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The nature and energies of the (Arene),Cr, (Arene),V and (Arene),Cr' (Arene = n6-C6H6, nﬁ-CﬁHsMe,
n6-1,3-C6H4MeZ, and n6-1,3,5-C6H3Me3) electronic excited states have been determined on the basis of
the time-dependent density functional theory (TD DFT) approach and comparison with the gas-phase and
condensed-phase absorption spectra. Both valence-shell and Rydberg electronic excitations were taken
into account. The TD DFT results appear to describe correctly the influence of the metal atom and the
ligand on the band positions and intensities in the UV-visible absorption spectra as well as the mixing of
Rydberg and intravalency states. The TD DFT calculations suggest new assignments for long-wavelength
valence-shell absorption bands in the spectra of (Arene),V and (Arene),Cr".

ss The UV and visible spectra of the “18-electron” (Bz),Cr**™

Introduction (the ground-state electronic configuration ...[le,.]*[1a;,]") and
“17-electron” (Bz), V" (...[lezg]4[1a1g]l) neutral sandwiches in
organic solvents reveal very weak long-wavelength absorption
features A, D (Table 1) in the 600-800 nm region, stronger bands
so B, E at 400-500 nm and very intense peaks C, F at 310-320 nm.
The spectrum of the “17-electron” (Bz),Cr" ion?? shows a broad
weak band G in the near IR region and two strong peaks H and I

Over half a century transition metal bisarene complexes, similar
to metallocenes, have been playing a key role in both
fundamental and applied coordination chemistry. On the one
hand, studies of their electronic structures with a wide number of
theoretical. and experimental appr(}aches formA a Dbasis Afor at 334 and 273 nm, respectively.

unders‘:andmg the nature of metal-h.gand delf)cahsed chemical The A, D and G weak features were assigned on the basis of
bonds.” On the other hand, cqns@erable 1.nterest has been o ligand field theory?® and multiple scattering SCF-X,,
focused on the metal arene derivatives during past decades calculations to the symmetry forbidden d-d transitions

because of their relevanc.e for qrganic .synth.esis, c.atalysis, involving the les,, 1a,, and 2¢,, MOs (Fig.1, Table 1). Shoulder
molecular SCnsors, magnetlfs materlal‘s, spintronic. devices an‘d B was attributed to the forbidden d-d and metal-to-ligand charge
rnetal—.contalnlng polymers.  In .pz}rtlcular, the organometalltc transfer (MLCT) excitations. Peak E in the spectrum of (Bz),V
sandwich clusters (Bz;;)M, containing metal atoms (M) and n’- had initially been interpretedzg with use of X, MO calculations

C,GH(‘ l?enzene molecules (Bz) as yvell as the (BzM), one- as the d-d and MLCT transitions originating at the 1a;, MO but
dimensional polymers (molecular wires) have recently attracted later it has been reassigned® to the allowed le;—>1a,, LMCT
u g

increasefd a_ttention. due to thfair unusual electronic gnd glagnetic because of a red shift on methylation of the benzene rings. The E
properties.*"" Their electronic structures were studied intensely assignment to the transitions from the 1a,, MO does not agree
with use of photoclectron spectroscopy'™™* and  quantum with the presence of a similar peak in the ipectmm of (Bz),Ti*
chemistry.15'2° possessing a vacant la;, orbital. The le,—la;, LMCT was

. fTO p.redlct }(l)ptlcal progemes . of fSHICh sy.stems,. gehable suggested® to be responsible also for the intense H peak in the
information on the nature and energies of electronic excited states (BZ)ZCF spectrum. Strong bands C, F and I were attribute 423 ¢

of the parent bisbenzene complexes (Bz),M and their substituted the allowed 1e,—>1e,, MLCT transitions on the basis of energies

derivatives is of extreme importance. However, interpretations of 20 derived from the X, MO calculations. However, the red shift of
the (Bz),M electronic absorption spectra appear to be incomplete the F peak on methylation of (Bz),V was a reason for its
and, contradictory. The condensed-p hase spectra are usually assignment to the le;,—>1le;; LMCT with an opposite direction of
ass1gnedn on the basis of the qualitative valence-shell MO the charge transfer.® Since bands C and I also shift to longer
diagram™ (Fig. 1) describing the Bz, —M electron donation (e, wavelength on introduction of alkyl groups,”’zs the latter

and ©1n orbitals mn the D point group) and the M—>BZZ back interpretation should be taken into account for these absorption
donation (e, orbitals) on the formation of the sandwich molecule. features

