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ABSTRACT: X-ray absorption spectra of fac-[ReBr(CO);(bpy)] near the Re Re(Br)(CO)y(bpy) m"*(REBF}*[COH bpy~)
L;- and Br K-edges were measured in a steady-state mode as well as time- '
resolved at 630 ps after 355 nm laser pulse excitation. Relativistic spin—orbit %&’—'-’ Re L-edge E;dge
time-dependent density functional theory (TD-DFT) calculations account o

well for the shape of the near-edge absorption (the “white line”) of the
ground-state Re spectrum, assigning the lowest-lying transitions as core-to-
ligand metal-to-ligand charge transfer from Re 2p;/, into predominantly S
7*(bpy) molecular orbitals (MOs) containing small Sd contributions, =0 T i e e
followed in energy by transitions into 7* Re(CO); and delocalized o*/7* X-ray Energy | keV

MOs. Transitions gain their intensities from Re 5d and 6s participation in the

target orbitals. The Sd character is distributed over many unoccupied MOs; the Sd contribution to any single empty MO does
not exceed 29%. The Br K-edge spectrum is dominated by the ionization edge and multiple scattering features, the pre-edge
electronic transitions being very weak. Time-resolved spectra measured upon formation of the lowest electronic excited state
show changes characteristic of simultaneous Re and Br electronic depopulation: shifts of the Re and Br edges and the Re white
line to higher energies and emergence of new intense pre-edge features that are attributed by TD-DFT to transitions from Re
2p;/, and Br 1s orbitals into a vacancy in the HOMO-1 created by electronic excitation. Experimental spectra together with
quantum chemical calculations provide a direct evidence for a ReBr(CO); — bpy delocalized charge transfer character of the
lowest excited state. Steady-state as well as time-resolved Re L, spectra of [ReCI(CO);(bpy)] and [Re(Etpy)(CO);(bpy)]" are
very similar to those of the Br complex, in agreement with similar (TD) DFT calculated transition energies as well as delocalized
excited-state spin densities and charge changes upon excitation.

t= +630 ps

Absorbance

Bl INTRODUCTION NCS~, and especially amides (NTol,”, NHPh™) and
phosphides (PPh,”).””® Much of the evidence for the
delocalized character of these charge-transfer (CT) transitions
emerges from calculations of ground- and excited-state electron

Localization of electronic transitions and electron density
redistribution upon excitation are long-standing questions in
hotophysics of transition metal complexes and also the basis
gf theptethook classification of exciteg states, such as metal to dens1t'1es using 'densmy .functlonal theory _(DFT) '7,1? Direct
ligand charge transfer (MLCT), ligand to ligand charge transfer €Xp er1me1.1tal e.v1der.1ce is harder to obtain, es'pe.cmllly _for
(LLCT or XLCT), etc. The right description of electronic and monatomic halide ligands. The first spectroscopic indication
structural changes upon light absorption is crucial for predicting came fr om the resonance .Raman (rR) spectrum of [ReBr-
excited-state lifetimes, deactivation mechanisms, and reactivity. (CO);(bis-ptolyl-N,N-1,4-diazabutadiene)] that showed en-
In the case of fac-[ReX(CO);(a-diimine)]” chromophores, hancement of tbe u(Re—lBr) band. as we.H aslof b';\{lds due to
which are widely used as phosphorescent probes, labels, and v(CO) and diazabutadiene-localized vibrations. V\fherea}s
electron transfer photosensitizers, ® it is becoming widely enhancerfleflt of the latter two types of Raman bands is
accepted that their low-lying emissive “MLCT” excited states characteristic of MLCT transitions, observation of a v/(ReBr)

should be viewed as delocalized ReX(CO), — diimine band in the rR spectrum points to a partial depopulation of a

transitions, where the X — diimine contribution increases Br-localized molecular orbital (MO), affecting the Re—Br bond.

with the electron-donating strength (decreasing electronega-
tivity) of the axial ligand X. Pronounced X involvement was Received: November 27, 2012
indicated for halides (increasing in the order Cl < Br < I), Published: April 30, 2013
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Indeed, DFT calculations of [Re(halide)(CO);(diimine)]
complexes have shown that the two highest occupied MOs
have a Re-halide 7-antibonding character.”'® Similarly, rR
spectra of [Re(NCS)(CO);(bis-iPr-N,N-1,4-diazabutadiene)]
and [Re(NCS)(CO),(bpy)] (bpy = 2,2'-bipyridine) exhibit
enhanced bands due to v(NCS), v(CO), and diimine
vibrations, indicating electron density shift from the whole
Re(NCS)(CO); moiety to the diimine ligand upon exciting the
lowest allowed transition.® Time-resolved IR spectra of these
two complexes revealed that the £(CO) and v(NCS) IR bands
shift to higher and lower wavenumbers, respectively, on going
from the ground state to the lowest excited state. These shifts
were attributed to depopulation of 7*(C=0) and #(N=C=
S) orbitals, respectively, and provide a direct evidence of the
delocalized origin of the excited electron in the long-lived
triplet state.® The extent of this delocalization affects other
important photophysical pro;)erties such as the singlet—trig)let
intersystem crossing rate,”'>"3 triplet-state lifetimes,"*~'® as
well as relaxation dynamics.'>"”

