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The electronic structure of a trigonally distorted vanadium(lll) complex, [V(urea)s](ClO4)s, and its deuterated analogue,
[V(urea-dy)e](ClO4); has been investigated with Raman, luminescence, and high-frequency high-field electron
paramagnetic resonance spectroscopies and with magnetic measurements. A broad electronic Raman transition is
observed at around 1400 cm~! and attributed to a transition to the *E (Ds;) component of the *Ty4 (Or) ground state.
The same splitting is seen in the near-infrared luminescence spectrum in the form of a similarly broad peak at
8450 cm™1, 1400 cm~! lower in energy than the *E — 2A, spin-flip transition. Powder high-frequency and high-field
electron paramagnetic resonance spectra, magnetic susceptibilities, and magnetization studies give a precise
measurement of the zero-field splitting and of the g values in this complex (D = 6.00(2) cm™, E = 0.573(6) cm ™,
gx = 1.848(2), g, = 1.832(4), and g, = 1.946(7)). A set of angular overlap model parameters is proposed that
reproduces all spectroscopic observations, and an analysis of the influence of the bonding of urea on the trigonal

distortion of the complex is given.

1. Introduction

The electronic structure of octahedral coordination com-

pounds containing transition-metal ions with thecdnfig-

uration is a classic case used to present ligand-field thebry
and has been probed for more than 50 years with a variety
of experimental techniqués?? One area of current interest
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is the use of these complexes for near-infrared (NIR) to
visible upconversion of light illustrating the need for a
detailed determination of their electronic structure, an aspect
of key importance for understanding these phenomena. The
characterization of low-lying electronic states of many
transition metal complexes is challenging, from both
experimentdf~1® and theoreticd?2?* perspectives. This
challenge is illustrated by the study of deceptively simple
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Figure 1. Schematic view of the electronic states of a trigonally distorted

octahedral vanadium(lll) complex wit®, symmetry labels. The different

experimental transitions probed are shown as arrows. Note the nonlinear

energy scale.

complexes, such as [V@®)s]®", for which new insight on

the interplay between ligand coordination and the electronic

structure of metal-centered states has been obtaintd223
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an energy lower by about 1400 chthan the highest-energy
electronic origin®® close to the calculated splitting value of
1300 cn1l. We present here the Raman spectroscopy, high-
frequency and high-field electron paramagnetic resonance
(HF-EPR) spectra, magnetic susceptibility measurements, and
the full NIR luminescence spectra of [V(urgl10,); and

its deuterated analogue [V(urégs](ClO,)s. The combina-

tion of all these techniques, illustrated schematically in Figure
1, provides precise information on the magnitude of the
trigonal and spin-orbit splittings of th& 14 (Or) ground state

and insight on the origin of the large trigonal splitting in the
titte complex. A set of ligand-field parameters in the
framework of the angular overlap model (AOM) that
correctly describe all spectroscopic data reported here is also
given.

2. Experimental Section

Complexes were prepared as described previc&dhDeuterated
ureasd, was obtained by dissolving urea in a minimum amount of
warm D,O and evaporating to dryness. The process was repeated
five times, and the degree of deuteration was determined to be at
least 95% by comparing the relative intensities of theHNN—D
stretching bands in the Raman spectrum. [V(ujéa)and
[V(urea)](ClO4)s both crystallize as green crystals in the space
group R3c with the \2 * ion located on a site db; symmetry in
the crystak®?” Steady-state luminescence measurements were
performed using the UV lines (333-:@63.8 nm) of an Ar laser
in broadband mode (Spectra-Physics Stabilite 20065). Emission
was dispersed through a 0.5 m monochromator (Spex 500M) and

We report the spectroscopic characterization of the grounddetected with a Ge detector (ADC 403L) cooled to 77 K. Sample
state and of the lowest-energy electronic excited states ofcooling was achieved with a He gas continuous flow cryostat
[V(urea)](ClOy)s. This complex has been intensively studied (Oxford CF-1204). The spectra reported here were corrected to

over the past 50 yedis?> 32, but no direct measurement of
the ground-state trigonal splitting,, shown in Figure 1, has
been reported. Ligand-field calculations reported a value of
about 1300 cmt,3° but another study based on least-squares

fits to the magnetic susceptibility of [V(uref)" suggested
a far lower value of only 300 cnt for A.32 In a previous

eliminate the voltage spikes typical for germanium detectoss.
Raman microscope (Renishaw System 3800as used to measure
Raman spectra. Samples were cooled with a Linkam THMS 600
cryostat using liquid nitrogen. HF-EPR spectra were obtained at
the Grenoble High Magnetic Field Laboratory. Excitation frequen-
cies of 190, 230, 285, 345, and 380 GHz were generated from the
harmonics of sources operating at 95 and 115 GHz in conjunction

report, we pointed out that the NIR luminescence spectrum yith a static field ranging from 0 to 12 T. Spectra were recorded
of [V(urea]ls shows a very weak and broad transition at at 5 and 30 K on powdered samples. The temperature dependence

(18) Tregenna-Piggott, P. L. W.; Spichiger, D.; Carver, G.; Frey, B.; Meier,
R.; Weihe, H.; Cowan, J. A.; Mcintyre, G. J.; Zahn, G.; Barra, A.-L.

