHz) andg tensors® From ref 18; no absolute signs were derived for the HFCCsgsd

neutral

C—V—C bond angles were rather evenly spaced at any time, anion
no structures corresponding to particular, well-defined sym-
metries could be observed along the trajectory.

For comparison, the same MD simulations were performed
for [V(CO)g]~. Because JT effects are absent, this anion pos-
sesses a singl®y,-symmetric minimum. At ca. 300 K, the
molecule appeared to be as flexible as neutral V(&) judged
from the amplitudes of the €V —C bending (90+ 20°).

The degree of flexibility of both neutral and anionic species
is reflected in the computed radial distributions displayed in \
Figure 1. At 16 K (top of Figure 1), well-resolved peaks are 1 2 3
obtained, marking the bonded and nonbonded separations in
relatively rigid molecules. On going from th®,-symmetric 300K
anion (dashed line) to th@sg-symmetric neutral species (solid
line), the splitting of some of the nonbonded separations due to
symmetry lowering is clearly visible. At 300 K, in con-
trast, both radial distributions are virtually indistinguishable
(middle of Figure 1). For instance, the peaks between 2.5 and
3 A, which correspond to the€Cg;s distances, have blended
into a single broad band. Both radial distributions are in good
qualitative accord with that of gaseous V(GOdbtained by ‘
electron diffractiof® at a slightly higher temperature (bottom L
of Figure 1).

We are aware of the limitations of this MD-based approach,
as a rigorous treatment of electronigibrational couplings in
JT systems may need to go beyond the Babppenheimer exp. 335 K
(or adiabatic) approximation and a classical treatment of the
nuclei®~® However, salient experimental observables in JT
systems have been reproduced computationally on the basis of
related MD simulations (for instance, &aqf® and GHg*-

(0)89). Possible limitations notwithstanding, our MD results
support the qualitative interpretation that a static JT distortion
in V(CO)s can be observed only at very low temperatures. At

16K

room temperature, dynamical averaging is so rapid that the . b4 ¢

resulting mean structure is indistinguishable from that of the \,\/\N‘l 5 '
corresponding anion with it®,-symmetric equilibrium geom-

etry. A

3.3. Electron Spin-Resonance Parametern a recent ESR Fi e . ) .

- . - igure 1. Radial distributions obtained from MD simulations at ca.
study Qf V(COj isolated in a_CO matrix ‘f"t 4 Kg values a”d, 16 K (top) and at ca. 300 K (middle); bottom: experimental radial
hyperfine parameters were interpreted in terms of an axially gjstribution from ref 20 (reprinted with permission from Elsevier
distorted octahedral moleculéApparently, only &g, distortion Science, copyright 1975)—) V(CO)s; (- -) [V(CO)¢]".
was considered. To determine if tllgg minimum could also
be reconciled with the experimental data, we have computed Thus, no definite structural assignment can be made on the basis
the ESR parameters of the two minima at appropriate DFT levels of the theoretical tensors.

(Table 3). The theoreticg tensors (last three columns in Table The HFCCs, in contrast, are more significant. Whereas for
3) are not conclusive: with the B3LYP functional, which theDg,form A is predicted to be much larger in absolute terms
performs best for most transition-metal compounds studied sothanAp, the opposite is found for thBsg minimum. Only the
far81-62 g5 (and thusgiso) is considerably over- and underesti- latter ordering is in accord with experiment (Table 3). Since
mated for theD4, andD3q forms, respectivel§ with maximum theoretical HFCCs can strongly depend on the flexibility of the
errors of 98 and 55 ppt, respectively. Even though such errorsbasis set employed, we also performed computations with a large
are significantly larger than usually found for transition-metal uncontracted basis (U1 in Table 3), which afforded no qualitative
complexes, similar deviations can occur in exceptional c@$8s.  changé* Note that the absolute signs &ff and A; have not
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been determined experimentally but that opposite signs have 4.2. Synthesis of V(CO). V(CO)s was obtained by a method
been taken for these tw8.Assuming a negative sign for the described in the literature from [Na(diglym#) (CO)¢] (Strem
largest component, as suggested by the computations, the largesthemicals) and phosphorus aéfd glass reactor\( &~ 30 mL)
error for theDsq structure is around 23 MHz or 16% féy fitted with a 10-mm valve with a PTFE stem (POR-10, Young,
(B3LYP/UL), similar to what is presently achievable for London) was cooled te-20 °C and loaded wit 5 g of HsPOy
transition metals (see, for instance, ref 65). Thg form gives (~90%) and 100 mg of [Na(diglymg]V(CO)e). The reactor
much larger quantitative deviations (on the order of 200 MHz was connected to an evacuated U-trap held-4® °C. Upon
when the different signs o&, and A are taken into account)  warming to room temperature, the reaction proceeded with
and does not reproduce the experimental HFCC tensor evenhydrogen evolution under dynamic vacuum, and solid black
qualitatively. Thus, the computed HFCCs strongly support the V(CO)s covered the inner surface of the U-trap. The crude
assignment of the species in the ESR experiment toDhe product was transferred into another small U-trap held2G°C