a
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6

S

6

by

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00-00 | 1



Dalton Transactions Page 2 of 9

2629 40  These numerous discrepancies in the interpretations of the
e valence-shell absorption spectra of chromium and vanadium
5 ,'/ \‘\ bisbenzene complexes prompt us to undertake a computational
! 2619 \ study of (Bz),Cr, (Bz),V, (Bz),Cr" and their methylated
S —_— derivatives with use of recently developed time dependent density
S/ y—_— R 13 X .
e / /) A 4 45 functional theory.™ This approach showed a good agreement with
2u TN / YN P e experiment for various metal complexes®*>® including closely
N s — V1u 37-39
10 e ~ 162u N fr— a related metallocenes.
7/ 7 ~ . .
e — KA ‘\\ ‘\\ ,'I 2u On the other hand, the gas-phase electronic absorption spectra
29 AN ,/' NS of chromium and vanadium bisarene complexes reveal clearly
N \\‘\‘I,' 4s a so defined Rydberg transitions originating at the non-bonding la,,
/I N 1a 1g N 19 orbital that represents an almost “pure” 3d,2 level of the metal
N - \ . . S
I /; N —ee—i / \\\\\ atom.***” Rydberg bands form series converging at the ionization
/ N ~< ! . .
K . R €1g threshold. The series members are described by the well-known
€y — e T :/Q = ey, Rydberg formula
\\\ 1 e II //
N 29 ;0 3d agg « vy=I-R/(n-8P=1I-T,
_— \\ / /,
€y — . g . . .
2 AN // where v, is the peak position, # - the principal quantum number, /
N 1e1g R - the ionization energy, R - the Rydberg constant (109737 cm™),
N hoee ) S - the quantum defect and T — the term value. Rydberg peaks
N / . . .
. 1 ! disappear from the absorption spectra on going from the gas to
. €1y / 6 the condensed phase because of diffuse character of Rydberg
»s ——o—
B MOs.
Unambiguous assignments of these excitations have been
CsHs (CgHe),Cr Cr made previously on the basis of the corresponding quantum
D defects, term values and vibronic structures as well as analysis of
6h es the changes in the Rydberg structures on going from (Bz),Cr and
30 (Bz),V to their substituted derivatives.***"***’ The gas-phase
Fig. 1. Qualitative MO diagram of (Bz),Cr in the D, point group. absorption spectrum of (Bz),Cr reveals the Rnp,, and Rnp,
Table 1. Energies E (eV), molar extinction &(M'cm™) and earlier series. The lowest allowed Rydberg transition (Rdpy,)
assignments corresponding to the absorption bands observed in the corresponds to a strong narrow peak at 374 nm (3.32 eV). The
solution spectra®>" of the “18-electron” and “17-electron” bisbenzene 70 first member of the Rnp, series (R4p,) is broadened beyond
35 complexes (Bz),M (M = Cr, V, Cr). detection because of Rydberg/valence mixing.***¢ The position of
M Band E e Assignments® Ref. the .unperturbed R4p, state can, how.ever, be easily found on the
oG A 176" 35 ad Tago2en (F) 3 l')a51s of the R471pZ term 5value obt?;r:ged from the spectr}llm of
b isoelectronic (n'-C;H7)(M -CsHs)Cr™™ (Trap, =15490 cm™). By
B 3.08 800  d-d, MLCT; laj,—2e), . o :
Hlanslex (F) 31 75 analogy, the energy of the forbidden 1a;,—R4s transition, which
c 4.00 8000 MLCT; lesslen (A) 31 is not obst?rved in the (Bz),Cr spectruﬂl, can be deterr7n1ned frorsn
v D L6l 50 30 the experimental Tp4e = 21390 cm™ value of (n'-C;H;)(n’-
181° 30 d-d; Tai—>2e1, (F) CsHs)Cr.®* The resulting energies of the (Bz),Cr R4s and R4p,
E 2.79 1800 LMCT; lej,—lay, 30 states are, respectively, 2.78 and 3.55 eV.
d-d, MLCT; laj;—>1es, 5o Rydberg parameters of the gas-phase sandwich molecules
+lay—2e),+ laj,—2ey, (F) 29 provide a powerful instrument to verify the results of quantum
F 3.87 15000 LMCT; len—2eiq (A) ;(9) chemistry. We decided, therefore, to perform TD DFT
. MLCT; lex—>1ez (A) calculations for the (Arene),Cr, (Arene),V and (Arene),Cr’
Cr G 1.05 10 d-d; ley—>2e, (F) 23 6 6
d-d; 1ar—2e1, (F) 24 systems (Arene = Bz, n°-C¢HsMe (Tol), n"-1,3-CcHsMe, (Xyl)
4 g g . .
d-d; les, — lay, (F) 25,31 ssand  n°%1,3,5-C¢H;Me; (Mes)) taking into account both
H 3.71 6000  LMCT; lej,—>lai, (A) 31 intravalency and lower-lying Rydberg R4s, R4p transitions. In the
MLCT 22 carlier TD DFT studies of (Bz),Cr"’ and (Bz),V* the calculated
LMCT 23 transition energies were not compared with the interpreted
I 4.54 6000 MLCT; lex—>1ex (A) 31 . & . P 40-43 P s
MLCT 22 experimental gas-phase absorption spectra so no definite
LMCT 23 o0 assignments could be made. The results obtained in this work

* The MO notations correspond to those in Fig.1; A- allowed, F-forbidden appgar to describe CorreCtl.y. the 1nﬂu.ence Of th? metal aton.l .and
transitions. the ligand on the band positions and intensities in the UV-visible

absorption spectra as well as the relative energies and mixing of

® Shoulder. . . .
Shoulder the Rydberg and intravalency electronic excited states. The TD

2 | Journal Name, [year], [voll, 00-00 This journal is © The Royal Society of Chemistry [year]
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DFT data provide new assignments for valence-shell absorption
bands in the spectra of (Arene),V and (Arene),Cr".