The question of the Re/halide mixed character of the lowest
excited state can be addressed directly by time-resolved X-ray
absorption spectroscopy (TR-XAS),"*™*° which is an atom-
specific technique. The XANES (X-ray absorption near-edge
structure) region of ground-state L-edge spectra of metal
complexes often shows a band (“white line”) due to dipole-
allowed transitions of a 2p core electron to empty d orbitals and
multiple-scattering (MS) features. Changes of MO occupancy
upon optical excitation can result in shifts of the edge onset
and/or intensity modulations in the white-line region of the
spectrum; in some cases new spectral features emerge or
disappear due to addition or removal of electron density to/
from MOs involved in X-ray absorption. Indeed, both edge shift
and emergence of a new pre-edge spectral band were observed
in the time-resolved Ru Lj;-edge XANES spectrum of
[Ru(bpy);]** measured after excitation with visible light,
confirming the assignment of the lowest excited state as
*MLCT, while analysis of the time-resolved EXAFS (extended
X-ray absorption fine structure) at higher energies determined
the structural differences between the *MLCT and the ground
state.'”*" Changes in the white-line shape and intensity also
have been observed in TR-XAS Pt Lj-edge spectra of [Pt,(u-
P,0H,),]*,*** caused by changes in orbital occupancy and
molecular structure upon do* — po excitation. Edge shifts to
higher energies and appearance of new absorption pre-edge
features were observed in halide K-edge TR-XAS measured
upon UV laser-pulse induced oxidation of solvated Br™ and I~
ions to Br and I radicals, respectively, that creates a hole in the
valence np orbital.'®**726

TR-XAS thus offers a unique opportunity to investigate the
character of the lowest excited state of [ReBr(CO),(bpy)] by
separately interrogating electronic changes at the Re and Br
atoms by measuring Re L;-edge and Br K-edge spectra before
and after irradiation into the lowest absorption band in the
near-UV region. Herein, we present the corresponding XANES
spectra and interpret the observed spectral features and their
changes upon excitation using time-dependent density func-
tional theory (TD-DFT) calculations of electronic transitions
from Re 2p and Br 1s core orbitals into vacant molecular
orbitals in the ground state as well as in the lowest triplet state.
Experimental details, XANES analysis using multiple scattering
theory, and molecular structure determination from the
extended X-ray absorption fine structure (EXAFS) part of the
spectrum are published elsewhere.””*®

5776

B METHODS

The complexes [ReX(CO),(bpy)] (X = Cl, Br) and [Re(Etpy)-
(CO)4(bpy)]PFs (Etpy = 4-Et-pyridine) were prepared by standard
procedures and characterized by IR, 'H NMR, and UV-vis
spectroscopy.'****° Measurements were performed in N,N-dimethyl-
formamide (DMF) or MeCN of a spectroscopic quality (Aldrich).
Solutions with concentrations of 100 mM and 30 mM were used for
steady-state and time-resolved XAS measurements, respectively.

XAS experiments were performed at the microXAS beamline of the
Swiss Light Source (Paul-Scherrer Institut, Villigen, Switzerland) using
the experimental setups described in refs 27 and 31. In brief, steady-
state spectra were measured in both total fluorescence yield and
transmission detection modes. Time-resolved spectra were measured
at a 630 ps time delay after 355 nm excitation with a fluence of 60 mJ/
cm?® at a repetition rate of 260 kHz and detected in fluorescence
mode.””*" A preliminary study using 400 nm, 1 kHz excitation and
transmission detection 630 ps after excitation provided virtually
identical results (Figure S10, Supporting Information). Experimental
details are fully described elsewhere,”” together with the full-range
spectra, error margins, EXAFS analysis, and time-dependencies of
transient XAS signals. All data was measured using a Si(111) double-
crystal monochromator with an energy bandwidth of 0.014%,
providing an energy resolution of 1.5 eV at the Re Ly-edge (10.5
keV) and 1.9 eV at the Br K-edge (13.5 keV).

Electronic structures were calculated by the DFT method using the
ADF* program package. Pure functionals BP86>*** and asymptoti-
cally correct SAOP® as well as the hybrid functional 7proposed by
Perdew, Burke, and Ernzerhof (PBEO) were used.>®>” Slater type
orbital (STO) basis sets of triple-{ quality with two polarization
functions for Re, Cl, and Br, triple-{ with one polarization function for
C, N, O, and double-{ with one polarization function for H atoms
were employed (inner shells electrons included). Calculations with
pure BP86 functional used quadruple-{ basis set with four polarization
functions for Re. Solvent effect was incorporated into DFT
calculations by the conductor like screening model (COSMO).*®
Ground-state core transition energies were calculated by TD-DFT at
the DFT-optimized geometry (Table S1, Supporting Information).
The number of one-electron excited states in the TD-DFT procedure
was reduced to the subspace where only the core electrons are
excited.® This approach has been recently successfully used to
interpret L- and K-edge XANES of 3d metal complexes;*® * see the
Discussion section. Its applicability to L-edge spectra of heavy-metal
atoms is supported by the notion that the multiplet effects due to
interactions between the core—hole and the excited electron diminish
on going down the periodic table because of decreasing overlap of the
correﬁ)&nding radial wave functions and efficient shielding of the 2p
core.™

All calculations included scalar relativistic effects that were
approximated by ZORA.*® Spin—orbit coupling (SO) was treated in
three different ways: two-component spin-relativistic approach,***”
perturbational approach,*® and spin-free approach in which SO
coupling is neglected. Excited-state triplet—triplet core transitions were
calculated at the optimized geometry of the lowest triplet state *A”
(Table S1) using spin-unrestricted TD-DFT calculation with the PBEO
functional that neglects SO coupling but still includes scalar relativistic
effects (ZORA). Absolute values of calculated transition energies are
shifted relative to experiment by values ranging from —340 to +160 eV
(Re) and 110 to 180 eV (Br), depending on the functional and spin—
orbit treatment. This is a common effect in TD-DFT calculations of
core excitations, caused by DFT limitations of the core—hole
description.*” Relative energies of transitions responsible for individual
pre-edge features, comparisons between different complexes or
electronic states, and identification of target orbitals are the muost
chemically relevant computational outcomes.*

