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DFT calculations on the complexes [M(CO),(N,N)] (M = Cr or W; N,N = 1,10-phenanthroline (phen) or 3.4,7,8-
tetramethyl-1,10-phenanthroline (tmp)) have revealed that the phen and tmp complexes have different LUMOs: b,
and a,, respectively. Nevertheless, the character of the low-lying MLCT electronic transitions, calculated by time-
dependent (TD) DFT, hardly changes on going from phen to tmp since the b,(d,,) — b,(phen/tmp) transition is
the strongest, whether the b,(phen/tmp) orbital is the LUMO or not. The switching of LUMO orbitals is manifested
by the following features exhibited by the tmp complexes, as compared with their phen counterparts: slightly lower
IR v(CO) frequencies, larger solvatochromism, higher relative resonance enhancement of the A,> Raman v(CO)
peak and larger shifts of electrochemical reduction potentials from the “free” ligand value. The similar shapes and
intensities of the visible absorption bands of the tmp and phen complexes and similarity of their resonance Raman
spectra support the TD-DFT prediction of an essentially identical character of the electronic transition(s) responsible.
Reduction of the [M(CO),(N,N)] complexes produces the corresponding radical anions [M(CO),(N,N)]" ~, which
were characterized by EPR, IR and UV-Vis spectroelectrochemistry. In contrast with the neutral species, the
properties of the radical-anionic tmp and phen complexes are very different due to difference between their SOMOs:
a, and b, respectively. This is manifested by the profoundly different EPR hypefine splitting (hfs) patterns observed:
[M(CO),(phen)]" ~ complexes show large hfs from the N donor atoms and from the pairs of 'H atoms at C3,8

and C4,7 positions. On the other hand, EPR spectra of [M(CO),(tmp)]" ~ show large hfs from 'H atoms of a pair

of CH, groups at C4,7 positions and two pairs of 'H atoms at C2,9 and C5,6, while the "N splitting is rather small.
Reasonable agreement between experimental and DFT-calculated hfs was obtained. The switching of LUMO
character between b, and a, can have important implications for constructing molecular devices based on phen

complexes.

Introduction

Transition-metal complexes of the polypyridine ligands 2,2’-
bipyridine (bpy), 1,10-phenanthroline (phen) and their analogs
continue to attract much research interest, especially because
of their rich redox chemistry (electrochemistry) and photo-
chemistry."* More recently, metal-polypyridine complexes have
been used as active components in photo/redox active poly-
nuclear and supramolecular assemblies, with possible future
applications in molecular photonic and electronic devices.

To a large extent, the photo- and redox activity of poly-
pyridine complexes is a consequence of the presence of empty
polypyridine-localized ©* orbitals which accept an electron
upon reduction or metal-to-ligand charge transfer, MLCT,
electronic excitation. The electrochemical, spectroscopic,
photochemical, and photophysical behaviour of polypyridine
complexes can broadly be tuned by varying the substituents

T Electronic supplementary information (ESI) available: selected DFT
calculated and experimental bond lengths and angles; IR and UV-Vis
spectra for spectroelectrochemical reductions. See http://www.rsc.org/
suppdata/dt/b0/b005279p/

DOI: 10.1039/6005279p

located at various positions on bpy or phen rings.>* In most
cases, substituents affect the reduction potential, MLCT
excited-state energies and lifetimes, as well as the energy gaps
between MLCT states and photochemically or photophysically
important ligand-field (LF) and intra-ligand (IL) states by
changing the n* (LUMO) orbital energy. More drastic
variations in polypyridine structure also affect the localization
of the n* (LUMO) at N donor atoms, whereby metal-ligand
n delocalization is influenced.!**® This happens either on
introduction of more N atoms into the polypyridine rings (i.e.
for polyazine ligands) or on replacing polypyridines with other
a-diimines, e.g for 1,4-diazabutadienes.! Nevertheless, the ©*
LUMO in all of these ligands has the same general nature and
the same b, symmetry, which is suitable for a © overlap with the
metal d,, orbital of the metal atom, Fig. 1.