Computational details

The calculations were carried out with the Gaussian 09 program
package.*® For the (Bz),Cr molecule, the geometry optimization
and subsequent TD DFT procedure were performed using the
HCTH147,>" B3PW91% and B3LYP* functionals together with
the “double-{” and “triple-{” quality basis sets® (6-31G(d,p), 6-
31++G(d,p), 6-311++G(d,p), TZVP). The optimized molecular
geometries correlate very well with the X-Ray and electron
diffraction data.™® Comparison of the computed electronic state
energies with the experimental parameters of bands A, C (Table
1) and Rydberg transitions Rd4s, R4p**® showed that the
B3LYP/6-31++G(d,p) level of theory provided a good agreement
with the experiment despite lower computational costs. This level
was used then for the TD DFT calculations of other bisarene
systems. Among the conformers of the toluene and m-xylene
derivatives, the Cy;, rotational isomers with opposite locations of
the Me groups in the two rings were chosen for our calculations.
The mesitylene complexes with the staggered conformation of the
methyl substituents (the Ds, point group) were investigated. The
number of states included in the TD DFT procedure was 60-120,
depending on the molecule studied. This large number of excited
levels was taken to reach the states of interest (e.g. the le;,—>1a,,
transition in (Bz),V corresponds to the state number 103). The
highest excited-state energy achieved was 7.5 eV but our interest
was focused on the lower-lying electronic levels with energies
below 5 eV.

Results and discussion
(Arene),Cr

The ground-state (Bz),Cr DFT calculations at various levels of
theory have been reported earlier.?**%” Our previous study™ of
the vibrational frequencies and ionization energy of this molecule
demonstrated that the parameters obtained with the
BPWI1/TZVP and B3PW91/TZVP combinations of the
functional and basis set are very close to the experimental values.
However, when computing the excited state energies, TD DFT at
the B3PWO1/TZVP level appears to overestimate the Rydberg
R4p energies by ~2 eV (See Supporting Information, Fig.S1.). On
the other hand, the HCTHI147/TZVP and HCTH147/6-
311++G(d,p) calculations provide, respectively, too large (1.15
eV) and too small (0.26 eV) R4s-R4p state separations as
compared to the experimental value of 0.55 eV. These shifts lead
to a change in the relative energies of the intravalency and
Rydberg transitions and result in an incorrect scheme of the
Rydberg/valence mixing. The best agreement between the
theoretical and experimental state separations corresponding to
both A, C valence-shell absorption bands**® and Rd4s, Rdp
Rydberg transitions™* was achieved at the B3LYP/6-
311++G(d,p) and B3LYP/6-31++G(d,p) levels of TD DFT (See
Supporting Information, Fig.S1.). We used, therefore, the latter
combination of the functional and basis set to analyse the MO
and excited states of (Tol),Cr, (Xyl),Cr and (Mes),Cr. This level
of theory appeared to provide good agreement with the
experiment for the excited states of transition-metal chelate
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complexes.*

The B3LYP/6-31++G(d,p) quantitative MO diagram of
(Bz),Cr (Fig.2) shows that the higher occupied orbitals
correspond to those in Fig.1. However, the 2a;, LUMO represents
the lowest Rydberg s orbital (R4s). The next vacant level is
valence-shell le,,. The 4p and 4d Rydberg orbitals lie between
the ley, and 2e,, intravalency levels. The Rydberg MOs are
easily distinguished from the valence shell orbitals due to their
diffuse isosurfaces (Fig. 2). The MO diagrams for the methylated
complexes are similar to that or (Bz),Cr though some orbitals are
mixed due to the molecular symmetry reduction. For simplicity,
we retain the Dy, group notations for MOs and electronic states of
the substituted molecules. Our TD DFT calculations confirm that
the lowest Rydberg excitations originating at the la;, and ley,
orbitals lie below the intense allowed lAlg —'4,, component of
the le,;—> ley, transition corresponding to band C. It has been
demonstrated previously*®*® that the Rydberg transitions
involving the bonding le,, orbital are broadened beyond
detection so we consider only Rydberg excitations of the la,
electron when verifying the TD DFT results.

g0 E5] 3

3ey, ‘» P

R4d !
Xy, X2 y \ /!
\‘ ; 2e,,
:I 7
;

\ !

2 e, Y S\
3eyq ,Q{ —— % R4d,2
- Rad,, B el I N
0 2e .‘;“ '*d ;izu
1u “ P,
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Rés 2
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————— -o0--00- e
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8 19 ‘ -00—-“-’,—’ J

Fig.2. B3LYP/6-31++G(d,p) quantitative energy diagram and isosurfaces
of the (Bz),Cr orbitals. The valence-shell MO notations correspond to
those in the qualitative scheme (Fig. 1).