Inorg. Chem.2004 43, 8049-8060.
(19) Anthon, C.; Bendix, J.; S¢Har, C. E.Inorg. Chem2003 42,4088—
4097.

(20) Benmelouka, M.; Messaoudi, S.; Furet, E.; Gautier, R.; Le Fur, E;

Pivan, J.-Y.J. Phys. Chem. R003 107,4122-4129.

(21) Kallies, B.; Meier, Rlnorg. Chem.2001, 40, 3101-3112.

(22) Tregenna-Piggott, P. L. W.; Carver, I[Borg. Chem2004 43,8061~
8071.

(23) Carver, G.; Spichiger, D.; Tregenna-Piggott, P. L. MChem. Phys.
2005 122,124511.

(24) Rudowicz, C.; Yang, Z.-Y.; Yeung, Y.-Y.; Qin, J. Phys. Chem.
Solids2003 64, 1419-1428.

(25) Hartmann, H.; Furlani, Z. Phys. Cheml195§ 9, 162—173.

(26) Figgis, B. N.; Wadley, L. G. BJ. Chem. Soc., Dalton Tran%972
2182-2188.

(27) Dingle, R.; McCarthy, P. J.; Ballhausen, CJJChem. Phys1969
50, 1957-1962.

(28) Flint, C. D.; Greenough, Zhem. Phys. Lettl972 16, 369-370.

(29) Carlin, R. L.; McElearney, J. N.; Schwartz, R. W.; Siegel, AJE.
Am. Chem. Sod 971, 93, 4337-4338.

(30) Rahman, H. UJ. Phys. C: Solid State Phy%971, 4, 3301-3306.

(31) Baker, J.; Figgis, B. NAust. J. Chem1975 28, 439-442.

(32) Baker, J.; Figgis, B. NAust. J. Chem198Q 33, 2377-2385.

3400 Inorganic Chemistry, Vol. 45, No. 8, 2006

of the magnetic susceptibility was measured on powdered samples
with a Quantum Design MPMS superconductive SQUID magne-
tometer operating at a field strength of 0.5 T and in the temperature
range of 2-300 K. The magnetic field dependence of the
magnetization was measured on the same magnetometer in the field
range of 0-5.5 T at 2 K. All experimental results were corrected
for diamagnetism of the constituent atoms using Pascal constants.
Semiempirical molecular orbital calculations were made with
Gaussian 98 at the AM1 levé.

3. Results

3.1. Raman Spectra.Figure 2 shows the 77 K Raman
spectra of urea, [V(uregfClO,)s, uread,, and [V (uready)q]-
(ClOg4)3. The spectra of urea and urdahave been reported
in detail3"38 A comprehensive list of all peaks observed for
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Electronic Ground State of [V(urea)3*

. Table 1. Vibrational Frequencies (cm) Determined from Raman
Spectra and Assignments for Urdaand [V(urea€s)s](ClO4)3
assignmerit uread, [V(urea-ds)e)(ClO4)3
urea-d, 198
4 220
240
. 290
- 340
G ¥ ) 390
|- [Viurea-dy)el(ClO)a v2 [ClOJ~ 459 448
= 4 6 (NCN) 470 466
* 0 (NCO) 512 510
563,576
* v4[ClO4]~ 625 624
761
" 854 846
ND3 rocking 892 901
v1 [ClO4]~ 928 937
v (CN)sym 1004 990
LINLI NN N BN N L B L L L L LB L LI BN L L B 1004
500 1000 1500 2000 1043
Raman Shift [cm™] v3[ClO4]~ 1119 1098
Figure 2. Solid-state Raman spectra of urég-[V(ureads)e](ClOa)s, mgz LOCk('jr.'g (traces) 11214517 123151512 44
[V(urea))(ClO4)s, and urea, at 77 K. Asterisks denote vibrations of the éoen ing 1569 16’26
perchlorate anion. The vertical double arrow shows the electronic Raman :END)) 2425 2506, 2589 2457 2501 2629
transition. The small squares at approximately 1000 and 1600 icidicate v (NH) (traces) ! 3392’ 3388,7 3433" 3466

peaks that shift significantly (approximately 50 chhupon deuteration.

2 Assignments for urea based on the normal-mode analysis in ref 37;
uread, and [V(uread,)s](ClO4)3, as well as assignments of  frequencies for [CIG] ™ from ref 56, Vol. A, p 199, Table Il-6e.

selected peaks are given in Table 1. The 4800 cnt? Wavelength [nm]

region in the spectra of [V(ured)ClO,); and of [V(urea- 1300 1250 1200 1150 1100 1050 1000
ds)6](ClOy)s is almost identical for both complexes, indicating [~
very similar metat-ligand bonding. Most of the ligand-
centered modes are found at the same frequencies in the
spectra of the complexes as for uncoordinated urea. Somez
significant shifts are observed and discussed in detail below.
The most important feature in the spectra of the vana-
dium(lll) complexes is a broad band located at approximately
1430 cm'y, indicated by the vertical arrow in Figure 2. This
band, absent from the spectra of the uncoordinated ligands
is too broad and too high in energy to be a metaand Int x 12
vibration and is assigned to an electronic Raman transition
between two components of the electronic ground state. Such
transitions are not uncommon in six-coordinated complexes 7500 8000 8500 9000 9500 10000

. . -1
of vanadium(111)23:33:3%-42 |n contrast to peaks corresponding Wavenumber [em"]
Figure 3. Luminescence spectrum of [V(ureR)s](ClO4)s at 25 K.