B RESULTS

Ground-State Spectra. The Re L;-edge XAS of [ReBr-
(CO);(bpy)] in DMF (Figure land Figures S1—S3 in the

Supporting Information) shows a prominent white line (C)
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Figure 1. XANES region of the normalized Re L;-edge XAS spectrum
of [ReBr(CO);(bpy)] in DMF (black) and the edge-corrected
spectrum (red) obtained after subtracting the arctangent ionization
edge, as described in the Supporting Information (Figure S1).

with a maximum at 10.537 keV and two pre-edge features A
(~10.528 keV, very weak) and B at ~10.532 keV. A shoulder
occurs on the high-energy side of the white-line maximum,
followed by features D, E, F and EXAFS modulations above
10.6 keV (Figure S2, Supporting Information).”” Very similar
Re L;-edge spectra were obtained for analogous complexes
[ReCI(CO);(bpy)] and [Re(Etpy)(CO);(bpy)]* (Figure S3,
Supporting Information).

Analysis of the Re L;-edge XANES spectrum using the MS
theory reproduced the white line C, attributing it to 2p,,, — 5d
Re(CO);-based transitions, whereas the above-ionization
feature D was found to have a MS character, mostly involving
atoms of the bpy ligand.”” Higher-lying MS features E and F
originate predominantly from scattering at the CO ligands,
whereas Br contributes very little.””*® In a molecular orbital
approach, one can assume that the L; XANES spectrum will
reflect the energy spectrum of empty MOs with Re 5d and 6s
contributions, since only 2p — d and 2p — s transitions are
dipole allowed. Figure 2 shows DFT-calculated fractional 5d,
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Figure 2. Fractional rhenium 5d, 6d, and 6s densities of states as a
function of energy. Calculated by DFT (BP86, vacuum).

6d, and 6s densities of states (DOS). This plot qualitatively
indicates that the white line is due to electron excitation from
2p to a group of molecular orbitals between ca. —0.7 and +1.2
eV with a significant, although not predominant, 5d and 6s
content. In addition, there is a small 5d participation in the
LUMO and in several low-lying unoccupied MOs, which are

5777

responsible for the pre-edge feature B. The absorption feature
A, lying even lower in energy, cannot be correlated with any
calculated empty DOS. Excitation into 6d-containing MOs
does not appear to result in strong X-ray absorption since no
prominent above-edge features were observed in the exper-
imental spectrum. This likely is caused by a small radial overlap
with the core 2p orbital.

Two-component SO TD-DFT calculations of electronic
transitions from the 2p;, orbital into empty molecular orbitals
are expected to account for XANES better than the DOS since
they allow for mixing between one-electron excitations and
include spin—orbit coupling. Figure 3 shows the edge-corrected

Intensity / a.u.
Oscillator Strength x 10°

10530

10525 10535 10540

Energy / eV

10545 10550

Figure 3. Two-component SO TD-DFT (BP86, vacuum) calculated
Lj-edge transitions (black bars, right axis) of [ReBr(CO);(bpy)]
shown together with the experimental spectrum corrected for the
ionization edge (red, left axis). Calculated values are shifted by
+118.05 eV. Inset pictures show shapes of target orbitals contributing
to the selected transitions by >80%. (The Re—Br bond points
upward.) Calculated transition energies and oscillator strengths are
summarized in Table S2 of the Supporting Information.

experimental spectrum together with calculated transitions, the
most prominent ones being characterized by the shapes of the
target orbitals of the predominant one-electron excitations.

Figure 3 demonstrates that the two-component SO TD-DFT
(BP86, vacuum) calculation corresponds reasonably well to the
experimental spectrum, accounting for all the XANES features
except the lowest-lying shoulder A. This feature could be
tentatively attributed to a partial hole in occupied molecular
orbitals originating from spin—orbit mixing of higher-lying
triplet states with a Sd° preponderant configuration into the
closed-shell 5d° singlet ground state. Indeed, relativistic spin—
orbit CASSCF/CASPT2 calculations on [ReBr(CO);(bpy)]
indicate ca. 0.1% triplet admixture to the ground state.'® Very
similar computational results were obtained for the other two
[ReX(CO),(bpy)]" complexes (X = Cl, Etpy), in accordance
with the experimental spectra (Figure S3, Supporting
Information).

To assess the TD-DFT applicability to L-edge XAS of heavy-
metal complexes and ensure that the present TD-DFT spectral
interpretation is not an artifact of a particular computational
approach, we have tested the effects of the functional, solvent,
and spin—orbit treatment. The results are shown in the
Supporting Information, Figures S4—S9. It follows that the best
match with the experimental spectrum is achieved by two-
component spin—orbit calculations using pure functionals
BP86 (Figure 3) and SAOP (Figure S4) that give very similar
results, even if the asymptotically correct SAOP might be
expected to perform better for high-lying virtual orbitals.

dx.doi.org/10.1021/ic3025843 | Inorg. Chem. 2013, 52, 5775—5785
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Table 1. TD-DFT (PBE0, COSMO—DMF) Calculated Lowest Energy Transitions from the Re 2p,, (a”) and 2p, (a") Orbitals

of [ReBr(CO);(bpy)] in the Electronic Ground State”

target MO fragment contributions (%)

