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The electronic structure of derivatives of VO(acac), is probed using gas-phase UV-photoelectron spectroscopy
[acac = 2,4-pentanedione]. The effect on the metal center of electron-donating and -withdrawing groups on the
acac ligands is examined. lonizations from metal-based, acac-based, and V=0-based orbitals are clearly observed.
We find that changes at the ligand periphery lead to equivalent changes in the energies of the metal-based and
ligand-based ionizations. Additionally, we find that a linear correlation exists between the ionization energies of the
metalated complexes and the pK, values of the free ligands, indicating that the pK, is a good indication of the
overall electron-donating abilities of acac ligands.

Introduction molecules’ The comparison of the photoelectron spectra of
similar molecules shows how much ionizations are shifted
by chemical substituents. In the orbital model of electronic
structure, these shifts in ionizations can be correlated to the
amount of stabilization of molecular orbitals caused by
electron-withdrawing substituents, or destabilization of mo-
lecular orbitals caused by electron-donating substituents.
Photoelectron spectroscopy offers particularly valuable in-
formation because ionizations from orbitals localized at
different locations within a molecule can often be used to
probe the effects of chemical substituents throughout the

The chemistry of vanadium has received renewed interest
in recent years because of vanadium’s role in many
environmental and biological procesde%Vanadium oxide
(vanadyl) complexes, in particular, have come under close
scrutiny because of their utility as insulin mimetids order
to develop a better understanding of the electronic structure
of vanadium complexes, including those that are biologically
relevant, we are studying the effects that changes to the
ligand periphery have on the electronic structure at the metal

center. Our primary method of studying electronic structure lecular f  E le. it has tvpically b
is photoelectron spectroscopy. molecular framework. For example, it has typically been
. found for transition-metal-containing molecules that, perhaps
Photoelectron spectroscopy has proven a useful technique . : :
o . . as expected, ligand substituents will perturb the molecular
for quantitatively measuring the effects that chemical sub- electronic structure close to the site of the substituent more
stituents have upon the electronic structure and charge

potentials of both orgamcand transition-metal-containing than it will perturb the molelc3ular electronic structure at
remote parts of the molecufe’
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Figure 1. Structures of the ligands.
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Experimental Section

Synthesis.VO(acac) and all starting materials were used as
received from Aldrich. VO(hfag) VO(tfac) VO(etac), and VO-
(meac) were prepared via published procedu#g?

Data Collection. The Hel (21.2 eV) and Hell (40.8 eV) gas-
phase photoelectron spectra were recorded using an instrument and
general procedures that have been described previdudlge
samples showed no signs of impurity or decomposition in the gas
phase during controlled sublimation at 30080 °C. A small
amount of nonvolatile solid remained in the sample cell at the end
of each experiment. During data collection the instrument resolution

For this study attention was focused on the photoelectron (measured using fwhm of the argéi,. peak) was 0.0150.020

spectroscopy of VO(acag)where acac is 2,4-pentanedione,

eV for Hel and 0.0220.026 eV for Hell.

and analogous complexes with the substituted acac ligands Data Analysis. The spectra were fit analytically with asymmetric

tfac (1,1,1-trifluoro-2,4-pentanedione), hfac (1,1,1,5,5,5-
hexafluoro-2,4-pentanedione), etac (3-ethyl-2,4-pentanedi-
one), and meac (3-methyl-2,4-pentanedione) (Figure 1). Our
choice of this series of compounds for study is based on

three points. First, as previously mentioned, VO(agaol

Gaussian peaks with a confidence limit of peak positions and width

deviations generally considered a9.02 eV &30 level)28 For

the different complexes, the Hel spectrum was fit first. The number

of peaks used in each fit was based on the features of the band
profile and the number of peaks necessary for a statistically good
fit. For the Hell fits the peak positions and half-widths were fixed

derivatives, including those studied here, have shown insulin with respect to those of the Hel fit. Only the peak amplitudes were

mimetic capabilities in studies on rédtsSecond, the chem-

allowed to vary to account for changes in photoionization cross

istry, structure, and spectroscopy of acac complexes are wellsection.

established>*Third, additional background information is

Confidence limits for the relative integrated peak areas are about

available because the photoelectron spectrum of VO(acac) 5% with the primary source of uncertainty being the determination

has previously been reportéd.