In this respect, phen-type ligands are rather exceptional,
since they have two empty n* orbitals of b; and a, symmetry,
which are very close in energy. The ©* orbital ordering in phen
itself had been a subject of some controversy until an EPR
study demonstrated that the phen'~ radical anion has a ?B,
ground state, indicating the b, symmetry of the phen LUMO.”
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Fig. 1 Schematic structures of [M(CO),(N,N)] complexes, phen and
tmp ligands, and the chosen orientation of axes. Bottom: qualitative
pictures of b, and a, lowest unoccupied MOs.*’

Introduction of methyl groups into the 4 and 7 positions alone
does not affect the energetic ordering of the lowest unoccupied
orbitals.”® However, EPR®° and ab initio theoretical® studies
of the “free” ligands have demonstrated that a “LUMO
switching” occurs on going from phen or 4,7-Me,-phen to
3,4,7,8-Me,-phen (tmp), whose radical anion has a ?A, ground
state, characterized by low «(N) hyperfine splitting constant.
Amongst metal-phenanthroline complexes, b,/a, orbital
switching has been indicated® for reduced [Pt(N,N)(mes),]"~
complexes; N,N = phen, 4,7-Me,-phen or tmp; mes = mesityl =
C¢H,Me;,-2,4,6. However, the evidence was only indirect, since
the hyperfine splitting due to ligand N and H atoms was not
observed. Nevertheless, a much lower platinum splitting
constant, higher g, value and a lower g anisotropy observed
for N,N = tmp all point to a %A, state.® These features stem from
a much weaker © interaction between the metal d(r) orbitals
and the a, LUMO, as compared with the b, orbital. This is the
consequence of a much lower participation of the 2p,(N)
orbitals in the a, n* orbital and its orthogonality to the d,,
metal orbital.’

The possibility to control the extent of m interaction between
the metal and phen ligand by orbital switching could be of
importance in the development of molecular devices. However,
it is first necessary to demonstrate that this effect is more gen-
eral in co-ordination and organometallic phen-type complexes
and to understand its photophysical and photochemical impli-
cations. To this end, we have investigated the spectroscopic
(UV-Vis absorption, resonance Raman), electrochemical, spec-
troelectrochemical (EPR, IR, UV-Vis), and emission properties
of the complexes [M(CO),(N,N)]; M = Cr or W; N,N = phen or
tmp. Group 6 tetracarbonyls are excellent models for such a
study because of their structural simplicity and the presence
of CO ligands, whose IR and resonance Raman bands are
sensitive markers for electron density distribution.

A Dbetter understanding of the redox and spectroscopic
properties of phen complexes is now becoming more important
because of their increasing use as photocatalysts,'®! build-
ing blocks of molecular dyads,'** supramolecules,'*"’
especially catenanes and rotaxanes, light-harvesting molecular
assemblies,’® molecular wires or switches!® and DNA inter-
calators.?*?! Notably, the phen ligand and its derivatives show
several specific features which can have significant photo-
chemical, photophysical or electrochemical consequences.
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These include, for example, energetically low-lying nn* intra-
ligand excited states*?*?* and an exceptional ability of 2,9-
substituted phen to form tetrahedral copper(1) complexes with
long-lived MLCT states and stable one- or two-electron reduc-
tion products."** The substituent-induced switching of the
b,/a, energy ordering could be another important factor con-
trolling properties of 1,10-phenanthroline and its transition
metal complexes.®’

Experimental

Ground state electronic structure calculations of [M(CO),-
(phen)] and [M(CO),(tmp)] complexes have been performed
with density functional theory (DFT) using the ADF1999
software package.”®?” The lowest excited states of the closed
shell complexes were calculated using the time-dependent DFT
method (TD-DFT), employing the ADF-RESPONSE pro-
gram.?® The calculations were performed under C,, constrained
symmetry, the x axis being coincident with the C, symmetry
axis. The N,N ligand and equatorial CO ligands are located in
the xy plane and axial CO ligands lie on the z axis, Fig. 1.

Slater type orbital (STO) double-{ basis sets were used for
H atoms. Triple-{ quality basis sets with polarization functions
were employed for all other atoms. Inner shells were repre-
sented by a frozen core approximation (1s for C, N and O;
1s-3p for Cr and 1s-4d for W were kept frozen). The following
density functionals were used: local density approximation
(LDA) with Vosko—Wilk—Nusair (VWN) parametrization of
electron gas data or functionals including Becke’s gradient
correction? to the local exchange expression in conjunction
with Perdew’s gradient correction® to the LDA expression
(BP). A scalar relativistic (SR) zero order regular approx-
imation (ZORA) was used. The adiabatic local density
approximation (ALDA) with the frequency dependence
ignored was employed in post-SCF time dependent DFT
calculations.