The B3LYP/6-31++G(d,p) energies of the (Arene),Cr excited
states (Table 2) are 0.3-0.5 eV higher than those derived from the
absorption spectra. Nevertheless, the calculated distances
between the excited levels and the picture of configuration
interactions agree very well with the experiment. The lowest
singlet excited state corresponds to the forbidden la,;,—2e;, d-d
transition mixed with the 1a;,—3e;, Rydberg R4d,,, excitation.
The A shoulder in the solution-phase absorption spectra of
(Arene),Cr should be assigned to the valence-shell d-d
component which agrees well with the previous interpretation. *'
The (Bz),Cr first triplet state with a (...[lesg]'[1aie]'[2€,]")
configuration (1.33 eV above the ground singlet state) can also
contribute to feature A.

Numerous valence-shell and Rydberg transitions lie between

This journal is © The Royal Society of Chemistry [year]
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the excitations responsible for bands A and C. The (Bz),Cr '4,,
state corresponding to band C is the excited level No. 31. Feature
B in the (Arene),Cr solution spectra can be assigned to the
1Alg—>1A 1w and 1Alg—>1E2u components of the ley, —>ley,
transition lying at 3.0-3.3 eV (Table 2). These components are
symmetry forbidden for (Bz),Cr but they become allowed for its
methylated derivatives. Correspondingly, low but non-zero
oscillator strengths were obtained for the Tol, Xyl and Mes
complexes (Table 2). Band B can also be contributed by the
intravalency excitations from MO le,, to MOs 2e,, and 2¢, (Fig.
2) with the calculated energies of 3.3-3.6 eV. They are symmetry
forbidden for the molecules possessing a centre of symmetry so
intensity can be borrowed from the strong le,,— le;, component
as a result of vibronic interactions.

o

>

15 Table 2. TD DFT? / experimental®?® energies (eV) of selected (Arene),Cr
electronic states and the corresponding MO transitions.

State Transition (Bz),Cr (Tol),Cr (Xyl),Cr (Mes),Cr

'Ely  lajgz—2e, 2.32(0.000)/ 2.33°(0.000)/ 2.31°(0.000)/ 2.33(0.000)/

d-d, MLCT, 1.86 1.86 1.86 1.74
lajg—3e;,
Réd,,,,

Ay laz—2a;,  3.29(0.000)/ 3.22(0.000)/ 3.15(0.000)/ 3.07(0.000)/
R4s 2.78 2.84 2.79 2.77

At ley—le, 3.32°(0.000) 3.26°(0.001)/ 3.18°(0.001)/ 3.06°(0.001)/

'Exy MLCT 3.08 3.03 3.03 2.78

'Ene lagz—le, 3.78(0.064)/ 3.63°(0.030)/ 3.52°(0.083)/ 3.47(0.001)/
Rép,y 3.32 3.17 3.07°

A lag—la, 4.01(0.000)/ 3.96(0.036)/ 3.84°(0.031)/ 3.66(0.001)/
Rdp,,° 3.55¢ 3.30
1ezg—)1€2u
MLCT

e leyg—le, 4.52(0.516)/ 4.46°(0.523)/ 4.32°(0.483)/ 4.21°(0.441)
MLCT,S  4.00 3.83 3.73 3.58
lajg—>1ay,
R4p,

* The calculated oscillator strengths are given in parentheses.

® An averaged energy and a sum of oscillator strengths is given for the
20 components arising from state splitting.

¢ The main component of the excitation.
4 Non-observable.

¢ For (Xyl),Cr, the R4p, state is mixed with the R4py level instead of the
MLCT state.

»s TD DFT predicts that the R4p, , states of (Arene),Cr are not
mixed with the intravalency levels. Correspondingly, they are
observed as sharp Rydberg peaks in the gas-phase absorption
spectra of (Bz),Cr, (Tol),Cr and (Xyl),Cr.*"*** On going to the
Mes complex the Rdp, , absorption band becomes undetectable.

30 This change is explained by the calculated oscillator strength
which is very low for (Mes),Cr (Table 2). The ratio of the
oscillator strengths in (Bz),Cr and (Mes),Cr is 64 which means
that the R4p, , band in the (Mes),Cr spectrum is not observed
because of its negligible intensity. In contrast to R4p, ,, the R4p,

35 state is predicted to mix with the '4,, excited level arising from
the ley;—>1le,, transition. Indeed, the R4p, peak is broadened
beyond detection in the spectra of (Bz),Cr, (Tol),Cr and
(Mes),Cr.434  The la;.—>R4p, transition is observed as a
shoulder in the spectrum of (Xyl),Cr but in this case, according to
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our calculations, the R4p, state has an admixture of the Rydberg
4p, level instead of the valence-shell state (Table 2).