form, in accord with the energetic ordering. in vacuo, forming small black shiny crystals. At room temper-
ature, V(COy decomposes within hours but can be stored for
4. Experimental Section months at—20 °C.

4.1. Instrumentation. The matrix infrared spectra were The syntrlwesis o;g\}éCO)e was performed starting from
recorded on a Bruker IFS 66v ETIR instrument in reflectance [-BUNI[V(*3CO)].*® A 200-mL glass bulb fitted with a 10-

mode using a transfer optic. A DTGS detector and a KBr/Ge MM valve with a PTFE stem (POR-10, Young, London) was
beam splitter were used in the 50600-cnT region. Scans loaded under an argon atmosphere with a magnetic stirring bar

(64) were added for each spectrum using apodized resolutionsWith 10 mL of tetrahydrofuran, 100 mg of vanadium trichloride
of 1.2 or 0.3 cm. A far-IR DTGS detector and a &m Mylar (Fluka), and 100 mg of sodium. After cooling the content to
beam splitter were used in the 4480-cn ! region. Scans (128 —196°C, the bulb was evacuated, and 100 mg of_ cyclooctatet-
or 64) were added for each spectrum using apodized resolutiond @€ne (Fluka) and 3 mmol 6CO (>99%, IC Chemicals) were

of 1.2 or 0.3 cmi?, respectively. Details of the matrix apparatus Introduced in vacuo. The reaction proceeded at@@ver 20
have been described elsewhéie. h with stirring. The yellow suspension was filtered in a syringe,

The gas-phase infrared spectra were recorded with the saméand the resulting clear solution was added dropwise to a solution
instrumgent Ssing a resolutioﬁ of 2 cin the 5008-400 cnt?! of 300 mg of p-BusN][HSO,] (Merck) and 100 mg of Nal(s)H
range. The storage vessel containing the V(C&mple was in 30 mL of water. Subsequeptly, the preC|p|tatach4N][_\/( )
directly connected to the evacuated IR gas cell (optical passco)e] was filtered off, dried in vacuo,_and washed with 1 ”?L
length 200 mm: Si windows 0.5 mm thick) contained in the of ether. The product (200 mg, 70% yield) was transferged into
sample compartment of the evacuated FTIR instrument. By & 20-mL 1reactor and treated with excess HCI (g)-80 °C. )
varying the temperature, different amounts of V(g®@jere Black V(_ “CO) was formed and subollmed under dynamic
introduced into the cell just for the period of measurement and Vacuum into a small U-trap held at30 °C.
were immediately removed afterward by evacuation. Commercially available Cr(C@)(Fluka) was used for the

For matrix measurements, small amounts of pure V¢CO) Mmatrix experiments after sublimation in vacuo.
samples (ca. 0.1 mmol) were transferred in vacuo into a small
U-trap kept at—30 °C. This U-trap was mounted in front of 5. Experimental Results
the matrix support and was allowed to reach a temperature in
the range of-35 to —45 °C. A gas stream (1 to 4 mmolf) Infrared and Raman spectra _of V(Qﬂ)ave been rec_:orded
of argon or neon was directed over the solid V(g@nd the both_at room temperature and |s_olated in a Ne matrix at 5 _K
resulting gas mixture was immediately quenched on the matrix @nd in an Ar matrix at 12 K. Typical spectra are presented in
support at 12 and 5 K, respectively. Altogether, 20 matrices of Figure 2 and are compared to the matrix spectra of CrCO)
different amounts (1 to 5 mmol) and concentrations were Which are in good agreement with literature spectra.All
prepared and investigated. The photolysis experiments wereSPectra have been reproduced several times with different
carried out by using a high-pressure mercury lamp (TQ 150, samples, and in addition, spectra for!%¢O) have been
Heraeus) in combination with a water-cooled quartz lens optic recorded under the same conditions to Clarify the vibrational