Materials

All chemicals were of analytical purity (Aldrich or Strem).
Solvents were dried and degassed using standard procedures.
Sample manipulation and all measurements were performed
under a nitrogen or argon atmosphere using Schlenk tech-
niques. The complexes [M(CO),(N,N)] were synthesized by a
modified literature method * which involved refluxing 4.9 mmol
of M(CO); (i.e. 1.08 g of Cr(CO)4 or 1.72 g of W(CO),) and 4.5
mmol of the N,N ligand (i.e. 0.81 g of phen or 1.06 g of tmp) in
80 mL of toluene (M = Cr) or xylene (M = W) for 4 h. Scarlet-
red crystals of the product precipitated during the reaction and
were isolated by filtration. This crude material was recrystal-
lised from dichloromethane solution by the addition of iso-
octane followed by the removal of approximately 75% of the
chlorinated solvent by distillation. On subsequent refrigeration
red crystals of [M(CO),(N,N)] formed in approximately 80%
yield. In solution the complexes are sensitive towards air and
light. The products were characterized by FT-IR (in CH,Cl,
and nPrCN) and 'H NMR (in CD,Cl,) spectra which have
proven the sample purity and identity. Spectral data obtained
on known phen complexes agree with those reported in the
literature. Newly made tmp complexes were characterised by
comparison of their IR and NMR spectra with those of their
known phen congeners. In addition, MS-FD* was used to con-
firm the composition and purity of the tmp complexes. This
procedure was used instead of elemental analysis which is often
less reliable for this type of compound.

[Cr(CO),(phen)]: '"H NMR 6 =9.50 (dd, 2H, H?), 8.39 (dd,
2H, H*), 7.93 (s, 2H, H®) and 7.81 (dd, 2H, H?, J(H*H?®) = 5.07,
JH*H*) = 1.16, J(H*H*) = 8.31 Hz). [Cr(CO),(tmp)]: '"H NMR
6 9.21 (s, 2H, H?), 8.08 (s, 2H, H?), 2.71 (s, 6H, p-CH;) and
2.55 (s, 6H, m-CH;); MS-FD™ m/z 400 [M*]. [W(CO),(phen)]:
'H NMR: § 9.54 (dd, 2H, H?), 8.48 (dd, 2H, H*), 7.99 (s, 2H,



Table 1
cm™!. Measured in nPrCB at room temperature. 4 = shift on reduction

Infrared absorption bands of [M(CO),(N,N)] complexes (M = Cr or W; N,N = phen or tmp) and their anions in the ¥(CO) region. Data in

Cr(phen) Cr(phen)”~ W(phen) W(phen) ™ Y|

A2 2008 1988 -20 2006 1983 —23

B, 1901 1871 =30 1892 1857 =35

Al 1881 1849 —32 1875 1835 —40

B, 1833 1798 =35 1831 1793 —38

Cr(tmp) Cr(tmp) "~ W(tmp) W(tmp) ™~ Y

A2 2006 1988 —18 2004 1983 =21

B, 1896 1871 =25 1887 1856 =31

Al 1876 1847 -29 1868 1838 =30

B, 1830 1797 -33 1827 1792 =35
H% and 7.77 (dd, 2H, H? J(H*H? =5.20, JH*H*) =1.15, ____10a, . ta, * (phen/tmp)
J(H*H*=8.22 Hz). [W(CO),(tmp)]: 'H NMR: ¢ 9.25 (s, 2H, e — s . g2 :: :gg;
H?), 8.14 (s, 2H, H%), 2.75 (s, 6H, p-CH,) and 2.57 (s, 6H, 15b, :19% - 21b2' — 1. - (ph:;nmp)
m-CH,); MS-FD* m/z 532 [M"]. ” T s,