The goals of this study are to investigate what effect the
acac ligand substituents have upon the overall donor ability
of these ligands, and to see how well the relative donor

of the base line. The base line arises from electron scattering and
is taken to be linear over the small energy range of these spectra.
The fitting procedures used are described in more detail elsewhere.
Computational Studies. Density functional molecular orbital
calculations were performed on VO(acagysing the Amsterdam

abilities compare to other properties often used to predict pengity Functional 2000 (ADF2000.01) packade® The molec-

donor ability, such as thekq of the conjugate acid of these

ular geometry was optimized at the GGA (BLYP) level with basis

acac ligands. The photoelectron spectra of these moleculesset IV (triple< Slater-type orbitals plus polarization for all atoms).
are convenient probes for analyzing how the electronic A frozen-core approximation was used with-p frozen on V
structure throughout the molecules is affected by the sub-and 1s frozen on C and O.

stituents, because ionizations from orbitals primarily associ-

ated with the oxo lone pairs, metal d orbitals, and acac ligand- Results and Discussion

based orbitals are all clearly observed and identified. While

General Assignment of SpectraThe Hel spectra of all

the photoelectron spectra of many homoleptic acac com-five complexes studied here are shown in Figure 2. All

plexes have been report&d?' these molecules have not

spectra show a similar pattern, with the primary difference

been as useful as these vanadyl complexes for studying theamong the spectra being that the peaks are shifted depending
donor abilities of the acac ligands because the metal-basechn, the donating properties of the ligand (vide infra). Because
ionizations are typically obscured by the acac-based ioniza-the ground states of the neutral molecules@e Y/ (V4*,

tions, and no other ancillary ligand ionizations are present. gt 2A\,), ionization from all the doubly occupied orbitals will

As will be shown, the relative donor abilities of these acac |ead to both singlet and triplet states due to exchange splitting
ligands as measured by the photoelectron spectroscopy ohetween ligand and metal electrons. This splitting, however,

the metal complexes do correlate with thi€,f the free
ligands.

appears to be insignificant for these complexes compared to
the resolution of the experiment.
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Table 2. Kohn—Sham Eigenvalues and Mulliken Population Analysis

VO(etac), of Selected VO(acag)Orbitals

population %

—€ \ o 40  2(CH) 4CHs
MO (eV) (orbital) (VO) (acac) (acac) (acac)
16a (SOMO) 2.70 89.3 (d-p») 0 7.8 11 0
13 579 0 47 35.6 55.5

o

0
15a 6.08 42 279 588 0
11b 634 0 102 660 101 8
9% 6.75 8.3 (c) 0 639 146 8
12b, 701 3.0(p 263 512 47 4

Assignment of the majority of lower energy valence

w2
= ionizations of transition-metal-containing molecules is often
3 6V Y4\ o 1 . . S
3 L possible by comparison of ionization band shapes, by
VO(tfac), comparison of spectra _collected _ with diﬁgreqt photon
sources, and by comparison of shifts of the ionizations as
different substituents are added. A detailed assignment is
difficult for these molecules because all of the ionizations
VO(hfac), shift together as substituents are added, and the large amount

of oxygen character in the majority of the valence orbitals,
other than the Hionization, lends little cross-sectional data
other than confident assignment of the first ionization. Due
to these limitations of empirical evidence, computational
results from extensive SCF calculations were previously used
to assign the spectrum of VO(acat) This current study
has revealed nothing that raises serious doubt with these

11 10 9 8 7
Ionization Energy (eV)

Figure 2. Hel photoelectron spectra of the five complexes.