transition energy (eV) oscillator str X 107 target MO (% contr) Re(d) Re(s) Br bpy CO, CO,
2'A/ 10534.2 0.008 73a’ (94) 1 2 94 4
3A 10534.8 0.015 472" (62) 6 6 17 58
752" (14) 9 1 4 29 42
3'A” 10534.9 0.046 472" (67) 6 6 17 58
75a’ (10) 9 1 4 29 42
4'A” 10534.9 0.030 47a" (12) 6 6 17 58
752" (67) 9 1 4 29 42
4'A 10535.0 0.077 752" (63) 9 1 4 29 42
S'A/ 10535.0 0.104 472" (10) 6 6 17 58
75a’ (63) 9 4 29 42
9'A/ 10535.7 0.014 76a’ (96) 22 2 24 39
8'A” 10535.7 0.034 763" (96) 22 2 24 39
10'A’ 10535.8 0.116 77a’ (78) 23 12 25 41
792" (16) 29 6 1 18 27
9'A” 10536.2 0.022 774’ (75) 23 12 25 41
79a" (11) 29 6 1 18 27
12'A 10536.2 0.045 773" (71) 23 12 25 41
792’ (13) 29 6 1 18 27
13'A’ 10536.3 0.023 48a" (15) 82 17
492" (25) 17 78
502" (39) 22 6 18 51
11'A” 10536.3 0.026 482" (21) 82 17
492" (29) 17 78
50a” (21) 22 6 18 51
14'A 10536.4 0.016 482" (15) 82 17
49a" (25) 17 78
50a” (39) 22 6 18 S1
13'A” 10536.4 0.019 482" (12) 82 17
492" (17) 17 78
50a” (36) 22 6 18 51
14'A” 10536.5 0.010 79a’ (55) 29 6 1 18 27
752" (18) 9 1 4 29 42
16'A’ 10536.6 0.188 792’ (46) 29 6 1 18 27
50a” (17) 22 1 6 18 51
17'A’ 10536.7 0.259 51a” (46) 22 2 33 12 24
52a" (13) 16 70 7
16'A” 10536.7 0257 512" (46) 22 2 33 12 24
52a" (13) 16 70 7
23'A 10539.1 0.012 51a” (46) 22 2 33 12 24
522" (13) 16 70 7
22'A” 10539.1 0.012 51a” (29) 22 2 33 12 24
52a" (52) 16 70 7
30'A 10539.9 0.010 83a’ (82) 2 4 61 6 24
31'A 10540.1 0.011 85a’ (83) 2 2 55 9 19
32'A 10540.1 0.012 85a’ (83) 2 2 55 9 19

“All calculated transition energies are shifted by —331.9 eV. Only transitions with oscillator strengths larger than 5 X 107 are listed. Transitions are
expressed as linear combinations of one-electron excitations. Principal target molecular orbitals are characterized by their distribution over the

molecule.

Including the DMF solvent into the two-component SO TD-
DFT (BP86) calculation using a continuous dielectric model
(Figure SS) results in a slightly smaller energy spacing between
transitions than the vacuum calculation. Employing a perturba-
tional instead of a two-component approach to spin—orbit
coupling (BP86, vacuum) has a very little effect (Figure S6),
only slightly changing relative transition intensities. It appears
that computationally less demanding perturbational SO TD-
DFT is well applicable to XAS. Going from the pure functionals
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BP86 or SAOP to the hybrid functional PBEO (perturbational
SO, vacuum) does not change the overall spectral pattern and
the qualitative transition assignment but narrows the energy
range of calculated transitions while still accounting for the
features B and C but not for the high-energy shoulder C and for
the large white-line width (Figure S7). Surprisingly, neglecting
the SO coupling (spin-free TD-DFT, PBEQ, vacuum) does not
change the calculated XANES spectral pattern, causing only
small shifts and changes in relative transition intensities (Figure

dx.doi.org/10.1021/ic3025843 | Inorg. Chem. 2013, 52, 5775—5785
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$8). However, L, and L; edges can no longer be distinguished,
and the absolute energy difference between calculated and
experimental transitions is much larger than in spin—orbit
calculations. Including the solvent into the spin-free PBEO
calculation leads to further small narrowing of the energy span
of calculated transitions (Figure S9).

The reasonable match with the low-energy part of the
spectrum allowed us to analyze Re L-edge transitions using
spin-free TD-DFT (PBE0O, COSMO) calculations that provide
a more tractable picture of the transitions and their target
orbitals than the quantitatively more accurate two-component
SO method. The calculated transition energies, oscillator
strengths, contributing one-electron excitations, and respective
target orbitals are summarized in Table 1. These results,
together with target orbitals drawings in Figure 3, show that the
pre-edge feature B results from core-to-ligand MLCT
transitions into predominantly 7*(bpy) MOs that are closely
followed by transitions into a group of 7*(CO) orbitals. These
transitions gain intensity from small Sd7 admixtures to the
target orbitals, originating from 7 back bonding. (The feature B
encompasses a whole group of 2p — 7z*(bpy) transitions, most
of which are very weak and thus omitted from Table 1.) The
white line and its high-energy shoulder are mostly due to
transitions into delocalized molecular orbitals with relatively
high participation of Sdo and 6s orbitals, reaching 20—30% and
6—12%, respectively.

The Br K-edge spectrum of [ReBr(CO);(bpy)] in DMF
(Figure 4) is dominated by the ionization edge (midpoint
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Figure 4. Normalized Br K-edge XAS spectra of [ReBr(CO);(bpy)] in
DMF (black) and MeCN (green), left axis. Two-component SO TD-
DFT (BP86, vacuum) calculated Br K-edge transitions are shown as
black bars (right axis). Calculated values are shifted by +178 eV to
align the strongest transition with the above-edge maximum. Inset
pictures show shapes of target orbitals contributing to the selected
transitions by >80%. (The Re—Br bond points upward.).