and al > 280-nm cut-off filter (Schott). assignments further. A comparison of the V(GQpectra,
For reference purposes, matrices containing Cr¢G@dre obtained in Ne and Ar matrices, reveals that the fine structure

prepared in a similar way, but in this case, the U-trap was kept of several bands is due to matrix splittings, which are generally

at—42°C. smaller in a Ne than in an Ar matrix. The relative band

After the matrix experiments, the remaining V(GQjyas intensities and bandwidths are very similar in both matrices.
dissolved in benzene under an argon atmosphere. A Raman Tables 4 and 5 list the vibrational wavenumbers, intensites,
spectrum of the resulting yellow-green solution was recorded and**CO shifts as observed in the matrix infrared and Raman
in the 4006-100-cn? range using a spectral resolution of 4 Spectra, respectively, and the corresponding theoretical predic-
cm 1 on a Bruker FRA 106 Raman spectrometer and the 1064- tions for theDzq andDa, minima are included for comparison.
nm excitation line of a Nd:YAG laser (100 mW). Photolysis experiments clearly show that the bands between

Details of the matrix apparatus for recording Raman spectra 4000 and 400 cmt belong to V(COJ because the photolysis
have been described elsewh&teAltogether, eight argon  of matrix-isolated samples with light df > 280 nm results in
matrices were prepared in the same manner as described above, uniform decrease of all IR bands assigned to V@) the
yielding matrices of a 10@m thickness and estimated sample- same time, the yellow Ne matrix becomes dark brown, and new
to-argon ratios of 1:1000. The spectra were recorded using aabsorptions appear at 2144 cthi(free CO) and 1964, 1957,
resolution of 1.2 cm! and the 514.5-nm excitation line of an 1870, and 2098 cnd, which can be assigned by comparison
Ar* ion laser operating at 500 mW. Annealing of the matrices with literature spectra to V(C@)1963, 1959 cm?),”6 [V(CO)q] ~
for 5 min at 40 K led to an improvement of the S/N ratio and (1873 cnt?),’6 and [V(CO)]* (2070 cn11).11 The dark-brown
caused no changes in the line profiles. color is presumably caused by the charge-transfer complex
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Figure 2. Vibrational spectra of V(CQ)and Cr(COj. (a) IR gas-phase spectrum of V(G@nd Raman spectrum of V(CgXWiluted in benzene
at room temperature. (b) IR and Raman spectrum of V{G€djated in an Ar matrix at 12 K. (c) IR and Raman spectrum of Cr¢d&djated in

an Ar matrix at 12 K

[V(CO)e] F[V(CO)q] ~,
reason for the dark color of solid V(C@itself.:3
Although the two molecules V(C@and Cr(CQy differ only

which has also been suggested to be the band in the gas phase around 580 érseems to consist of

three components whereas in the Ar or Ne matrix there are only
two components exhibiting additional small matrix site splittings.

by one electron, the JahiTeller effect causes the spectra to Even more pronounced are the differences in the Raman spectra.

be very different. Moreover, the spectra for V(G&how an

The very broad and strong signals at 268850 cnt! and

amazing temperature dependence (Figure 2a and b). The singlé&00-350 cnt! in benzene solution (Figure 2a), recorded at
v(CO) band in the IR gas-phase spectrum at room temperatureroom temperature, drop in intensity extremely in the Ar matrix

is split in an Ar matrix into two components (with additional
matrix site splittings), as observed by oth&t$The broad IR