Table 1. Comparison of the lonization Energies (eV) for the Five assignments; however, some degree of caution must be used
Complexes in interpreting any computational results without appropriate
peak VO(etag) VO(meac) VO(acac) VO(tfacy VO(hfack experimental support. The conclusions of this study are not
1 7.05 715 7.36 821 843 dependent upon assignment of the ionizations beyond the
2 7.91 7.94 8.41 9.29 9.30 general assignments given above.
2 g:ig g:ig g:i; 1%.2? 1%'2% Computational Results. The assignment of the ordering
5 9.55 9.59 9.89 10.75 10.73 of ionizations was supported in the previous report by SCF
6 10.13 10.19 10.36 11.23 11.22 calculations? For further comparison DFT calculations were

Our spectrum of VO(acag)s in general agreement with  performed on VO(acag)at the GGA (BLYP) level, with
the previous repoft, though our measured ionization ener- Kohn—Sham one-electron orbital energies and Mulliken
gies differ slightly due to the use of symmetric Gaussians in populations listed in Table 2. We chose this method because
the previous report, and by the improved resolution and one-electron KohitSham orbital energies of ground-state
precision of our experiment. The ionization assignments are molecules have been proven useful in approximating ioniza-
consistent with reports for the free ligan@sand for other tion potentials’*39
metal-acac analogu€s;2°:3233and can also be compared The DFT calculations gave an ordering and character of
to the results from ab initio and density functional molecular the valence orbitals that are in general agreement with the
orbital calculations (vide infra). previous SCF calculatiort$. Two main differences would

The spectrum of each complex contains features below be expected, and are observed, to exist between the com-
11 eV that can be fit with six Gaussian peaks labeled1  putational results from the two methods. First, the SCF
in order of increasing ionization energy, with the positions calculation did not place the predominantly_g-based
of the Gaussians listed in Table 1. Peak 1 in all spectra is orbital as the SOMO, even whekSCF calculations were
assigned as arising from ionization of the unpaired electron performed, due to the large amount of SCF relaxation energy
in the predominantly metald »-based orbital (ain C,, associated with the very localized V 3d-based orbital. Second,
symmetry), while peaks-25 are assigned as arising from the Kohn-Sham one-electron orbital energies are all much
removal of electrons from acacandx type orbitals. Peak  lower than the observed ionization energies due to the poor
6 and additional higher energy portions of the spectra are asymptotic behavior of the KokfSham potentials derived
attributed to ionizations from ¥O & and oxo lone pair
orbitals of the vanadyl group. Overlapping ionizations makes 4
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from the BLYP functional. The difference between the
Kohn—Sham SOMO and the observed first ionization energy
is 4.66 eV, and in general this difference is about 5 eV for
the approximate LDA and GGA functionals typically cur-
rently used
Comparison of lonization Source Energy ChangesThe
assignments of the Hel photoelectron spectra of the five
complexes suggest that orbitals primarily of vanadium and g

He I

il

e — A

oxygen character dominate the frontier electronic structures
of these complexes. Following the aufbau princil¢he
lone electron on the vanadium center should lie highest in
energy. This is supported by other spectroscopic evidence
which also shows that the primarily acac-based orbitals lie
next lowest, followed by electrons localized in the=®
interaction??43

The character of the orbitals from which electrons are VWAL WA
removed can be ascertained by changing the ionizing source 1312 11 10 9 8 7
in the photoelectron experiment. After corrections for instru- Tonization Energy (eV)

ment resolution and sensitivity, and for other excitation lines Figure 3. Hel/Hell spectra of VO(tfae)
in the sources, photoelectron spectra obtained with different

photon sources differ only in the intensity of the bands. These Table 3. Relative Areas of Peaks upon Changing Photon Séurce

intensity changes are related to the character of the orbital VO(acacy VO(etacy VO(tfac)
from which ionization occur& From theoretical estimatés, peak Hel Hell Hel Hell Hel Hell
the photoionization cross section of V 3d orbitals increases 1 0.18 0.33 0.33 0.54 0.22 0.43
by a factor of 1.6 with respect to O 2p orbitals and 1.4 with 2 1.00 1.00 1.00 1.00 1.00 1.00