13.474 keV) that is preceded by very weak shoulders at its
onset and followed by solvent-dependent MS features.”” Two-
component SO TD-DFT calculated transitions at the Br K-
edge indicate the presence of bound—bound transitions from
the Br 1s orbital to a set of delocalized molecular orbitals with
small Br 4p components that confer the oscillator strengths.
The low-lying transitions can be viewed as Br(1s)-to-ligand CT,
the target ligand being either bpy or, at higher energies, CO.
Comparison of Figures 3 and 4 reveals that some of the target
orbitals of Re L-edge and Br K-edge transitions are identical.
Calculated transitions could account for the modulated onset of
the experimental spectrum but direct comparison is not
possible because of the lack of any distinct experimental pre-
edge features. This is caused by the weakness of Br K-edge
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transitions, whose oscillator strengths were calculated to be at
least 10-times smaller than in the case of Re L; edge, in
accordance with much smaller calculated Br 4p than Re 5d/6s
contributions to unoccupied MOs (Table 1).

Excited-State Spectra. Time-resolved XAS spectra of
[ReBr(CO);(bpy)] at the Re L;- and Br K-edges are shown
in Figures S and 6, respectively, while Figure S10 of the
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Figure S. Top: Time-resolved difference Re L;-edge XAS of
[ReBr(CO);(bpy)] in DMF measured at 630 ps after 355 nm laser
pulse excitation (red, left axis). The ground-state spectrum (blue, right
axis) is shown for comparison. Middle: TD-DFT (PBEO, COSMO—
DMF) calculated triplet—triplet transitions originating from the Re 2p
orbital of the a®A” excited state. Insets: the shape of the target orbital
of the excited-state pre-edge XAS transition and the difference
between simulated excited- and ground-state spectra (fwhm = 3 eV).
Bottom: TD-DFT (PBE0, COSMO—DME) calculated transitions
from the Re 2p orbital in the ground state. All calculated transition
energies are shifted by —331.9 eV. (The higher density of calculated
excited-state transitions (middle) is due to the spin-unrestricted
treatment that calculates @ and f spin—orbitals at slightly different
energies.) Calculated excited-state transitions and their target orbitals
are summarized in Table 2.

Supporting Information compares the Re spectra of all three
[ReL(CO);(bpy)]" complexes (L = Cl, Br, Etpy). These figures
show the XAS signal obtained at 630 ps after 355 nm laser-
pulse excitation minus the signal measured before excitation.
The positive features are attributed to the lowest excited state
a’A” that is fully equilibrated on this time scale,'” while the
negative bands ("bleaches”) are due to ground-state depletion.
(Decay kinetics of the transient XAS intensities and analysis of
the EXAFS region of the excited-state spectrum are presented

dx.doi.org/10.1021/ic3025843 | Inorg. Chem. 2013, 52, 5775—5785
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Figure 6. Top: Time-resolved difference Br K-edge XAS of
[ReBr(CO);(bpy)] in DMF measured at 630 ps after 355 nm laser
pulse excitation (red, left axis). The ground-state spectrum (blue, right
axis) is shown for comparison. Middle: TD-DFT (PBE0, COSMO—
DMTF) calculated triplet—triplet transitions originating from the Br 1s
orbital of the a®A” excited state. Insets: the shape of the target orbital
of the excited-state pre-edge XAS transition and the difference
between simulated excited- and ground-state spectra (fwhm = 3 eV).
Bottom: TD-DFT (PBEO, COSMO—DMEF) calculated transitions
from the Br 1s orbital in the ground state. All calculated transition
energies are shifted by +119 eV.

elsewhere.””’) In the XANES region, the Re L; TR-XAS of
[ReBr(CO);(bpy)] (Figure S) shows a prominent new excited-
state feature (1) at ~10.531 keV, that is ca. 5.7 eV below the
ground-state white line maximum (C). The minimum (2) at
about 10.535 keV and a broad maximum (3) centered at
around 10.539 keV are due to an excitation-induced diminished
intensity of the feature B, white-line shift to higher energies,
and ionization edge shift by ca. 0.5 eV*” to higher energies. The
Br K-edge spectrum (Figure 6) exhibits similar behavior: a new
pre-edge absorption feature arises at 13.472 keV, followed by a
minimum (ground-state bleached absorption) at ~13.479 keV,
and a new edge-like signal at a 13.482 keV midpoint.
TD-DFT calculations of excited-state XAS spectra were
performed on the UKS-optimized geometry of the lowest a*A”
excited state (Table S1), which was shown®” to reproduce well
the excited-state EXAFS pattern. Electronic transitions of the
a’A” state originating from the Re 2p and Br 1s orbitals were
calculated by TD-DFT (PBEO, COSMO—DMEF). Calculated
Re transitions and analysis of their target spin—orbitals are
presented in Table 2. Spin—orbit coupling was neglected since
neither 2-component nor perturbational SO treatments are
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available for TD-DFT calculations of open-shell systems, such
as electronic excited states. The hybrid functional PBEO was
chosen because pure functionals do not provide a good
description of CT excited states of metal-diimine complexes,
unrealistically diminishing the HOMO—LUMO gap.'****° The
calculated excited-state transitions are shown in Figures 5 and 6
(middle) together with the preponderant target orbital of the
transition responsible for the excited-state pre-edge features. It
follows that, despite crude approximations involved, TD-DFT
calculations reproduce well the XAS changes between the
lowest excited and the ground state. The calculated difference
between the Re pre-edge band (1) and the excited-state white
line maximum (3), 7 eV, is in good agreement with the
experimental value of ~8 eV. Excited-state calculations
identified the target spin—orbital of the excited-state pre-edge
features of both Re L- and Br K-edge spectra as $45a” that is
created by depopulation of the ground-state a” HOMO-1 upon
optical excitation (Table 2). The 48% Re Sd and 17% Br (4p)
contributions to this spin orbital enable rather high oscillator
strengths of the Re(2p) — f45a” and Br(ls) — f452”
transitions, making the pre-edge features in both the Re and Br
excited-state XAS spectra clearly observable. The calculation
also points to the decrease of the B-feature intensity and its
~14 eV shift to higher energies, in accordance with the
experiment (compare transitions to the 2'A’ and 2°A’ states in
Tables 1 and 2, respectively.)