- ga12 =1;;’ 12:2 :113:; } =* {phen/tmp)
Instrumentation '
:H:296. —ﬂ— 31a,

UV-Vis absorption spectra were recorded on a Hewlett- 1222 _* 222' —H— 2;2' 9a, d (™M)
Packard 6453 diode array spectrophotometer, NMR spectra on ' 11b; 13b, 180,
a Bruker AM 250 MHz spectrometer. Time-resolved emission
spectra were recorded from optically dilute solutions of 1;22 14b
[W(CO),(N,N)] (10~° M) excited using a Quanta Ray PDL3 dye T——10b _ qpp, 8a, ] =* (phenitmp)
laser pumped by the 355 nm line of a Spectra Physics Nd:YAG S8, —— &g
laser. Emitted light was detected and analysed with an EG&G [Cr(CO) tmp] [W(CO),phen]
OMA III instrument. Resonance Raman spectra were obtained [Cr(CO) phen] [W(CO)tmp]

from tungsten complexes using a Dilor XY spectrometer with
a Spectra Physics 2016 Ar" laser. Samples were prepared as
CH,Cl, solutions and placed in a rotating cell. Cyclic voltam-
mograms were measured from (1-2) X 107 M solutions in
either THF or nPrCN containing 0.1 M ¢Bu,NBF, that was
dried by heating under vacuum at 100 °C overnight. Ferrocene
(Fc) was added to sample solutions as an internal potential
reference and a standard to assess electrochemical revers-
ibility.**> An EG&G PAR 283 potentiostat, 0.5 mm diameter
platinum disk working electrode, platinum wire auxiliary
electrode and silver wire pseudoreference electrode were used.
IR spectra were recorded using a Bio-Rad FTS-7 spectrometer
(16 scans, 2 cm™!' resolution). Both infrared and UV-vis
absorption spectra of reduction products in nPrCN at room
temperature were recorded spectroelectrochemically using
controlled-potential electrolysis in an OTTLE cell® that was
equipped with a platinum mini-grid working electrode con-
sisting of 32 wires per centimeter and CaF, optical windows.
A PA4 potentiostat (EKOM, Czech Republic) was used as a
power supply. Solutions consisted of approximately 0.1 M
tBu,NBF, and between 1072 and 107* M [M(CO),(N,N)]
complex. EPR spectroelectrochemistry was performed using a
Varian Century E-104A X-band spectrometer. Radical anions
were produced electrochemically (PA4) in a custom built three
electrode (silver pseudoreference, platinum auxiliary and gold
working) EPR cell.* Sample concentrations were typically
around 107* M in THF containing ca. 0.1 M rBu,NBF, electro-
lyte. EPR spectra were simulated using WinSim software
version 0.96 distributed by the US National Institute of
Environmental Health Services (http://epr.niehs.nih.gov/).

Results
Ground state structures

All the phen and tmp complexes investigated herein give
very similar infrared spectra in the v(CO) region which are
characteristic of cis-tetracarbonyl complexes.*>*! see Table 1

Fig. 2 Qualitative molecular orbital diagrams of [M(CO),(N,N)]
complexes (M = Cr or W; N,N = phen or tmp).

and the ESI. The v(CO) bands were assigned by analogy with
the EFFF normal co-ordinate analysis of [Cr(CO),(bpy)].***

Calculated (optimized) bond lengths and angles (see ESI) of
all four complexes are very similar, also to those calculated
previously** for [Cr(CO),(bpy)]. They compare well with the
values determined for [Cr(CO),(phen)] and [W(CO),(phen)]
by X-ray diffraction.*** The phen or tmp ligand lies in the
equatorial (x,y) molecular plane. The N-M-N bite angle is
rather small, 72-77°. Internal bond lengths of the N,N ligands
are very similar for phen and tmp. Only the C2-C3, C3-C4, and
C4-C4a bonds are slightly longer (by 0.008-0.013 A) for tmp,
presumably due to steric effects of the Me groups. Ligand struc-
tures are almost independent of the metal, Cr or W. On going
from phen to tmp, the calculated M—N bond lengths elongate
by 0.042 A for Cr and by 0.020 A for W. This could be caused
by a weaker m-back donation to the less electron-accepting
tmp ligand. The axial OC-M—-CO moiety is nearly linear, the
axial CO ligands being slightly bent away from the phen/tmp
ligand: the calculated (OC),,~M—(CO),, angles range from
170.6 to 173.5° in a good agreement with experimental values
of 168.9-172.4°.

Table 2 summarizes the calculated energies and characters
of the frontier molecular orbitals of [Cr(CO),(phen)] and
[W(CO),(phen)]. Orbital characters obtained for the corre-
sponding tmp complexes are very similar, as is demonstrated
in Table 2 for [W(CO),(tmp)]. MO diagrams and numbering
of relevant molecular orbitals are shown in Fig. 2. The three
highest occupied molecular orbitals are very close in energy.
Hereinafter, they will be denoted a,(HOMO), a,(HOMO) and
b,(HOMO). They are predominantly d orbitals with a signifi-
cant admixture of a ©*(CO) character. A phen m/n* character
contributes 14 and 17% to the 11b,(Cr) and 13b,(W) HOMOs,
respectively.