(Figure 2b). There are only two weak signals at 2038.0 and
1988.9 cmr! at matrix temperatures in the spectrum of tA@
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TABLE 4: IR Spectra of V(CO) ¢

assignment Daq, theory expt, Ar-matrix,12 K expt, Ne-matrix, 5 K Dan, theory
On v, cmt 12 Av® ABC py,eml 1© AvP ABC v,emt 1© AP AC v, cmt |a AvP ALC
veor Tww Vs Az 1972 1374 2 446 19839 52 7.7 43.8 1990.7 54 6.1 444 A951 1859 —31 44.2
v17,E4 1970 3595 44.4 1976.2 100 43.7 1984.6 100 43.5 E1982 3138 44.6
Ovco, Tiu Vi, Eu 621 230 82 126 598.0 84 68.8 126 596.6 11.3 67.6 122 E595 181 —42 135
v9,Azy 539 83 9.1 529.2 35 10.5 529.0 3.0 10.1,,A 637 128 12.2
6vco, Tou V5,A1u 502 0 50 17.2 n.o. n.o. B 474 0 101 15.8
v19,Ey 452 4 12.2  439.3 0.7 125 4375 0.6 12.2, E 373 2 10.7
vve, Tw v20,Eu 409 30 6 10.3 3979 59 0 9.4 396.0 27 0 8.0, E 438 34 -4 93
v10,A20 403 34 8.8 (397.9) (396.0) A 442 12 8.8
Ocve, T v Eu 85 27 12 04 95 0.5 0 95 0.5 0 E 84 2 5 04
v11, Aoy 73 0.7 0.3 n.o. n.o. - A 79 0.7 0.3
6cvc, Tou VG,A]_U 63 0 17 0.3 n.o. n.o. B 40 0 -5 0.3
v By 46 0.9 0.3 n.o. n.o. E 45 0 0.2
akm mol%.  Splitting of the T modesS Relative integrated intensity.
TABLE 5: Raman Spectra of V(CO)g Isolated in an Ar Matrix, 12 K
assignment Daq, theory expt Dap, theory
On y, et 12 AvP  AIC v, cmt Ic AvP  AC y, et |a AvP AC
veo, Aig v1, Agg 2072 132 48.4  2102.0 12.5 472 A 2074 92 48.4
veo, By V12, By 1960 832 0 44.5 2038.0? 0.8 49 1B 2009 261 37 463
1988.9 ? 1.8 Ay 1972 268 45.6
Ovco, T2g V13, By 471 2.6 20 16.5  457.8? 104 243 112 § 713 0.0 405 26.9
v, Axg 451 11 158  433.27? 2.6 3.9 By 408 0.2 14.2
Yve, Agg v3, Axg 358 55 5.8 348.8 100 53 4 349 36 5.8
vve, By V14, By 344 11 0 6.1 312.27 4.9 40 Ay 381 27 28 6.2
Big 353 13 5.9
Ovco, Tig V7, Ay 345 0 18 10.3 n.o. P 302 0 —41 9.1
v1s, By 327 0.5 9.6 328.0 2.1 73 4E 343 0.0 10.4
Ocve, Tog V16 By 76 23 1 0.3 102.2? sh 16.7 04 4E 109 17 39 0.2
va, Arg 75 10 0.3 90.3? 99.6 —0.2 By 70 9 0.3
8557 sh 0.5

a A4 amul. P Splitting of T and E modes:. Relative integrated intensity.The vibrations are probably coupled with the electronically excited
Dsq State (spir-orbit coupling) and are therefore not pure vibrations. Consequently, the isotopic shift is too low. The band at 433r2agre
a nearly pure electronic transition.

species and no band at all in the spectrum ofi@species. ~ JABLE 6: Calculated Jahn—Teller Energies (cn1?) for

The Raman signal around 400 chsplits in an Ar matrix into V(CO)s
four components. The relative intensity of the IR band at 250 energy geometry  Ex(T) Em(E) AE(Dz)°
cmt depends on the matrix material, and its position is shifted UBP86/AE2 UBP86/AE2 1000 161 122
on isotopic substitution. Therefore, an impurity seems to be UBP86/AEL UBP86/AEL 965 147 114
unlikel f%r this band. The same holds true fgr th()a/ weak infrared RCCSD(TY/AE2  UBPSG/AE2 31 196 76
y . 1 RCCSD(T)/AE1 ~ RCCSD/AE1 560 189 44
band of V{*CO) at 360 cnr™. RCCSD(T)/AE1  UBP86/AE1 539 189 38
It is interesting that a similar temperature dependence in the RCCSD/AE1 RCCSD/AE1 525 252 40
RCCSD(T)/AE1  UBP86/AE2 525 192 29

Raman spectra has been observed for the E modes af, OsF
which also exhibits a dynamic Jahifeller distortion’2-75 aMethod used for energy evaluation; zero-point vibrational correc-
We now discuss the assignment of the fundamental bandstions are not included. Method used for geometry optimization (see

by making use of the theoretical predictions for the vibrational Table 1).° AE(Dzn) = E(Dzn) — (E(Dan) + 3E(Dsa))/4.

spectra. the topology may remain the same, or the Bix transition
6. Discussion structures may bepome minin_]a.