TD DFT unambiguously assigns strong absorption band C in
the (Arene),Cr spectra to the allowed Y45, component of the
leyg—>1ey, transition. This interpretation is in accord with the
SCF-X,, calculations.® The B3LYP/6-31++G(d,p) TD DFT
model provides, therefore, both perfect assignments of the
absorption features observed in the spectra of (Arene),Cr and
explanations of the changes taking place on methylation of
benzene rings. The successful employment of TD DFT to the
“18-electron” chromium bisarene complexes prompts us to study
more complicated open-shell “17-electron” systems.

(Arene),V

The unrestricted formalism leads to separate calculations of the a
and P orbitals for the open-shell molecules. The MO diagram of
(Bz),V (Fig. 3) contains, therefore, two sets of orbitals. The
energies of the occupied or vacant o and 3 MOs corresponding to
each other are mostly similar but not the same. The largest energy
difference takes place for the la,, orbital which is occupied in the
a-set and vacant in the B-set. The (Bz),V MO scheme of vacant
a-orbitals resembles that of (Bz),Cr (Fig. 2). For the occupied -
MOs, an inversion of the le,, and 1a,, levels takes place (Fig.3).
In the structure of the vacant B-orbitals, the 2a;, MO raises up in
energy as a result of an interaction with the 1a;, level.

2e44,
3 AN (C6H6)2V 2
Elev 219 .\ . €2
R4d,2 "\ v /
2 = AN II
3619 N AN ’ 3e
B R4d,, ., ° 29
ze1u
0 | R4px,y hhhhhh
- 2a,4-"
R4s
2]
4—
1e29 -----
I la;g -------
6
1919‘--:::##:::::##
-8 le,,” "~
o orbitals f orbitals

Fig.3. B3LYP/6-31++G(d,p) diagram of the (Bz),V orbitals. The MO
notation corresponds to that in (Bz),Cr.

Taking into account similar quantitative diagrams of the
(Bz),V vacant a-MOs and (Bz),Cr unoccupied levels, one might
expect similarity in the Rydberg structures for the two sandwich
molecules. However, the 1a,, o-orbital energy decreases on going
from (Bz),Cr to (Bz),V (-0.73 eV at the B3LYP/6-31++G(d,p)
level of theory), which correlates well with an increase in the 1a,,
ionization potential (0.76 eV® from the photoelectron spectra).

4 | Journal Name, [year], [vol], 00-00
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As a result, the Rydberg transitions originating at the la,, orbital
of (Bz),V shift to blue as compared to those in (Bz),Cr. The
R4p, , peak in the (Bz),V gas-phase spectrum is observed at 3.98
eV.7414 The TD DFT calculations reproduce nicely these

s changes.

Table 3. TD DFT* / experimental®* energies (eV) of selected (Arene),V

electronic states and the corresponding MO transitions.

shifts to lower energies on going from (Bz),V to its methylated
derivatives in agreement with the experiment (Table 3).
The TD DFT computations reveal one more component of the
as leyg—>1ley, MLCT transition with a non-zero oscillator strength
even for highly-symmetric (Bz),V. Its calculated energy (2.28-
2.46 eV, Table 3) is appropriate to associate this excitation with
the E band in the spectra of (Arene),V (Table 1). The appearance

of the additional ley,—>le;, components arises from the

- so unrestricted formalism employed for calculations of the open-
State Transition (Bz):V (Tol),V (XyD.V (Mes),V shell systems. The o and P orbitals have different energies so
By ley—lag } .g%‘;(o.ooo)/ }.22‘;(0.000)/ }.zz‘;(o.oooy }.23‘;(0.000)/ configurations . [odexlata]" .. [Bles] [Blex]’ and

d-d, MLCT 1. . . . 1 1 1 2 s

’ Jal 1 1 ...[B1 the MLCT stat:

“Un” lerslen  246(0.012) 2.42(0.012) 237(0.012)/ 2.28(0.013)/ [ales] [alar,] [alen] ... [Bley]” describing the MLCT state

MLCT 279 273 2,68 264 are not equivalent. As a result, instead of one e;,®e;, =

+Ay,+ i

A Tesrlen  3.05°(0.000)/ 3.01°(0.000)/ 2.93°(0.001) 2.84°(0.000y *° Aiwt4atEay set of excited states, TD DFT produces two such sets
+ MLCT 279 273 2.68 264 for the le,g—>1le,, transition in (Bz),V (Fig. 4). For the lower-
A7 lying set, the (S? expectation values are 2.3-2.7. This is

d d d d . . . . . . .

A lag—>2a, 3.99(0.000)/ 3.98(0.000)/ 3.92(0.000)/ 3.84(0.000)/ indicative of significant quartet-state contaminations ((S% = 0.75
, Ras \ \ \ and (S = 3.75 for “pure” doublet and quartet states,
Au” ley>ley,  4.25(0.537)/ 4.17°(0.503)/ 3.97°(0.366)/ 3.86°(0.419) respectively). Primitively, the lower-lying set of states can be

MLCT 3.87 3.78 3.68 3.58 idered beine derived fi the doublet rtet it
iy lagolen  4.57(0.021) 4.41°0.011)/3.52°0.012)/°4.24(0.000)¢ ~ constaered as being derived from the doublet-quartet transiions
Rdp,, 3.98 while the higher-energy set is formed by doublet-doublet
excitations. Spin-orbit coupling mixes the states of one type

A lajz—1a,,  4.80(0.046)/ 4.69(0.026)/ 4.57/(0.012)/°4.44(0.002)/*

Rdp, 422 412

10 * The calculated oscillator strengths are given in parentheses.