The lowest unoccupied molecular orbital (LUMO) of
[W(CO),(phen)] and [Cr(CO),(phen)] was calculated as having
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Table 2 ADF/BP calculated one-electron energies and percentage composition of selected highest occupied and lowest unoccupied molecular
orbitals of [M(CO),(N,N)] complexes (M = Cr or W; N,N = phen or tmp) expressed in terms of the constituent fragments (%)

[Cr(CO)4(phen)]

MO EleV Character Cr (CO) o (CO)q phen
Unoccupied

8a, —1.53 ¥ phen 1 98
26a, —1.58 CO,, 4 (s); 6(p,); 8(d) 78 1 3
19b, —1.84 CO,, 11(p,) 73 11 4
13b, —2.21 n* phen 1 98
Ta, —3.36 ¥ phen 99
12b, —3.37 n* phen 4 2 90
Occupied

25a, —4.71 d + CO 2 (py); 63 (d) 1 33

6a, —4.96 d+ CO 58(d,,) 22 15 4
11b, —4.99 d + CO 54 (d,,) 22 9 14
10b, —6.82 n phen 1(d,,) 1 98
Sa, =7.12 n phen 99
[W(CO)4(phen)]

MO EleV Character w (CO) o (CO)q phen
Unoccupied

9a, —-1.73 n* phen 2 97
28a, —1.78 CO,, 2 (s); 8(py); 2(d) 88

21b, —2.02 CO,, 11(p,) 73 11 4
15b, —2.34 n* phen 99
8a, —3.49 n* phen 99
14b, —3.55 n* phen 4(d,,); 1(p,) 4 4 87
Occupied

27a, —4.70 d + CO, 58(d) 1 38 1
Ta, —5.02 d+ CO 54 (d,,) 25 16 5
13b, =511 d+ CO 50 (d,.) 22 11 17
12b, —6.98 n phen 1(d,,) 1 98
6a, -7.27 7 phen 99
Comparison of [W(CO),(phen)] and [W(CO),(tmp)]

MO EleV Character W (CO)u (CO)q phen
L = phen

8a, —3.49 n* phen 0.27 (d) 0.31 0.47 98.9
14b, —3.55 n* phen 4.43(d,,); 0.51(p,) 4.47 3.78 86.93
13b, =511 d+ CO 49.8(d,,) 22.5 11 17.5
L=tmp tmp
16b, —3.18 7* phen 3.38(d,,); 0.53(p,) 4.40 293 88.87
10a, —3.31 n* phen 0.21(d 0.24 0.37 99.11
15b, —4.46 d+ CO 50.5 (d,,) 22.3 12.5 15.5

b, symmetry and a predominant (8§7-90%) phen n* character.
The d,, orbital contributes 4%. The second unoccupied MO
(abbreviated LUMO + 1) is a phen-localized n* orbital of a,
symmetry: 7a, in [Cr(CO),(phen)] and 8a, in [W(CO),(phen)].
The calculated energy difference between b, LUMO and a,
LUMO + 1 is rather small, 0.01 eV for Cr and 0.06 ¢V for W.
Importantly, switching of the energy order of the lowest
unoccupied b, and a, orbitals was calculated to occur on going
from phen to tmp complexes: The 9a, and 10a, tmp-localized
orbitals were calculated to be the LUMOs of [Cr(CO),(tmp)]
and [W(CO),(tmp)], respectively. The corresponding a, orbital
energies are —3.15 eV for [Cr(CO),(tmp)] and —3.31 eV for
[W(CO),(tmp)]. The 14b,; orbital of [Cr(CO),(tmp)] and the
16b, orbital of [W(CO),(tmp)] are LUMO + 1, occurring at
—2.97 and —3.18 ¢V, respectively. The shapes of the a, and b,
lowest unoccupied orbitals are compared in Fig. 3. The
b,(LUMO) is m-antibonding towards N-C2, N-C10b, C3-C4,
and C4a—C10b bonds, and n-bonding with respect to C4-C4a
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and Cl10a-C10b bonds and their symmetric counterparts.
Its localization on the C5 and C6 atoms is negligible. Fig. 3
also shows the involvement of equatorial ©*(CO) and axial
6(OC-M-CO) orbitals in the b;(LUMO). By contrast, the
lowest unoccupied a, is 99% ligand-localized, the contribution
from the M(CO), fragment being negligible for symmetry
reasons. The a, orbital is m-antibonding with respect to N-C2,
C4—C4a, C5-C6 and C10a—C10b bonds. It is n-bonding toward
N-C10a and C4a—C5 bonds. The a, orbital is virtually absent at
C3 and C8 atoms while it is heavily localized at C5 and C6
positions.