) Taking spin-orbit coupling into account, théT 4 term of

To interpret the observed spectra, we first discuss the possibleoctahedral V(CQyis split into By + Gy, with Exg being the
Jahn-Teller distortions of V(CQ) In the linear approximatiofr,® ground state. In the linear approximatitrf,the molecule will
the Jahn-Teller effect of the by ground state involvesand remain octahedrald,) as long as the JahiTeller energie&,r-
Togmodes, which result iDs, andDsq distortions, respectively.  (E) andE;(T) remain sufficiently small relative to the spin
Compared with thé;, structure, the energies of the thrbg, orbit coupling constant: Ejr < 0.667% leads toO, symmetry
and fourDsy minima are lower byE;r(E) andE;«(T), respec- only; E;t = 0.66% to 0.7% results inO,, and D34 or Dgy; and
tively. The distortion will be tetragonal in the case®f{(E) > E;r > 0.755 leads toD3g or D4y Symmetry only.
E;(T) and trigonal otherwise. The transition state between The theoretical relative energies of the different V(€O)
two minima ha®, symmetry and lies below th@y, structure structures (Table 2) are easily converted to Jaheller energies
by [E;(E) + 3E;(T)J/4. In the quadratic approximatidh? E;r (Table 6). In the case of V(C@)with an experimental spin
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TABLE 7: ESR Data at 4 K for V(CO) ¢ and Related Complexes

V(COY)s, V(N2)s, Nb(COY), NbB(N:)s,
parameter CO matrix N2 matrix CO matrix N2 matrix
point group D3qg Dan Dag Dan
g -2.111(1) —2.032(1) —2.2212(5) —2.0958(9)
g2 1.98(2) 1.965(1) 1.959(1) 1.9505(5)
An2MHz 143.8(6) 153(3) 193(1) 238(2)
A, 2MHz 21(3) 21 —332(1) —111(3) —448(1)
»® 0 0.004 0 0.0046 0 —0.004 0 0.0056
Ej/&d 3.77 3.98 2.68 20.08 2.90 2.80 2.40 6.42
kd 0.64 0.76 0.18 0.90 0.97 0.88 0.39 0.91
Ki,d MHz —107 [-117F —107 [-117F —223 —215 —189 —190 —333 —320
B, MHz 68 [50F 67 [50F 70 57 41 42 78 65

a|g| and|A| from ref 18; note that the signs correspond to the convention adopted in ref 79, which differs from that of refs 54 and 61 used to
generate the data in Table BFor a definition of the parameter, see ref 79; results for two limiting, estimated values are shéWhere is an
alternative sign for, possible, resulting in alternative values given in brack&®alculated values.

orbit coupling constant of about 100 c#v® the computed Teller modes are of gerade symmetry. As a consequence, the
Jahn-Teller energies yieldE;(T)/E > 5 andEq(E)/§ > 1, infrared-active modes can apparently still be described satis-
implying that Jahr Teller distortions will occur. However, Ta-  factorily within the usual harmonic approximation, which must
(CO) is not expected to distort sinégr and& are around 500 break down for the JahtiTeller active modes gand T
cmtand 2000 cm?, respectively, which leads to &h/& ratio Hence, for the Raman spectrum, the agreement between
of about 0.25. calculated and observed spectra cannot be as good as for the
We next attempt to determine from the observed infrared and infrared spectra. The calculated numerical results are docu-
Raman spectra (Tables 4 and 5) whether V(@jually distorts mented in Table 5. Those for theiAmodes still seem
to aD3qg or D4y minimum. For this purpose, we assign the spectra reasonable, while those for the Jateller active modes (&
with the help of the theoretical predictions (Tables S1 and S2) and T,y are partly nonsensical, as expected (see, e.g., the
by making use of the computed frequencies, intensities, andintensities forv;z). Under these circumstances, we prefer to
13CO isotopic shifts. The latter are usually calculated quite avoid a more detailed comparison for the Raman spectra and
reliably for related system*! and are very sensitive to the rely on the infrared spectra for identifying tley ground state