B DISCUSSION

XANES spectra are usually interpreted in the framework of
multiplet theory** or single-electron multiple scattering
theory.’"*> While the former is important for open-shell
complexes of the first-row 3d transition elements, the latter is
effective for heavier 4d and Sd systems and accounts also for
purely structural resonances appearing at higher energies. MS
theory (shell-by-shell simulation) assigns’’ the [ReBr-
(CO)4(bpy)] white-line C to transitions from 2ps,, into Sd-
based orbitals and the D-F features to multiple scattering,
without providing information about the character of the target
orgitals. It does not account for the pre-edge features A and
B.

DFT and TD-DFT calculations offer a complementary
approach to MS. They interpret the near-edge XAS features as
transitions from the core orbitals (1s and 2p for K- and L-edges,
respectively) to empty molecular orbitals. By using the MO
picture, this approach provides an insight into bonding and
covalency in metal complexes in common chemical terms and
informs us on the nature and energies of unoccupied MOs,
including high-lying ones that can be photochemically relevant.
TD-DFT adapted for core electron excitations® has been
successfully used to account for K- and L-edge spectra of light
elements such as Cl and Ti in TiCl, without® and with*® spin—
orbit coupling, Cl K-edge spectra of various metal chlorides,>?
as well as metal (V, Cr, Mn) L, ;- and oxygen K-edges spectra
of a series of oxochlorides.”” Other TD-DFT studies
reproduced metal K-edge spectra of series of Mn*' and Fe*
complexes and examined the dependence on the functional,
solvent, and scalar relativistic effects. These studies have
demonstrated that relativistic spin—orbit TD-DFT calculations
deal well with 2p core hole —3d electron interaction, coupling
between one-electron excitations, as well as covalency, whose
treatment is oversimplified in multiplet theories.

Herein, we apply relativistic spin—orbit TD-DFT to L;- and
K-edge XAS of two atoms, Re and Br, respectively, in both the
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Table 2. TD-DFT (PBEO, COSMO—DMF) Calculated Lowest Energy Transitions from the Re 2p,., (a”) and 2p, (a’) Orbitals
of [ReBr(CO);(bpy)] in the a*A” Electronic State”

target MO fragment contributions (%)

transition energy (eV) oscillator str X 10? target MO (% contr) Re(d) Re(s) Br bpy CO,, CO
1’AY 10531.0 0.062 p4sa” (96) 48 17 8 14 9
230" 10531.0 0.061 p4sa” (96) 48 17 8 14 9
23/ 10535.6 0.003 B73a’ (73) 1 1 87 8
A 10535.7 0.021 a74a’ (43) 2 3 54 12 24
a78a’ (24) 33 7 10 4 17 17
6*A” 10535.7 0.017 a46a” (83) 9 1 4 46 31
6°A/ 10535.7 0.043 a74a’ (28) 2 3 54 12 24
a46a” (26) 9 1 4 46 31
a78a’ (14) 33 7 10 4 17 17
A 10536.0 0.011 p75a" (26) 3 1 38 41 11
742’ (20) 3 3 54 12 24
p76a’ (15) 23 6 17 58
83A’ 10536.0 0.015 752" (30) 3 1 38 41 11
B4’ (24) 3 3 54 12 24
762" (20) 23 6 17 58
10%A 10536.1 0.015 a76a’ (54) 23 6 17 58
pa6ca” (33) 7 3 24 55
10°A” 10536.1 0.014 a76a’ (76) 23 2 S 17 45
11°A 10536.1 0.041 a76a’ (68) 23 6 17 58
pa6a” (18) 7 3 24 sS
11°A” 10536.2 0.031 P76’ (68) 23 2 5 17 45
13%A 10536.3 0.082 762’ (61) 23 6 17 58
p78a’ (11) 34 12 1 2 15 16
16°A 10536.5 0.019 B77a’ (92) 21 22 51
13°A” 10536.5 0.046 B77a’ (81) 21 22 S1
17°A 10536.5 0.062 p772" (73) 21 22 51
18°A 10536.6 0.033 a49a” (41) 16 7 12 60
a47a” (40) 1 87 10
15°A7 10536.6 0.031 a49a” (44) 16 7 12 60
a47a” (40) 1 87 10
19°A 10536.7 0.022 a78a’ (49) 33 7 10 4 17 6
a74a’ (45) 2 3 54 12 24
20%A’ 10536.8 0.019 a78a’ (50) 33 7 10 4 17 17
a74a’ (36) 2 3 54 12 24
17°A" 10536.8 0.009 a48a” (66) 1 7 12 60
a47a” (23) 1 2 23 67
2237 10536.9 0.034 P78’ (50) 34 12 11 6 15 16
p74a’ (36) 4 2 61 24 6
23%A 10536.9 0.018 782’ (33) 34 12 8 6 15 16
pa7a" (26) 1 2 23 67
B74a’ (23) 4 2 61 24 6
213A" 10536.9 0.010 pa7a" (71) 1 85 1 11
49" (15) 23 19 15 43
24°A 10536.9 0.058 472" (45) 1 85 1 11
f78a’ (19) 34 12 11 6 15 16
25%A 10537.0 0.008 a75a’ (33) 2 1 43 33 14
a74a’ (16) 3 38 41 10
24377 10537.0 0.011 p4asa” (76) 1 85 1 11
492" (15) 19 20 15 43
273N 10537.1 0.026 p48a” (68) 1 85 1 11
49" (14) 19 20 15 43
293A’ 10537.1 0.012 a75a’ (61) 2 1 43 33 14
a74a’ (17) 3 38 41 10
313A7 10537.6 0.021 492" (54) 19 20 15 43
pa7a" (26) 1 85 1 11
30°A” 10537.7 0.033 asla” (91) 28 1 30 2 15
323A7 10537.8 0.029 asla” (87) 28 1 30 2 15
33°A7 10538.0 0.070 BS1a” (95) 28 2 28 4 12
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Table 2. continued