Electronic absorption and resonance Raman spectra

All four complexes show a broad absorption band in the visible
spectral region with a prominent shoulder on its high-energy
side, see Fig. 4. The experimental and TD-DFT theoretical data
are summarized in Tables 3 and 4, respectively. The molar



Fig. 3 DFT-calculated shapes of a, (top) and b, (bottom) lowest
unoccupied orbitals of [W(CO),(phen)]. Virtually identical orbital
shapes were obtained for other complexes studied herein.
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Fig. 4 UV-Vis absorption spectra of [Cr(CO),(phen)] (top, full);
[Cr(CO),(tmp)] (top, dashed); [W(CO),(phen)] (bottom, full) and
[W(CO),(tmp)] (bottom, dashed). Measured in CH,Cl,.

Table 3 Visible absorption spectra of [M(CO),(N,N)] complexes
(M = Cr or W; N,N = phen or tmp)

Armaxl E ol AE "
Compound Solvent nm eV cm !
[Cr(CO)4(phen)] CH,Cl, 495 2.50 1044
Toluene 522 2.38
[Cr(CO),(tmp)] CH,Cl, 453 2.74 1498
Toluene 486 2.55
[W(CO),(phen)] CH,Cl, 486 2.55 1120
Toluene 514 2.41
[W(CO),(tmp)] CH,Cl, 445 2.79 1551
Toluene 478 2.59

¢ Solvatochromism: AE,,,, = Ep.(CH,Cly) — E,.(toluene).

absorptivity and solvatochromism of the visible absorption
band, as well as its blue shift on going from phen to tmp, are
characteristic of the allowed b,(HOMO)—— b,(N,N) MLCT
transition to the b'A, state."***’ Indeed, TD-DFT calculations
have identified the corresponding a'A,—— b'A, transition
to be the main contributor to the lowest absorption band for
all four complexes. In the case of [Cr(CO),(phen)] and
[W(CO),(phen)] this transition combines 86% b;,(HOMO) —>
b,(LUMO) and 7% a,(HOMO)—— a,(LUMO + 1) orbital
excitations. For [Cr(CO),(tmp)] and [W(CO),(tmp)] the
a'A—— b'A  transition is over 90% b,(HOMO)—>
b,(LUMO + 1) in character. In addition, a 6-7 times weaker
transition to the b'B, state (a'B, for [Cr(CO),(tmp)]) contrib-
utes to the low-energy side of the broad visible band, see Table
4. Finally, a transition whose main component involves excit-
ation from b,(HOMO) to the b,(LUMO + 2) n* phen/tmp
orbital is probably responsible for the broadening of the
high-energy side of the visible absorption band. For tungsten
complexes this transition also contains a contribution from a
W — CO MLCT transition.

The agreement between TD-DFT calculated and experi-
mental values is reasonable. TD-DFT correctly reproduces
the experimentally observed intensity increase of the a'A; ——>
b'A; MLCT transition on going from Cr to W and from
[W(CO),(phen)] to [W(CO),(tmp)]. Calculated transition
energies are smaller than those observed experimentally by
0.33-0.51 eV, presumably due to the neglect of medium effects.
The same reason is probably responsible for the smaller
calculated blue shift between phen and tmp tungsten complexes
than that measured experimentally.

A well resolved shoulder occurs at ca. 420 and 400 nm for the
complexes of Cr and W respectively, regardless of the N,N
ligand; phen or tmp. A very similar shoulder was observed in
the spectra of many other [M(CO),(a-diimine)] complexes,
as well as [W(CO),(en)].1*¢**52 Owing to a lack of solvato-
chromism, this band is traditionally attributed to a LF trans-
ition. However, our TD-DFT calculations found the lowest LF
transition of [Cr(CO),(phen)] and [W(CO),(phen)] at 4.88 eV
(254 nm) and 5.08 eV (244 nm), respectively. This excludes the
LF origin of the 400-420 nm shoulder. Instead, its assignment
to M—>CO MLCT transitions seems more appropriate, both in
the view of the TD-DFT calculations (Table 4) and previous
results**** on M(CO),. The calculated transitions are rather
weak but may gain intensity by mixing with MLCT transitions
to the higher b,(LUMO + 2) n* orbital of the N,N ligand, as is
indicated by TD-DFT for [W(CO),(phen)] and [W(CO),(tmp)].
On the other hand, TD-DFT provides no evidence for a mixing
between these M—CO MLCT states and LF states, since the
low-lying n*(CO) orbitals have only negligible contributions
from metal d orbitals, see Table 2.