" An averaged energy and a sum of oscillator strengths is given for the
components arising from state splitting.

¢ The main component of the excitation.

4 Non-observable.

15 For (Xyl),Cr, the R4p, state is mixed with the R4p, level instead of the
MLCT state.

belonging to the two sets. Then the 2A1g — “44,,” transition
65 borrows intensity from the allowed 24, e “24,,” excitation.

The calculated R4p,, and R4p, state energies of (Bz),V are,
respectively, 0.11 and 0.35 eV higher that of the le,;—>1e,,

20 A, component (Table 3). As a result, the R4p, state does not mix
with the MLCT A4,, level. Indeed, the experimental gas-phase
spectrum of (Bz), V¥ reveals both R4p, y and Rdp, transitions
as narrow peaks at 3.98 and 4.22 eV, respectively. The
experimental peak separation (0.24 eV) correlates well with the

25 calculated energy difference (0.22 eV). On going to (Mes),V the
oscillator strengths of the R4p transitions decrease dramatically
(Table 2). Accordingly, no R4p peaks are observed in the
spectrum of the mesitylene complex.”*** The 4s Rydberg
transition lies close to the intense intravalency ley,—>1ey,

30 excitation. The R4s peak cannot be observed in the experimental
spectra of the (Bz),V substituted derivatives?”**¢ because of its

low intensity (Table 3).

The TD DFT results assign the strongest valence-shell band F
in the spectra of (Arene),V to the allowed component of the
35 leyg—>ley, MLCT transition. This is in agreement with the
previous SCF-X,, calculations.?’ Such interpretation contradicts to
the newer assignment of band F as the LMCT le;,—2¢,
transition® based on the red shift on methylation. However, the

TD DFT energy of this LMCT excitation in (Bz),V (5.87 eV) is

40 too high to be associated with band F (3.87 eV). On the other
hand, our calculations show that the le,;—>1e,, MLCT transition

This journal is © The Royal Society of Chemistry [year]
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Fig.4. Excited states resulting from the 1le,;—1e,, transition in
bisbenzene complexes. Non-zero oscillator strengths f calculated at the
B3LYP/6-31++G(d,p) level of TD DFT are indicated.

Alternatively, the increase in the number of the ley,—1ley,

95 allowed components on going from (Bz),Cr to (Bz),V can be
explained if we consider spin-orbit interactions within the
doublet-state manifold. In the Dg, point group, the spin
wavefunction belongs to the A4, irreducible representation for
singlet states and to the £}, type for doublet states™ (the double
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point group is required for the S=1/2 systems). The spin
wavefunction does not change, therefore the irreducible
representations of singlet states, and the le,,—>1e,, transition in
(Bz),Cr produces the €,,®e,, = 41, t4,,+E,, levels, the excitation
to the 4,, state being allowed by the selection rules. However, the
spin-orbit coupling in the doublet (Bz),V leads to a change of the
ground-state type from 2A1g to Ep, and the types of the
lesg—>ley, excited states  from 24, P ApHEs  to
EipetEipytEsptEsp,.  The  Eypg—Eip,  and  Eipg—>Eypn,
transitions are symmetry allowed in the Dg;, double point group so
for (Bz),V we have three allowed states instead of one.

Band E in the spectrum of (Bz),V can, therefore, be assigned
to the 24, ¢ = “*4,,” transition with the calculated oscillator
strength of 0.012 or to the excitations terminating at the £, and
Es, states derived from the “?4,,” and “?E,,” components of the
leyy—>ley, transition. Since a similar peak is observed in the
spectrum of singlet (Bz),Ti,”* it is possible that vibronic
interactions also provide mechanisms for borrowing intensity
from the strong le,,—>1e,, component.

TD DFT testifies against the assignment™ of the E band to the
le;,—>1a;; LMCT excitation. The B3LYP/6-31++G(d,p) energy
of this transition in (Bz),V (5.62 e¢V) exceeds dramatically the
experimental value corresponding to peak E (2.79 eV).*® The red
shift of the E peak on methylation® agrees with the interpretation
suggested in this work since the TD DFT energies of the longer-
wavelength component of the ley,—>1e,, transition decrease on
going from (Bz),V to (Mes),V (Table 3).

The weak D band in the spectra of (Arene),V can be assigned
on the basis of our TD DFT results to the forbidden le,,—>1a;,
excitation. The interpretation of this feature as the la;,—2e,.
transition’® seems to be less preferable since the TD DFT energy
of the corresponding *E 1¢ state in (Bz),V is 2.72 eV which is 1.01
eV higher than the experimental value. The D assignment to a
transition terminating at the la,, orbital is supported by analysis
of excited states of the isoelectronic (Arene),Cr" ions.