type of vibration involved. of V(CO)s.
The observed infrared spectra of V(G@gnerally agree as The relative energies of thBsy and D4, structures will be
well as expecte®*157with the calculated spectrum of tiizy influenced by zero-point vibrational energy corrections that have

structure and much less so with that of thg, structure. In the not been considered so far (Table 2). Given the failure of the
CO stretching region, the less intensg,Aand is observed ca.  harmonic approximation for the Jahiteller active modes (see
6—8 cnt! above the more intense degenerate bang), (E above), we have determined these corrections from the computed
consistent with the theoreticBlsy results (analogous split of 2 harmonic wavenumbers of the other modes only (i.e., including
cm™1) and in contrast to the theoreticBly results (opposite all modes from Table 4 and the;fand T,y modes from Table
ordering with a split of—31 cnT?); the deviations between 5). This leads to a relative stabilization of tbey structure by
experiment and theory are in the usual rdfg&5"for Dzq but 40 cntl; therefore, our best estimate for its energy relative to
not for D4y. Even more striking are the comparisons for the the D3y minimum decreases from 535 cin(Table 2, RCCSD-
two infrared bands in the region between 530 and 600'cm (T)/AE2) to 495 cnt.
where the position of the less intensg,Adand ¢, 529 cnr?) Many ESR studies on V(C®@)have been performed in
is reproduced to within 10 cm for D3y and is missed by more  strongly interacting matrix materials such as Cr(gQ@y
than 100 cm? for D4n; moreover, the measurédCO isotopic cyclohexand® 17 In such cases, the lattice distortion on the
shifts match those foDsg much better. In the range between isolated V(COg molecule may be greater than the Jafieller
450 and 500 cmt, the weak band seen at 439.3 @ntan be distortion, leading to nonaxial ESR spectra. However, for
assigned to theig mode of theDsq structure (E, predicted at V(CO)s isolated in a CO matrix at 4 K, further evidence for
452 cntl), which is also supported by tHéCO isotopic shifts D3y symmetry can be obtained from a deeper analysis of the
whereas there is no fully satisfactory assignment for this band experimental ESR spectruth.Our analysis is based on a
in Dgn. Around 400 cm?, a single infrared band is observed, minimum-basis-set ligand-field model gtensors and hyperfine
which according to the calculations should primarily be at- couplings in octahedral low-spin®¢omplexes? Within the
tributed to thev,o mode of theDgq structure (&, 409 cni?) framework of this model, both experimental ESR parameters,
since the close-lying;o mode (A, 403 cnm?) is predicted to the g tensorsgn = gx = gy and g, = g,, and the hyperfine
be much weaker. Again, the observed data are not as wellcoupling constanté& = A, = A, andA; = A; can be used to
matched by the calculated frequencies oy. Finally, in the estimate (i) the energies (splitting of the ¢ level in an axial
region below 100 cmt, only one band is observed at 95t ligand field) andA (difference between,dand g, levels in an
which corresponds toz;. approximately octahedral®dcomplex), (i) the spir-orbit

In an overall judgment, the assignment of the observed coupling constant§ and & inside d, and between the,dand
infrared spectra is consistent only with the theoretical predictions d, levels, (iii) the k-orbital reduction factor, and (iv) the Fermi
for the D3y minimum. The agreement between theory and contact ternKy and the parameter for dipetelipole interaction
experiment is about as good as in previous studies of closed-P = Py (for d electrons).
shell transition-metal carbonyt&4157This may seem surprising The combination of the parametejis and A gives the new
at first sight since the JahiTeller distortions in V(CQ)should parametetw = &/ A, Which is a measure of the mixing between
complicate the situation significantly. However, all infrared- the d; and d; levels by spir-orbit coupling. With increasing
active modes are of ungerade symmetry whereas the-Jahn bonding, thew values strongly decrease. The paramet&rs
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Figure 3. D3y equilibrium structure of V(CQ) including salient
parameters optimized at the UBP86/AE2 level (distances in Angstroms,
angles in degrees). The view is perpendicular to the three-fold axis,
and the upper and lower “tripods” are equivalent by symmetry.

and P are related to the Hamiltoniablyes = Ki(S*J) +
P{3(Sro)(JI*ro) — (S*J) + ky(L*J)} wherek; = 2k/ge andB =
2P4/7.