C 2p orbitals upon changing photon source from 0.65 0.7 1.90 2.9 0.8 0.78
respect to C 2p p ging p _ 4 112 124 194 152 128 094
Hel (21.2 eV) to Hell (40.8 eV). Comparison of experimental 5 1.17 1.00 1.97 1.55 1.13 0.73
data to theoretical cross sections has proven useful in the 6 110 123 1.46 1.62 121 111
assignment of the photoelectron spectra of transition-metal 2peak 2 is taken as the reference.

complexes’® The atomic photoionization cross sections
indicate that if the ionizations labeled 1 in Figure 1 do indeed = Comparison of Observed lonization Energy ShiftsThe
arise from orbitals that are predominately vanadium in ionization energies observed in the spectra exhibit shifts that
character, and the remainder of the spectral features ariseare consistent with the qualitative changes in Lewis basicity
from orbitals which are predominately oxygen in character, expected for the ligands. The high electronegativity of the
then peaks 1 should grow upon changing ionizing source fluorine substituents on the tfac and hfac ligands leads to a
from Hel to Hell. removal of electron density from the ligand system,o

As an example, the Hel and Hell spectra of VO(tfaare framework, and metal, resulting in stabilization of the
shown in Figure 3, with information on the relative areas of ionizations. Therefore, the feature arising from ionization of
the Gaussians used to deconvolute the Hel and Hell spectrghe metal ¢z electron (band 1) is stabilized by 0.83 eV
of VO(acac), VO(etac), and VO(tfac) listed in Table 3. upon addition of the three fluoro groups in the tfac ligand,
This data clearly illustrates that the intensity of peak 1 and by 1.1 eV in the case of hfac. The remaining peaks,
increases dramatically with respect to the remainder of the assigned as primarily oxygen based, show a similar stabiliza-
spectrum as the incident photon energies are changed frontion for VO(tfacy and VO(hfac). The electron-donating alkyl
Hel to Hell, indicating that peak 1 in all cases arises from groups lead to a less dramatic, but still evident, destabilization
an orbital which is predominately localized on the vanadium of the orbitals. For instance, band 1 is destabilized by 0.22
center. Additional smaller intensity changes are observed foreV for VO(meac) and 0.33 eV in the case of VO(etac)
the individual ligand ionizations for each of these complexes. Interestingly, all of the ionization features for this series of
These can be attributed to the admixture of metal, oxygen, molecules shift by about the same amount as the substituents
and carbon character in the orbitals from which these on the acac ligands are varied. This is in contrast to the
ionizations originate; however, no clear trends are observedbehavior that is typically observed; substituents should have
and additional evidence for more in-depth assignment of the the largest effect on ionizations from orbitals localized closest

ionizations is not found. to the substituted site. For example, previous studies of
methylated and halogenated cyclopentadienyl complexes

(40) Baerends, E. J.; Gritsenko, O. ¥.Phys. Chem. A997 101, 5383. i i

(41) Bohr. N.Philos. Mag 1913 26, 476. have QII ;hO\_/vn that th_e predommarjtly_ cyclopente_ldlenyl

(42) Ballhausen C. J.; Gray H. Bnorg. Chem.1962 1, 111-122. based ionizations are shifted by substitution on the ring to a

(43) gﬁsihr;{ Eh; Cu'r\llni’r\lj?ham,gh; DaI)GOP.; McArecﬂe,Sg’.; Munroe, M.;  different extent than the predominantly metal based ioniza-
(49) Ve S o AL Dt ,ﬁfpc'llzDa%a“Tl’angg% 3 1-14. tions?13 The equal shifts of all the ionizations for these