+
(CeHe),Cr
E/eV
-4 2e29------——»"/
P PSS S—
2, """
-6 — 19
’
-7 — II
II
/
-8 — Il
II
-9 — /!
’
,I ’__.__._
-10 1 pags
ezg ————— ———0—
II
-11— II
lagg --—-__. o—
12
Tt B S STTErrr Sur S
-13 16194"/
14— o orbitals B orbitals

B3LYP/6-31++G(d,p) scheme of the (Bz),Cr" orbitals. The MO
notation corresponds to that in (Bz),Cr.

Fig.5.

60 (Arene)zCr+

The MO diagram of the (Bz),Cr" cation (Fig. 5) differs from that
of the neutral (Bz),V molecule (Fig. 3). On going from (Bz),V to
(Bz),Cr" the valence-shell orbitals shift to lower energies by 5 - 6
eV. The alaz-ole,, separation increases while the alej,-ala;,

os energy difference decreases. Rydberg orbitals cannot be found

among the lower-lying vacant MOs of the cation since its
ionization energy is much higher than that of the neutral bisarene
systems.

70 Table 4. TD DFT" / experimental®>?*** energies (eV) of selected

7

8

8

9

9

10

10:

(Arene),Cr" electronic states and the corresponding MO transitions.

State Transition (Bz),Cr" (Tol),Cr* XyloCr™ (Mes),Cr"

By ley—>lay, 0.85(0.000) 0.83°(0.000)/°0.81°(0.000)/°0.77(0.000)/
d-d, MLCT 1.05

Uy leye>len  3.52(0.035) 3.47(0.036)/ 3.40(0.037)/ 3.31(0.038)/
MLCT 3.71 3.63 3.55 3.45

AL leysley,  4.25°(0.000)/ 4.23°(0.000) 4.13°(0.001)/ 4.04°(0.000)/

+ MLCT 3.71 3.63 3.55 3.45

2 ”»

E2u

2
« AZu“ ]ezg—)] (&M

P

S

I3

S

b3

3

b

4.87(0.219)/ 4.77(0.210)/ 4.66(0.200)/ 4.53(0.189)/

MLCT 4.54 4.35 431 4.25

* The calculated oscillator strengths are given in parentheses.

® An averaged energy and a sum of oscillator strengths is given for the
components arising from state splitting.

¢ Experimental data are not available,

The TD DFT results (Table 4) demonstrate that very weak
peak G observed in the near-IR absorption spectrum®* of
(Bz),Cr" arises from the lesg—>1a;, d-d/MLCT transition. This
assignment is in accord with that suggested on the basis of the
SCF-X,, calculation.®® Such interpretation is supported also by
the photoelectron spectroscopy data.>® The difference between the
vertical ionization potentials corresponding to the detachment of
the le,, and la;, electrons of neutral (Bz),Cr is 1.01 eV. This
value is equal to the energy of the le,,—>1a;, vertical transition
in the gas-phase (Bz),Cr" ion. The position of the G band in the
experimental solution spectrum®? (1.05 eV, Tables 1, 4)
correlates, therefore, very well with the ley,—la;, energy
predicted by the photoelectron spectroscopy.

The strongest ley,—>1ey, component (4;,—>45,) is responsible
for intense peak I observed in the experimental spectra of
(Arene),Cr" at 4.25-4.24 eV (Table 4). The molar extinction of
the longer-wavelength H band is close to that of peak I (Table 1).
Band H should be assigned, therefore, to an allowed excitation.
According to TD DFT, the only (Bz),Cr" transition with non-zero
oscillator strength, lying below band I, is 2A1g—>”4A2u”, similar to
(Bz),V. By analogy with peak E in the spectra of isoelectronic
(Arene),V, band H should be assigned as a second component of
the leye—>1ey, transition.

The le;,—>1a;, excitation, suggested as a candidate responsible
for peak H, *' lies at 4.95 eV according to TD DFT. This energy
exceeds the experimental value by 1.24 eV which makes such an
assignment less probable. In contrast, the energies of the
lesg—>1ey, component considered (3.31-3.52 eV, Table 4)
correlate well with the H band positions in the experimental

6 | Journal Name, [year], [vol], 00-00
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spectra (3.45-3.71 eV). However, the TD DFT -calculations
underestimate the H intensity which is predicted to be
substantially lower than that for peak I (Table 4). Nevertheless,
the TD DFT assignments appear to describe correctly the
s influence of the metal atom and ligand on the positions and
relative intensities of electronic transitions in the bisarene
systems studied.

Metal and ligand influence on the electronic excited states of
10 (Arene),M (M =Cr, V, Cr")

The observed changes of excited-state parameters on going from
one complex to another are reproduced by the TD DFT
calculations not only for the Rydberg 4p transitions in (Bz),Cr
1s and (Bz),V mentioned above. The differences in energies and
intensities of valence-shell excitations can also be described by
the computational results at the B3LYP/6-31++G(d,p) level of
theory. For example, the le,,—>1a,, band blue shift on going from
(Bz),Cr" to (Bz),V is calculated to be 0.77 eV which agrees well
20 with the experiment (0.66 eV, Tables 3, 4).