Luminescence Intens
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Scheme 1 Table 2. Resonant Field Positions for HF-EPR Data Obtained for
—A [V(urea)k](ClO4)3 at 5 K and Spin Hamiltonian Parameters Derived from
S—A a Least-Squares Fit to the Observed Data
3
e frequency obsd field calcd field difference
s - R = (GHz) (G) (G) obsd— calcd
Tig . E Q@
S 189.9982 90 221 90 596 —375
A — =2 189.9982 114 970 114 946 23
F g 229.9988 32074 31706 367
A Ein | B 229.9988 51543 51585 —-42
S > } T3 229.9988 107 320 107 179 141
A O 344.9982 51085 51 688 -603
o D DY 344.9982 83698 83611 87
h 3 3 344.9982 101 450 101 699 —249
379.9964 73272 73217 55
at 9932 cmtis a hot band and is thus assigned to a transition ~ 379.9964 98 063 98076 -13
. : 379.9964 116 142 116 041 101
from a thermally populated state, located 25 émigher in
energy than théE (On-1T,g) emitting state. This is further param value
confirmed by absorp@ion spectroscopy which shows such a O 1.848(2)
state at 9933 cnt.?” Dingle et al?” were also able to resolve 9 1.832(4)
each of these two peaks into two components separated by % 2'33?2()7 )le
approximately 5 cm. This very small splitting was assigned E 0:573(6) P

to the zero-field splitting (ZFS, Figure 1 and Scheme 1) of
the lowest-energy ground-state component, in agreement with  3.3. HF-EPR. Vanadium(lll) ions, as other integer-spins
the 5.8 cm? value estimated later by calorimetry by Cafin.  ions, are typically “silent” to conventional EPR spectroscopy.
HF-EPR and magnetism studies of the complex also confirm This effect, inherent to non-Kramers ions, is particularly
this value, as discussed in the next sections. important for vanadium(lll) systems because of their large

In an earlier report, we presented the luminescence ground—sta.te zero-field splitting. High-field multifrequency
spectrum of nondeuterated [V(urg&)33 A large, unresolved ~ EPR techniques (HF—EP_’FQ)“ghave enabled the study of the
system of bands was observed in the luminescence spectrun§round-state of vanadium(lll) complex&s:® HF-EPR
of [V(urea)]l ; at energies around 8500 cinbut its overall measurements have been conducted on a powdered sample
intensity was weak and the signal-to-noise ratio very low. Of [V(urea)](ClO4)s, and a total of 17 resonances were
The higher quality of the corresponding region in the observed. Since no resonance showed hyperfine resolution,
spectrum of the deuterated complex in Figure 3 is most likely coupling of the electron spin to the nuclear spin of the
the result of a reduction of the efficiency of nonradiative Vanadium center was neglected in the analysis. A conven-
deactivation pathways; this suggests that modes involving fional spin Hamiltonian (eq 1), usin§ = 1, was used to
N—H quanta act as efficient quenchers for the Iuminescence,interpret all EPR spectfd.The calculated field positions
even at very low temperatures. No shift in energy is observed  _ 2 a a
for any of the peaks in the spectrum upon deuteration. A H=0268.5 + 04eBS + GutpBS
series of peaks lying at lower energy than the 9907 'cm D|(S? - 1 SS+1)|+ES2- s/z] (1)
electronic origin are now clearly distinguished. We divide 3

those peaks into two apparently different types. The first type \ o re optained by least-squares fits of the parameters in eq 1
are narrow transitions between 8800 and 9900 c(ne., to the observed data with the EPR simulation program

lower in energy than the electronic origin by 100 to 1100 g\ s152Accurate values of the spin Hamiltonian parameters
cm™). They are assigned as vibronic origins. Figure 3 shows .« obtained by minimizing

that most of the emitted intensity is located in the electronic

origin transition at 9907 cri. [V(urea)]®*" does not have a (Byped — Bearcai)’
center of inversion, and as a result, only a small proportion = zw )
of the overall intensity is observed as vibronic in origin, in | o2

. . . !
contrast to complexes with inversion symmetry, where

vibronic origins dominaté>“4’The second type of transition ~ wherei runs over 11 observed resonance magnetic fields,
observed includes broader, unresolved bands located at loweB,sq, andBgacqi ando are the calculated resonance magnetic
energy, between 7800 and 8600 ¢nComparison with the  field and an uncertainty associated with ttieobservation,

Raman results presented above suggests that these bandespectively. The latter was chosen as a third of the
correspond to an electronic transition betwée(On:1T,g)
and the’E component of the ground state, located higher in (48) Riedi, P. C.; Smith, G. MElectron Paramagn. Reso004 19,338~

energy by approximately 1400 cithan the’A, component,  (49) Smith, G. M.; Riedi, P. CElectron Paramagn. Reso200Q 17,164

as illustrated in Scheme 1. 204.