oscillator str X 107

0.073

transition

33%A7

energy (eV)
10538.0

target MO (% contr)
ps51a” (91)

target MO fragment contributions (%)
Re(d) Re(s) Br
28 2

CO,,

12

bpy
28 4

ax

“All calculated transition energies are shifted by —331.9 V. Only transitions with oscillator strengths larger than § X 107° are listed. Transitions are
expressed as linear combinations of one-electron excitations. Principal target spin-orbitals are characterized by their distribution over the molecule.

ground state and the lowest electronic excited state of
[ReBr(CO);(bpy)]. The best results on the Re L;-edge were
obtained using the pure functionals BP86 and SAOP. Using the
hybrid functional PBEO instead of BP86 (and/or including the
solvent) shifts lowest-lying Re(2p;,) — #*(bpy) MLCT
transitions up in energy relative to higher-lying transitions with
a larger metal participation, decreasing the energy span of
calculated transitions and underestimating the width of the
ground-state XANES spectrum. However, the qualitative
interpretation of the XANES features in terms of the characters
of the underlying transitions and their target orbitals is virtually
the same, regardless of the functional used, BP86 or PBEQ, see
Figure 3 and Table 1. This behavior contrasts calculations of
optical spectra, where BP86 severely underestimates the
HOMO-LUMO energy gap and the use of hybrid functionals
together with solvation is essential to model low-energy UV—
vis absorption spectra arising from MLCT transitions of valence
electrons."®* 1t also contrasts TD-DFT calculations of K-edge
spectra of Mn complexes with polypyridine ligands, where
correct relative energies and band intensities of quadrupole-
allowed 1s — 3d and MLCT transitions are obtained only upon
including the Hartree—Fock exchange (i.e., using hybrid
functionals).*' It is noteworthy that neglecting SO coupling
does not qualitatively alter the calculated spectra (Figures S7
and S8, Supporting Information), apparently due to a small
radial overlap of the core—hole and 5d wave functions. This
allowed us using spin-free TD-DFT (PBEO) calculations to
compare XAS transitions in the lowest excited state and the
ground state.

The Re L;-edge XAS intensity is gained from the Sd and 6s
contributions to the target molecular orbitals, as is indicated by
the calculated Sd and 6s DOS spectra (Figure 2) that roughly
reflect the B and C spectral features. However, data in Table 1
show that the calculated oscillator strengths cannot be simply
correlated with 5d and 6s contents and that the detailed
character of the transition and target orbitals involved matter as
well. Analysis of the computational results (Figure 3, Table 1)
shows that the Re XANES features arise from five groups of
transitions: Re(2p;/,) = #*(bpy) MLCT and, at slightly higher
energies, Re(2p;/,) — 7%(CO) MLCT in the energy range of
the feature B. The d-participation in the respective target
orbitals is rather low, 1—9%. Higher-lying transitions have
larger d participations, typically 20—30%: Re(2p;,) —
7*(Re(CO);) MLCT/MC (MC = metal-centered) transitions
that contribute to the low-energy part of C, followed by
Re(2ps,) = o*/7*(Re(CO);) and Re(2p;,) — o*/a%*(Re-
(CO);(bpy)) MC/MLCT transitions, which give rise to the
feature C and its high-energy shoulder, respectively. The d-
character is spread over many unoccupied MOs: the Sdz
orbitals contribute to the 7*(bpy), #*(CO), and z*(Re(CO),)
MO sets as a consequence of & back bonding, while mixing
between Re 5d and 6s orbitals and various combinations of &
and 7* ligand orbitals in high-lying MOs is due to strong
covalent bonding. Table 1 and Figure 3 show that
delocalization of these metal-ligand o*/2* orbitals spreads
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over the Re(CO); fragment at lower energies while the highest
calculated MO’s are delocalized over the whole Re(CO),(bpy)
unit. Contrary to qualitative expectations, we have no evidence
for the presence of two distinct ey like predominantly Sd
orbitals. Instead, the Sd-contributions to high-lying unoccupied
MOs never exceeds 30%. These bonding characteristics seem to
be typical for mixed-ligand heavy-metal carbonyls.>*~>’

The width and structure of the experimentally measured
white line, together with DFT calculations (Figure 2, Table 1)
show that the group of MOs with a significant (20—30%) Re-d
content starts at about 3 eV above the 7*(bpy) LUMO while
the set of MOs with a partial Re ligand 6 character emerge ca.
1 eV higher. Given that the lowest ogtical MLCT transitions to
the LUMO occur at about 3.1 eV,'*'%* it follows that direct
excitation of valence electrons into 6*/7* MOs would require
at least 7 eV, i.e. <175 nm vacuum-UV light. Hence, UV (313—
250 nm; 4—S eV) induced photochemical bond-dissociation in
[ReCI(CO)5(bpy)** ™ has to involve excitation into the
upper part of the 7*(bpy) set and/or into the 7*(Re(CO);)
MO sets. These optically populated MLCT excited states are
either reactive themselves or undergo conversion to dissociative
o* states at highly distorted geometries in the course of the
photochemical reaction.®”** It is also important to note that
neither of the calculated unoccupied orbitals possess a strong
Br character, explaining the virtual absence of pre-edge
transitions in the Br K-edge XAS.