E/eV
O (Arene),Cr
5.0 TD DFT E(Arene),V
2 i O(Arene),Cr *
4.6 7
4.2
3.8
CeHs CeHsMe CgH,Me, C¢H;Me,
E/eV, . O (Arene),Cr
47 — Experiment B(Arene),V
| O(Arene),Cr *
4 43 —
3.9 1
3.5

CeHg CeHsMe C4H,Me, C,H,Me,

s0 Fig.6. B3LYP/6-31++G(d,p) (top) and experimental[] (bottom) energies of
the A;;—A,, component of the 1e,,—1ey, transition in (Arene),M (M=Cr,
v, Cr').

The computed oscillator strength of the 4,,—>4,, transition
responsible for the strong C, F and I bands increases by 83-145%
ss on going from (Arene),Cr' to (Arene),V (Tables 3, 4). This trend
correlates with the increase of the molar extinction coefficient
when one goes from band I to peak F in the spectra of bisbenzene

8

&

90

9.

P

100

complexes (Table 1). On the other hand, the oscillator strength of
the lower-lying ley,—>1le,, component decreases from 0.035-
0.038 in (Arene),Cr' to 0.012-0.13 in (Arene),V (Tables 3, 4).
This computational result is in accord with the lower intensity of
band E in the spectrum of (Bz),V as compared to band H in the
spectrum of (Bz),Cr' (Table 1). The theoretical (Bz),Cr" / (Bz),V
intensity ratio (2.9) is close to the experimental value (3.3). The
decrease in the oscillator strength of the excitation considered can
be explained by a larger separation of the corresponding level
from the allowed “’A,,” state in the vanadium complexes (Fig.
4). As a result, the efficiency of the intensity transfer to the
transition terminating at the “*A,,” state decreases on going from
(Arene),Cr" to (Arene),V.  The assignment of the C, F and I
bands to the 4;,—>A4,, component of the le,;—>1e,, transition is
supported by a good agreement between the predicted and
observed trends of the peak position changes on going from one
bisarene system to another. (Fig. 6). The TD DFT results
reproduce both the experimental blue shift in the row (Arene),V -
(Arene),Cr - (Arene),Cr" and the red shift caused by introduction
of methyl groups into the ligands. The resulting TD DFT
interpretations of the valence-shell absorption features in the
spectra of (Arene),M are summarised in Table. 5.

Table 5. TD DFT assignment of the absorption features observed in the
solution spectra®>" of (Arene),M (M = Cr, V, Cr").

M Band* Transition  Excited state
Cr A lag—>2e;, 'Eig
d-d, MLCT
Cr B lesgolen, A, 'Exn
MLCT
Cr C lesy—>len, "3,
MLCT
v, Cr D,G leyg—lay, By
d-d, LMCT
Vv, Cr* E>H ley—len A1+ “Ey”
MLCT or “4y,”¢
Vv, Cr' F,1 ley—len  ““dn°
MLCT

* The band notation corresponds to that in Table 1.

b Vibronically allowed transitions from le,, to 2e,, and 2e,, can also
contribute to the B and E intensities.

© See text for the electronic state assignments.

Conclusions

The TD DFT study of twelve bisarene systems carried out in this
work together with analysis of experimental spectroscopic data
provides an interpretation of the features observed in the
absorption spectra of (Arene)M (M=Cr, V, Cr') and an
explanation of the changes in the spectra on varying the metal
and ligand in a sandwich complex. Our calculations confirm a
key role of Rydberg excitations in the gas-phase spectra of the
neutral bisarene molecules. The computational results are in
accord with the assignments of Rydberg structures made
previously. *™**46 The computed scheme of Rydberg-valence
configuration interactions in (Arene),Cr and (Arene),V
reproduces the experimental observations.

TD DFT supports the interpretation of the strong
intravalency absorption band at 3.87, 4.00 and 4.54 ¢V in the

29,31

This journal is © The Royal Society of Chemistry [year]
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spectra of (Bz),Cr, (Bz),V and (Bz),Cr', respectively, as the
symmetry allowed component of the le,,—>1le,, excitation. The
TD DFT transition energies demonstrate, however, that the le;,
— la,, excitation cannot be responsible for the longer-wavelength
bands E and H in the spectra of (Bz),V and (Bz),Cr' as it has
been suggested earlier®™'  These features should rather be
considered as additional components of the 1e,,— le,, transition.
Our calculations show that the red shift of an absorption feature
on introduction of electron-donating groups to the ligand can not
be a reliable basis for its interpretation as a LMCT excitation. The
computed energies of the le,;—>le;, MLCT components in
(Arene),M also decrease on methylation of arene ligands. For the
lowest-energy peak in the spectra of (Arene),V, TD DFT
suggests an assignment to the ley,—>1a;, excitation instead of
lajz—>2e;,*" The B3LYP/6-31++G(d,p) calculations describe
correctly the absorption band shifts and intensity changes
observed on going from one bisarene complex to another.
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