(50) Abragam, A.; Bleaney, BElectron Paramagnetic Resonance of
Transition Metal lonsOxford University Press: Oxford, U.K., 1970.

(46) Riseberg, L. A.; Moos, H. W.; Partlow, W. DEEE J. Quantum (51) Glerup, J.; Weihe, HActa Chem. Scand.991, 45, 444—448.
Electron.1968 QE-4,609-612. (52) Jacobsen, C. J. H.; Pedersen, E.; Villadsen, J.; Weilapky. Chem.

(47) Reber, C.; Gdel, H. U.Chem. Phys. Lettl989 154,425-431. 1993 32,1216-1221.
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value ofy T is slightly below 0.99 crhmol~! K and decreases
slowly with decreasing temperature down to approximately
50 K. Below 50 K,y T drops quickly and reaches 0.46 €m
mol~! K at 2 K. This decrease at very low temperatures is
expected for a trigonally splitT14 (On) state having it$A,
component at lower energy and subjected to -spirbit
— coupling; the zero-field splitting of th&\, state is given by

{/ the parameteD determined by EPR and illustrated in
Scheme 1. Given the large trigonal splitting, of the T4

(Oy) state experimentally determined in sections 3.1 and 3.2,
only the spin-orbit components of the’A, state D3
symmetry) are expected to be significantly populated and
they dominate the magnetic susceptibility. The lowest level

Normalized Intensity

Lp_—l\\/\/ of %A, is a nondegenerate A state, as shown in Scheme 1,
and the susceptibility is expected to drop as the temperature

T S S A decreases and the higher-energy E componeritAgfis
Magnetic Field [T] depopulated. The magnetization of the complex at variable

Figure 4. (bottom) Experimental powder HF-EPR spectrum of [V(ugea) ~ Magnetic fields is shown in the inset to Figure 5. The
(ClOs)z at 5 K and a probe frequency of 380 GHz. (top) Simulated spectrum magnetization appears to increase approximately linearly with

using the spin Hamiltonian described in the text (eq 1) and the parameters; o ~onlied maanetic field up to 2 T. At higher fields. the
listed in Table 2. pplied mag pto2T. g :
magnetization increases less rapidly but does not seem to

1.00 . reach a plateau even at 5.5 T. The saBie= 1 spin
] - T Hamiltonian (eq 1) described in the previous section (but
- neglecting the small rhombic distortid&) and the parameter
0.80+ values given in Table 2 have been used to simulate the
146 theoretical magnetic behavior of [V(urgl10,)s, using the
¥ el B following equation®
e | £
< s OE, E,
S 8 N> (- —]exd——
k0404 3 = oB kT
X iR M= (3)
| | E ;{ En)
i
0.20h ' ' ' exp— —
: Magnetic Field [T] Z KT,
Hii
_M
00Ol _ T “)
50 100 150 200
_ Temperature [K] whereM is the molar magnetizatiory, the molar magnetic
Figure 5. Temperature dependence/fT for powdered [V(urea)(ClO.): susceptibility B the applied magnetic field; the temperature,

0, experimental;—, theoretical curve fogmTavy, * + + and - - -, theoretical . . .
curves foryuTe and yuTe, respectively. The inset shows the magnetic  and theE, respresents the eigenvalues of the spin-Hamilto-

field dependence of the magnetizatidreeK for [V(ureak](ClO4)s, using nian. N andk are Avogadro’s and Boltzmann’s constants,
the same symbols as in the main figure. respectively. The simulations are given in Figure 5 for an

experimental bandwidth. The resulting parameter values are@PPlied field in thexy direction §Tw, M), along thez axis
listed in Table 2. A typical experimental HF-EPR spectrum ((T@: M), and also for an average field directiopiT(a),
is shown in Figure 4, along with the corresponding simula- Mev) @pproximated by
tion; the spin Hamiltonian parameters derived from this
analysis are given in Table 2. A slight deviation from axial
symmetry ¢x = g, andE = 0) appears to be present at 5 K;
the deviation from perfedD; symmetry is very small and
negligible for the analysis of other aspects of the electronic
structure such as the ground-state trigonal splitting in section
4.2. The zero-field splitting determined from analysis of the
EPR spectra is in agreement with the literattif@and the
magnetic measurements discussed in the next section.
3.4. Magnetic Measurements.The variation ofyT of
[V(urea)](ClOy); is given as a function of temperature in

Figure 5 and I§ invery 9005_' agreement with previous reports (53) Kahn, O.Molecular Magnetism;Wiley-VCH: New York, 1993;
(see Supporting Information}:2? The room-temperature p 17.