Compared with that of the ground state, excited-state Re L;
and Br K spectra show shifts of the Re white-line and of both
absorption edges to higher energies, together with the
emergence of new intense pre-edge features. Taken together,
this behavior provides a compelling qualitative evidence of a
mixed Re/Br character of the lowest excited state: The shifts
indicate electron depopulation of both atoms and the new pre-
edge absorptions reveal creation of a hole in a molecular orbital
of significant Re Sd as well as Br 4p characters, that is a Re/Br
mixed origin of the excited electron. This delocalized
ReBr(CO); — bpy CT character of the a*A” lowest excited
state is clearly visualized by the spin-density distribution
(Figure 7 and Table S3) and the electron-density difference

Figure 7. DFT (PBEO/PCM-DMF) calculated Mulliken spin density
distribution in the lowest triplet state of [ReBr(CO);(bpy)].
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map (Figure S11) calculated at the optimized a*>A” and ground-
state geometries, respectively. The change of the Br K-edge
spectrum upon excitation qualitatively resembles the spectral
changes found upon oxidation of Br~ and I ions in
solution,**™?® in accordance with the presumed partial
oxidation of the Br~ ligand in excited [ReBr(CO);(bpy)]; the
excited-state and solvated Br’ pre-edge XAS bands occur at
similar energies of 13.472 and 13.473 keV,** respectively. The
Re L,-edge changes are similar to those*' of Ru L;-edge TR-
XAS measured upon MLCT excitation of [Ru(bpy);]*".

TD-DFT calculations reproduce very well the changes of
both Re and Br spectra upon optical excitation and identify the
common target orbital of the intense Re and Br pre-edge
features as lowest unoccupied spin—orbital f$4Sa” that has
arisen from electron excitation from the ground-state doubly
occupied HOMO-1, Table 2. Comparison of the ground- and
excited-state calculations (Tables 1, 2) agrees with the observed
1-2 eV shift of Re L; transitions to higher energies upon
optical excitation (e.g,, 1.4 eV for the directly comparable 2°A’
a 2'A’ 2p — 7*(bpy) MLCT) and reveals a more extensive
mixing of one-electron excitations in the excited-state
transitions and more extensive delocalization of excited-state
spin—orbitals over the whole Re(CO),(bpy) unit (but not the
Br ligand). It is also interesting to note the change of the orbital
character upon electron removal from the parent HOMO-1:
44% Re, 30% Br, 22% CO in HOMO-1 vs 48% Re, 17% Br, and
23% CO in f45a”".

The Re L;-edge TR-XAS spectra of the three investigated
complexes [ReX(CO);(bpy)]" (X = Cl, Br, Etpy) are very
similar (Figure S10), despite the X — bpy contribution
decreasing from Br to Cl and vanishing for Etpy. This result is
corroborated by calculated differences of the Re localized
charge between the excited state and the ground state, which
are almost independent of X: 0.44 (Cl), 0.42 (Br), and 0.38 e~
(Etpy), in accordance with the nearly identical XAS edge shifts
observed upon excitation, Table S4. The Re localized spin-
density in the a’A” state (Table S3) also is very similar in the
three complexes, increasing only very little on going from Br
(0.66) to Cl (0.69), and Etpy (0.76), as the X — bpy CT
contribution diminishes. These results indicate that the Re
center undergoes comparable electronic depopulation on
excitation, regardless the character of the ligand X. Apparently,
the diminishing X participation in the charge transfer to bpy is
compensated by adjustments of Re — CO 7 back bonding and
o-donation.

B CONCLUSIONS

XANES spectra of heavy-metal mixed-ligand carbonyl com-
plexes can be analyzed using DFT and TD-DFT calculations,
providing important information on their electronic structure,
covalency, nature of high-lying unoccupied molecular orbitals,
and, in the case of time-resolved spectra, on electronic
redistribution upon optical excitation. In particular, the
ground-state Re Ly XANES spectrum of [ReBr(CO),(bpy)]
shows pre-edge features due to core-to-ligand MLCT
transitions from Re 2p;,, to predominantly 7z*(bpy) and
7*(CO) MOs with 1—9% Sd character, followed by transitions
to MOs with a larger (20—30%) Sd-content: Re(2p;,) —
7*(Re(CO);), Re(2ps,) — o*/7*(Re(CO);) and, at higher
energies, Re(2p;,) — o%/7*(Re(CO);(bpy)). The dense
manifold of mixed-character o*/2% MOs starts about 7 eV
above the HOMO. As is typical for heavy-metal mixed-ligand
carbonyls, the 5d character is distributed over many unoccupied

5783

MOs, contributing maximally 30% to any single unoccupied
MO, due to a highly covalent character of the metal—ligand
bonding. The Br K edge XANES is dominated by the ionization
edge and multiple scattering features. Time-resolved XANES
spectra at two molecular sites, namely Re L;- and Br K-edges
show the emergence of new pre-edge features and high-energy
shifts, indicating partial oxidation of both centers upon UV—vis
excitation. They provide an unequivocal evidence for the
delocalized ReBr(CO); — bpy character of the lowest excited
state, i.e. for MLCT/XLCT mixing. TD-DFT analysis informs
us on the character of the unoccupied spin—orbitals in the
lowest electronic excited state, namely on their energy changes
and larger delocalization compared with the ground state.
Observed spectral changes are well accounted for by TD-DFT
and DFT calculations that also identify the vacated molecular
orbital and describe the electron-density redistribution upon
excitation. DFT and TD-DFT interpretation of the XAS spectra
of 5d organometallics is facilitated by a small radial overlap
between the core hole and target molecular orbitals wave
functions, which diminishes multiplet effects resulting from
interactions between the core—hole and the excited electron.
Time-resolved X-ray absorption emerges as a unique technique
informing us on electronic changes at monatomic halide

ligands.
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