(45) Lichtenberger, D. L.; Kellogg, G. Bicc. Chem. Red.987, 20, 379. molecules indicate that the electronic influences from the
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7 Table 4. Comparison of First lonization Energies (eV) of Various
* Metal acac Complexes

84
i VO(ac)y Ti(ac) V(ack Cu(ac) Zn(acy
? 9 ac= acac 7.36 5.90 6.75 8.20 8.46
& < ac= hfac 8.21 7.94 8.68 9.92 10.35
5 101 A 0.85 2.04 1.93 1.72 1.89
§ L ref this work 18, 20 18 20,21 21
5 111 5

[sPeak 1 4 Peak3 ¢ Peak6] complexes of acac and its derivativ€s?! There is a larger
12 T T T T T . . L .
5 6 7 8 9 10 11 substituent effect upon the ligand-based ionizations of these

pia of Free Ligand systems than what is observed for the vanadyl complexes.

Table 4 gives ionization energies for selected homoleptic
acac ligand substituents have a noticeable effect upon thecomplexes of acac and hfac. Ti(afac = acac or hfac] was
electron density. This effect is most likely responsible for chosen because these Ti(lll) complexes have the same
the reported differences in structure and reactivity for these doublet ground state as the complexes here; the V(llI)
complexesg? derivatives were chosen to show that metal center and formal
Relationship of lonization Energies to Ligand K,. The oxidation state have little effect on the shift. To show that
relative donor properties of ligands are often inferred from this difference cannot be simply attributed to the different
the K of the free ligands or their neutral conjugate acids. number of ac donors and symmetry, we includetifssCu-
Higher K, values should correspond to better donor proper- (1) complexes, which also have a doublet ground state, and
ties. For these complexes higheKpvalues of the free  the Zn(Il) analogues, which have a pseudo-tetrahe@ra) (
ligand®4’ correlate linearly to a destabilization of the orbitals symmetry. Unlike with the other complexes, the first
in the metal complexes of hfac, tfac, acac, and meac, jonization in the Zn complex is ligand-based; however the
consistent with the higher electron density located on the first ligand-based ionization (band 2) in the VO complexes
oxygen atoms. Figure 4 illustrates a plot of the.f the shows a similar shift (0.89 eV) to band 1. The smaller
neutral conjugate acids of hfac, tfac, acac, and meac (thejonization shifts for the vanadyl systems indicate that the

pKa of etac has not been reported in the literature) vs presence of the oxo ligand is in some part dampening the
ionization energy for the series of molecules. The three jnfluence of the acac substituents.

ionizations chosen for this figure have been assigned, both
here and in the previous repéftas metal-based (peak 1),
acac ligand-based (peak 3), and VO-based (peak 6). All of
the clearly observed ionizations show a linear trend wikh p
(R? values of 0.942-0.974). Figure 4 also illustrates that all
ionizations are shifted by almost the same amount by the
substituents. The slopes of the lines are very similar, ranging
from —0.22 eV/iK, for peak 6 t0—0.30 eV/[K, for peak 2.
The linear relationship that is observed for the ligands for
which the K, is known allows the W, of etac to be
approximated from the observed trend. Based on the ioniza-
tion energies of VO(etag)the K, of etac must only be Acknowledgment. We wish to thank Dr. D. Crans
slightly higher than that of meac. (Colorado State University) for providing initial samples of
A linear relationship between ionization energies akd p  VO(meac) and VO(etag) and Drs. D. Lichtenberger (Ari-
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Figure 4. Plot of pKa as a function of ionization potential.

In conclusion, the experimental results presented here
indicate that electronic perturbations at the acac ligand
periphery of these complexes have a pronounced effect on
the electron density on the acac ligand, at the metal center,
and into the oxo ligand of the vanadyl group. Also, there
exists a linear correlation between the ionization energies
of the V&?* complexes and theky of the conjugate acids
of the ligands, indicating that theKgs give a good
approximation of the relative donor abilities of these ligands.
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