2 ®) +x @
Xay™ " 3 (5)

The quick increase ofyT and the plateau follow the
calculatedyy) curve quite well, especially in view of the
absence of any adjustable parameters. At temperatures higher
than 50 K, the experimental value gT increases steadily,
whereas the theoretical curve stays constant at about 0.90
cm® mol~* K. The magnetization of the sample follows the
perpendicular-field simulation curve quite well, suggesting

Inorganic Chemistry, Vol. 45, No. 8, 2006 3403
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Scheme 2
NH NH NH;
2 2 2
7 -/
O—=C, > O0—C, - O0—C¢C
N\ N
NH; NH; NH;

that the moleculaC; axes of the complexes in the sample
are aligned perpendicularly to the strong magnetic field.
Because of the weak field used for the measurement3 of
(0.5 1), any effect of alignment is expected to be negligible.
It is likely that small temperature-dependent structural
changes lead to the increase/@fwith temperature to a value
close to the spin-only value of 0.994 &mol* K at room
temperature. The low-temperature magnetic experiments can
be well characterized from the energy levels shown in
Scheme 1 and quantitatively rationalized with the parameters
from the spectroscopic studies discussed above.

4. Discussion

L . Figure 6. Molecular orbitals for urea in its uncoordinated form (left) and
4.1. Coordination of Urea Ligands to the Metal Center. in the structure it adopts in [V(uredy" (right). Schematic structures are

Urea ligands can coordinate to a metal center either by theshown at the bottom; the distortions of the structure on the right have been
oxygen or by one of the nitrogen atoffsln the case of amplified to clearly illustrate the differences from the left-hand structure.

[V(urea}]*", X-ray diffraction results show that coordination |_2s ¢jearly showing that coordinated urea has a different
occurs via the oxygen atom of uré&Past structural studies structure than its free form. This change modifies the

on urea have suggested that the electronic structure Ofgjecironic structure of the ligand, making any analysis based

uncoordinated urea is best described by a resonance hybridy, e structure of the free ligand inadequate to predict or
of the three structures, I, Il, and Ill, shown in Scheme 2, explain the spectroscopic observations.

with contributions of 40, 30, and 30%, respectively, from 1o viprational spectra of free and vanadium(lll)-
each resonance structifeThis has led Nakamotband = qorginated urea ligands in Figure 2 support the idea that

other§”>*to argue that structures Il and Il should prevail ho =0 bond becomes stronger with coordination. Deu-
in complexes of oxygen-coordinated urea, thus predicting aaration of urea reduces the mixing between N and

decrease of the=€0 stretching frequency upon coordination. ~—q stretching®’ resulting in the simpler Raman spectrum
Previous studies reported such decreases in infrared spectrg¢ ureads in the 1256-1750 cnt region. In this case, there
for complexes of chromium(iI?f and scandium(I1j*’One g 4 clear increase (57 ci) of the G=0 stretching frequency
problem with this approach is the difficulty to unambiguously petween ureal, and [V(ureads)s(CO.)s, indicated by the

assign the actual frequency for the pure=Q stretching  heaks Jabeled with black squares in the Raman spectra in
mode in uncoordinated urea since this group vibration mixes Figure 2. The case of the nondeuterated ligand and its

strongly with C-N stretching, mainly because of the similar | 5nadium complex is less obvious. Outside the 150750
masses of the oxygen atom andlthezN_ttrbup.37 The G=0 cm 2 region, a shift of the strong 1010 cipeak in urea to
stretching region (145601750 cn) in the Raman spectrum 1046 cnt? in [V(urea)](ClO,); is unambiguously seen in

of free urea (Figure 2) shows at least six peaks all located ihe Raman spectra in Figure 2. A normal coordinate analysis
within a range of 250 cm. Any determination of the main ¢ ,re4 assigned this mode to a-® stretch with substantial
C=0 stretching frequency and of shifts with metal coordina- o tributions from the €0 stretch® it is likely that this

tion is somewhat ambiguous. A more direct way to probe c—q conribution is responsible for the increase in frequency
the change in the electronic structure of the ligand upon gpeerved in the spectrum of [V(ureiCIO.)s another

coordination to the me_tal is based on a comparison of the onfirmation of the stronger<€0 bond in the complex. An
bond lengths of coordinated and free urea. In the case Ofadequate description of the bonding between urea and

[V(urea)]ls, a shortening of the €0 bond of ureais clearly  \anadium(ill) involves the structure of the ligand, its

observed in the complex. The bond length 6fQ in free molecular orbitals and their interaction with the orbitals of
urea is 1.258 &8 it decreases to 1.17(1) A in [V(urek) the metal center.

A qualitative representation of the relevant molecular

(54) Penland, R. B.; Mizushima, S.; Curran, C.; Quagliano, J.\Am.