Thoughg is positive for a free electron, the signs of the
principal g values in the spin Hamiltonian using an effective
spin for a bonded electron are not known a prf8rExperi-
mentally onlyg,?, 9, g, andgxgyd, can be determine®.The
last quantity is invariant. For example, the negative sign of the
g values of Npk was determined experimentally € —0.604-
(3)) by using circularly polarized radiatid.The convention
of signs forg values of @ complexes withO, symmetry isgy
= gy = g, = g.”° Another convention is used in refs 54 and 61
(e.9.,0x 0y, andg, are positive for complexes with low orbital
contributions—nearly pure spirg tensors).

From the hyperfine structure, the sign @A/A,) is deter-
mined if the signs of the principal values of th2 tensor
(electronic quadrupole fine structure) are known; if not, only
the sign of AA/A,) relative to that of PxDyD;) can be found.
With axial symmetry, circular polarized radiation yields the sign
of g, uniquely, and the hyperfine structure gives the sigipf
relative to that ofD.8°

Application of the above-mentioned theétyo the published
ESR dat#® results in a positive Fermi contact teridj of 89
MHz for V(CO)g of D4y symmetry, which would imply a strong
4s admixture into the 3glorbital. Since inDs, symmetry 3¢y,
and 4s belong to the & and Ay irreducible representations,
respectively, these orbitals cannot mix, and distortioBigis
thus ruled out. However, wheDsq distortion with a singly
occupied 3¢ orbital is assumed, the parameters derived from
theoretical considerations (Table 7) agree nicely with our ab
initio data in Tables 2, 3, and 6. Furthermore, according to the
ligand-field model? the observedy; and g, values imply an
orbital reduction factok = 0.64 and a ratid\/§ = 11.3 (Table
7). The latter value, together with~ 100 cnt?,78 affords an
estimate forA of ca. 1100 cm! and hence an estimate fégr-

(T) = A/3 of ca. 370 cm?, which is in good qualitative accord
with our ab initioE;(T) values of 508-1000 cnt?l. Similarly,
from the observedd; and A, values, one arrivé8 at K, =
—107.4 MHz (corresponding to a ca. 2% 4s admixture) Bnd
= 2P4/7 = 67.7 MHz (corresponding th = 0.65). Because of
the small absolute value &, its actual sign does not affect
these results significantly. Note the consistency ofkhalues
derived either from thg tensor or from the HFCCs, which lends
further support for theD3q structure as the observed energy
minimum.

Parrish et al? also report the low-temperature ESR spectra
of Nb(CO) and M(N)s (M =V, Nb) in CO and N matrices,
respectively. On the basis of the same analysis as that outline
above for V(COy, D3y and Dy, distortions can be attributed to
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Nb(CO) and M(Nv)e, respectively. The change in symmetry
between both types of complexes is reflected in the different
relative magnitudes of the absolute HFCC compondhis ¢

|Ay| for Dsg and|Ag| < |Ay| for Dgy; see Table 7), in agreement
with the results of our ab initio calculations (Table 3).

7. Conclusions

We have applied an extensive array of experimental and
theoretical methods to elucidate the ground-state structure of
V(CO)s, an archetypal Jak#Teller system. High-level ab initio
calculations, static and dynamic density functional computations,
new experimental vibrational spectra, and a reinterpretation of
ESR data from ref 18 all agree that at low temperature2(4
K) V(CO)s isolated in a Ne, Ar, or CO matrix shows a static
Jahn-Teller distortion to @3y symmetric structure (see Figure
3). The combined evidence presented here serves to rule out
the occurrence of &gy distortion mode, which had been
suggested previously. The Jahfeller energy splitting is small
so that with increasing temperature the distortion becomes more
and more dynamic. The controversial discussion about the
ground-state structure of V(C@)which has lasted 40 years,
appears to have reached a conclusion in this study.
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