Chem. Soc1957 79, 1575-1578. orbitals of uncoordinated urea is given in Figure 6. The most
gggg \’Gatligharl, PQ IDfonohdue, Adcg Crystgllogrt-195f2|5, 53&535-d c stable calculated geometry at the AML1 level @&spoint-
akamoto, Kinfrared an aman spectra of Inorganic an oor- .
dination Compoundslohn Wiley & Sons: New York, 1997; Vol. B, ~ 9roup symmetry, where the-NH bonds are almost in the
p 100.
(57) Firsova, N. L.; Kolodyazhnyi, Y. V.; Osipov, O. Al. Gen. Chem. (58) zavodnik, V.; Stash, A.; Tsirelson, V.; de Vries, R.; Fell, Acta
USSR (Engl. Transl.}969 39, 2101-2104. Crystallogr. 1999 B55, 45—54.
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molecular plane. The same geometry was recently obtainedrable 3. AOM Parameters for [V(ureg)*

with different electronic structure calculatiotfsX-ray dif- value value
fraction studies of urea show that the-N bonds are param (cm™) Euler angle$ (degy
equivalent® Coordination to vanadium(lll) removes this e 6101 Oy, @1, Wy 54.38, 0.0, 25.0
equivalency, as assessed by the net difference of thid C il 875 62, @2, W2 54.38,120.0,25.0
b d I th d t ” h ” . b d €0 0 @3, D3, ly3 54.38, 240.0, 25.0
ond lengths measured crystallographically—(C bon B 632 O By W, 12562 187.0-25.0
lengths at 90 K are 1.39 and 1.23 ®)Furthermore, as C 2877 Os, ®s, Ws 125.62, 307.07-25.0
discussed above, the=® bond is shorter in the coordinated g 166 ©6, P6, Vo 125.62,67.0--25.0

form. The cause for these significant changes in the structure 2 Perfect octahedron® = 54.7,® = 125.3. P © and® angles taken

of urea can be separated into two different contributions: from ref 26; W angles calculated as described in section 4.2.

(1) interaction with neighboring molecules and (2) bonding o ) _ _

to the metal center. Hydrogen bonds are expected to be theStructure. Itis likely thatr-interactions are mainly respon-
main intermolecular interactions for urea. Since the packing SiPlé for this stabilization.

of molecules in the crystal is very different in pure ureathan ~ Urea binds to the metal with a-¥O—C angle of 137 at

in [V(urea)]?", such interactions could force the observed f0Om temperature (133t 90 K)?* The V—O—C fragments
change of structure. While hydrogen bonding undoubtedly are expected to be bent because of the hydrogen bonding
plays a major role in stabilizing the complex and in favoring Petween adjacent ligands and because of differeinterac-

the tilting of ure®it cannot solely account for the structural  tions parallel and perpendicular to the plane of the ligand.
changes of urea. We note that the same frequency is observed his deviation from orthoaxial symmetry (l.e., the urea ligand
within experimental precision for the=€0 stretching mode ~ N0 longer hasC,, pseudo-symmetry with respect to the
in both the deuterated and nondeuterated complexes, sugMetat-ligand axis) makes a big contribution to the strong
gesting that deuteration does not influence teQCbond, trigonal distortion probed here by spectroscop|_c t_echnlques.
which then implies that metaligand bonding is the main ~ The VG skeleton shows only a small deviation from
cause for the shortening of the<® bond. Furthermore, the perfectly octahedral coordlnqtlon geometry by less than one
electronic structure of the ground state of [V(UB&)IO0.)s, degree in terms of compression of the octahedron along the

[V(ureads)e](ClO4)s, and [V(urea)ls, as probed by NIR C3_axis, as given in Table 3 and by aboditii terms of the
luminescence spectroscopy, does not differ despite deuteralWist Of the two sets of three oxygen atoms related through
tion and the counterion substitution. These observations showth€ trigonal axis. As discussed in the next section, anisotropy
that metat-ligand bonding plays a dominant role in changing ©f the metat-ligand z-bonds is the dominant contribution
the structure of the ligand. At least some of the ligand to the trigonal splitting in urea complexes. This situation
deformation, in particular the €0 bond shortening, is S @lso_encountered in other” dransition metal com-
Lo . . ' 15,17,18,33,39
caused by the interaction with the metal center. A likely PIEXes: _
description of the structure of coordinated urea would include ~ 4-2. Ground-State Electronic Structure.The ground state
contributions of resonance structure | to explain the@ electronic structure of six-coordinated vanadium(lll) com-
bond shortening and resonance structure II, leading to theP!€xes depends on the nature and arrangement of the ligands.
significantly different G-N bond lengths. The key aspects 1h€ simplest cases occur for monatomic ligands with
in understanding this are why these structural changes occuiPerfectly octahedral coordination geometry: in this situation,
and how they contribute to the split of the electronic ground SPin-orbit coupling splits théTy, ground state into three
state of [V(ureay®". Figure 6 compares the molecular components, each of which transforms the same way as those
orbitals of uncoordinated urea with those of a urea molecule &1sing from the free-ion®,, terms. This situation is
with the structure of the coordinated ligand. Both the Shapesencountgred in vanadium(lll)-doped S&YCls elpasolite
of the molecular orbitals and their energies change, as givenCryStals® It appears, however, that in most complexes with
in the Supporting Information. The most important difference Molecular ligands the point-group symmetry at the vana-
shown in Figure 6 is the fact that the distorted ligand has a dium(lll) center is lower, leading to different splitting
set of orbitals much more adapted to maximiziteractions patterns. As a result of the trigonal field in the title complex,

with the metal because they are either perfectly perpendicularth® °T1g (Or) ground state separates into two components,

to the molecular plane or exactly within the plane. In contrast, @ Shown in Scheme 1, with each component being further
the orbitals of uncoordinated urea lack this alignment; for SeParated by spin-orbit coupling. The spectroscopic results
example, the HOMO and HOMO-2 orbitals are mainly presented above allow us to experimentally determine these

oxygen p orbitals, but they are not perpendicular to the €N€rdy Spacings.

molecular plane; furthermore, there aremndonating orbitals One of the most important features of the Raman and
located in the molecular plane. We therefore conclude thatluminescence spectra in Figures 2 and 3 is the broad band
the change of structure of urea enables it to coordinate morecorresponding to the transition to the higher-en€igyDs)
efficiently to the metal and that this energetic stabilization 9ground-state component. The ground-state splitting allows

more than compensates the destabilization of the distorted® direct evaluation of the energetic consequences of the
structural deviations from perfect octahedral geometry and

(59) Godifrey, P. D.; Brown, R. D.. Hunter, A. N. Mol. Struct.1997, is also a very sensitive probe of the bonding of the ligands
413-414,404-414. to the metal center. For [V(uredd", this splitting is on the
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order of 1400 cm?, and the spacing of the four spirbit Table 4. Observed and Calculated Energies of Electronic States of
components ofE is approximately 130 cm. Neither the ~ [V(ureaj]*" Using the AOM Parameters in Table 3
Raman nor the luminescence spectra show enough resolution state calcd energy obsd energy
to exactly measure the energy of each of these components.  On Ds D (cm™) (cm™)
A somewhat higher resolution was found for fidg, — 3, 3T14(CF) 3, A 0 0
(S) electronic Raman transition in Rb[V(D)s](SOy).* . E 1383 14(%
6H,0,** and a pronounced reduction of the bandwidth was E 1500
observed upon deuteration of the ligands. It has been A 1601
suggested that the profile of the electronic Raman band was A 1615

bably dominated by intensity-enhanced overt fJahn- % £ = oo 9907
probably dominated by intensity-enhanced overtones of Jahn- n A 11500
Teller active vibration? The electronic Raman band of 1 g E 11 675
[V(urea)]®" does not show any apparent change of position Tz §A1 15534 15532

d width with deuteration of the ligand, in contrast to that £ 16256 16318
and wi . gand, . 3T14 (3P) 3, 23 668 24746
of [V(H20)s]®", suggesting that the vibrational modes acting 3E 24673

as vibronic origins are devoid of NH (N—D) character. aHF-EPR, Figure 4° Electronic Raman and luminescence, Figures 2
We use a simple model for the urea ligands in the and 3.cLuminescence, Figure 3.Calculated with parameters in Table 3,

framework of the angular overlap model (AO¥® to & = 0.°Polarized absorption, ref 27.

analyze the spectroscopic features of the ground state. The

main advantage of the AOM formalism is the ease with Lhe trnbetaldw 'tT ?hVO‘C aﬂglle chi a?otﬁ 135 Ieallld '39 t_o di
which it can reproduce the splitting of-dl states for any ent bonding: This generally leads to the so-called misdi-

point-group symmetr§* Moreover, in contrast to conven- :ﬁctedbxa:en?:heﬁect{ all m|(>j< f’;’ Td”'(;“tdera"t!g”(j bemeZgM
tional ligand field calculations, AOM parameters can be, up © orbitais oTthe meta and the figand, described in the

it 64,71
to a certain extent, transferred between similar sysf&ms. _frarlnzw?rr]k b);fant f’idd't'onal lpa_rapwette;gT. we dlo:_n(:t th
the simple model used here, six parameters are defined. Thred!¢lude tis efiect in our analysis for two reasons. First, the

of these describe the overlap between vanadium(lil) and ureatr""d't'on‘"II angular overlap model reproduces all spectro-

orbitals: & is a sum of all thes contributions to the overall scopic features well and any additional parameter could lead
metak-ligand overlap, & and &, define out-of-plane and to overparametrization of the system. Second, DFT galcula—
in-planes-contributions, respectively. The three remaining tions on an analogous compleg, [Qr(ur@%}) (Supportmg .
parameters are Racah’s electralectron repulsion param- Information), show that the dlstrlbutlpn of electronic den§|ty
etersB andC, and the spin-orbit coupling constant. The bet_wee_:n the metal and the urea Ilgand_s has approximate
free-ion values of these three parameters for vanadium(lll) cylm_drlcal symmetry aroun_d Fhe metal-ligand bond, sug-
areB, = 861 cnT, Co = 3815 Nt 56 andZ, = 206 cnr .5 gestlng that the extent of m|sd|rectgd valency may not be as
These parameters become smaller with covalent metal mportanltaq??xpecter? lf_rom(;he nortl::nearﬁf—cll qu(;)rfnetry.th
ligand bonding, mainly because of the nephelauxetic ef- € angiew’ for each figand was thus calculated Irom the
fect®9In addition to these six parameters, a set of three crystallographic Qaﬁéas the angle b_etwgen th.e vector normal
Euler angles for each ligaridis required: ©;, ®;, and ¥, to the plane defined by the quantization axis (molec@ar

give the angular geometry of the complex, with the quantiza- ?hXiS\)/fgdghe d\’LO tt:)ond \égctor arllld r?etﬂm E’)V hic(;h co?tains
tion axis coincident with the 3-fold axis, as defined by N ond vectorand IS paraliel to onad vector,

Schiffer.176270 The first two of these angles are readily 25 illustrated elsewhefé Since only the difference between

available from crystallograpf§and are listed in Table 3, & andey defines the effects of anisotropiebonding, the
along with all other AOM quantities. The third angh¥,, value of the smallee, parameter, which was found to be

8
defines the orientation of tha system of the ligand in €., was set to O

relation to that of the metal. The case of urea is slightly more Table 4 compares calculat_ed energies using the AOM
complex than that of linear ligands, because urea binds toParameters listed in Table 3 with the experimental transition
' energies. The energies of the excited triplet states, observed

by Dingle et al?” are well reproduced by the set of

(60) Jorgensen, C. K.; Pappalardo, R.; Schmidtke, H:HChem. Phys.

1963 39, 1422-1430. parameters given in Table 3. The zero-field splittidy,is
ggg e o e oe 4 51, 633-640. equally well reproduced by the model. The spacing between
(63) Scthiffer, C. E.; Jorgensen, C. Hvol. Phys.1965 9, 401—412. the four spin-orbit components & is calculated to be about

(64) Schimherr, T.; Atanasov, M. A.; Adamsky, H. Angular Overlap Model. 200 cnt?, in good agreement with the observed width of
In Comprehensie Coordination Chemistry jIMcCleverty, J. A.,

Meyer, T. J., Eds.: Elsevier: Oxford, U.K., 2004: Vol. 2, p 44455, the el_ectr_onlc Raman b_and obser\_/ed at approximately 1400
(65) Hoggard, P. EStruct. Bond2004 106,37-57. cm~tin Figure 2 and with the luminescence band centered
(66) Tanabe, Y.; Sugano, 8. Phys. Soc. Jprl954 9, 766—779. 1 i i it
(67) Bendix, J.; Brorson, M.; Scffar, C. E.Inorg. Chem1993 32, 2838— at 8500 cm® in Flgurg 3. The Calcu.lated trlgpnal Spllttlng
2849. of the ground stateX in Scheme 1) is approximately 1500
(68) Jorgensen, C. KProg. Inorg. Chem1962, 4, 73-124. cmL, in good agreement with the Raman and luminescence

69) Schmidtke, H.-HStruct. Bond2004 106, 19—35. - -

2703 Adamsky, H.. Schaherr, T.: Atafasovﬁ M. A. AOMX: Angular  SPectra. This large energy difference cannot be reproduced
Overlap Model Computation. I8omprehensie Coordination Chem-
istry Il; McCleverty, J. A., Meyer, T. J., Eds.; Elsevier: Oxford, U.K.,  (71) Bridgeman, A. J.; Gerloch, MProg. Inorg. Chem1997, 45, 179—
2004; Vol. 2, p 661664. 281.
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in the model without including-anisotropy (i.e.e.0 # €4)), In summary, the components of thik 4 (O,) ground state
indicating that this effect dominates the influence of devia- have been characterized in detail for [V(urg#). Because
tions from octohedral symmetry of the ligator atom positions. of the high degeneracy 61, many electronic states are
The nature of the other broad bands between 7800 and 840Gound between 0 and 1500 cf The main perturbation is
cmtin the luminescence spectrum in Figure 3 is uncertain, the trigonal field, leading to a trigonal splitting of ap-
as they are too low in energy to to correspond to componentsproximately 1400 cmt. The trigonal field is mostly caused
of 3E. Their intensity is quite high for vibronic origins, by the anisotropy ofr-bonding. The importance of com-
especially in comparison to the striking difference in intensity pining different experimental techniques to probe the ground

of the vibronic origins built on théE — °A; transition seen  gtate of vanadium(lll) complexes is illustrated by this
in Figure 3. The calculated energy of the emitting singlet is jhyestigation.

in fair agreement with the experimental value. The param-

eters reported here for [V(ure®)" compare well with those Acknowledgment. Financial support from the Natural
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in part because of the-anisotropy for [V(HO)s]**, where

the difference betweee, ande,; of 930 cm1 1 is larger Supporting Information Available: HF-EPR spectra, com-

by 6% than for the title complex. In contrast to the water parison of magnetic measurements with literature degfavé T),
ligands, urea has significantbonding with metal-centered ~ outputs of the semiempirical molecular orbital calculation of urea,
d orbitals both in the plane and perpendicular to the plane of AOM calculations, and of simulations of the HF-EER spectra
of the ligand, as illustrated by the molecular orbitals in the (SIM program, and plots of some of the molecular orbitals of [Cr-
righthand column of Figure 6. The differeit angles for (ureap]®*. This material is available free of charge via the Internet
the two complexes also contribute to the observed trigonal & NttP://pubs.acs.org.
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