Resonance Raman spectra (Fig. 5) were measured for
[W(CO),(phen)] and [W(CO),(tmp)] in CH,Cl, solution, using
514.5 and 488 nm excitation directed into the main absorption
band. Intensity enhancement is larger when 488 nm excitation
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Table4 TD-DFT calculated singlet excitation energies (eV) for [M(CO),(N,N)] complexes (M = Cr or W; N,N = phen or tmp). The most important
contributor to the visible absorption band is shown in bold. Transitions with very small oscillator strengths are omitted

State Composition*® AE®leV  f¢ Character*
[Cr(CO)4(phen)]

a'B, 94% (6a,—> 12b,) 1.63 0.0001 MLCT (phen)
b'B, 93% (11b, —> 7a,) 1.76 0.017 MLCT(phen)
b'A, 86% (11b, —> 12b,), 7% (63,—> Ta,) 2.05 0.096 MLCT (phen)
¢'B, 94% (63, —> 13b,) 2.77 0.003 MLCT (phen)
A, 93% (11b, —> 13by) 2.93 0.043 MLCT (phen)
d'B, 96% (252, —> 19b,) 2.99 0.004 MLCT(CO)

a'B, 62% (6a,—> 19b,), 28% (11b, —> 26a,) 3.37 0.003 MLCT(CO)
d'A, 93% (63, —> 8a,) 3.48 0.066 MLCT (phen)
¢'A, 72% (5a,—> Tay), 15% (11, —> 13b,) 419 0.064 IL + MLCT(phen)
[Cr(CO),(tmp)]

a'B, 95% (13b, ——> 9a,) 1.65 0.014 MLCT(tmp)
b'B, 95% (82, ——> 14b,) 1.77 0.005 MLCT(tmp)
b'A, 92%(13h, —> 14b,) 2.09 0.100 MLCT(tmp)

¢'B, 98% (82, —> 15b,) 2.83 0.002 MLCT(tmp)
ClA, 95% (13b, —> 15b,) 2.95 0.043 MLCT(tmp)
d'B, 95% (292, —> 23b,) 2.96 0.005 MLCT(CO)

a'B, 74% (8a,——> 23b,), 26% (13b, —> 30a,) 3.29 0.003 MLCT(CO)
d'A, 70% (82, ——> 10a,), 16% (12b, —> 14b,) 3.62 0.053 MLCT(tmp)
¢'A, 51% (12b, —> 14b,), 37% (Ta,—> 9a,) 4.00 0.094 L
[W(CO),(phen)]

a'B, 94% (Ta, —> 14b,) 1.53 0.0007 MLCT (phen)
b'B, 94% (13b, —> 8a,) 1.77 0.019 MLCT(phen)
b'A, 86% (13b, —> 14b,), 7% (Ta,—> 8a,) 2.05 0.124 MLCT (phen)
¢'B, 94% (Ta, —> 15b,) 2.70 0.003 MLCT(phen)
d'B, 93% (272, —> 21by) 2.80 0.005 MLCT(CO)

A, 87% (13b, —> 15b,), 5% (27a, —> 28a,) 2.91 0.043 MLCT(phen, CO)
a'B, 62% (Ta,—> 21b,), 37% (13b, —> 28a,) 3.07 0.004 MLCT(CO)
d'A, 93% (Ta, —> 9a,) 3.43 0.103 MLCT (phen)
¢'A, 72% (6a,—> 8ay), 15% (12b, —> 15b,) 419 0.064 L
[W(CO),(tmp)]

a'B, 52% (9a,—> 16b,), 48% (15b, —> 10a,) 1.62 0.004 MLCT(tmp)
b'B, 48% (92, —> 16b,), 50% (15b, —> 10a,) 1.68 0.019 MLCT(tmp)
b'A, 91% (15b, —> 16b,) 2.08 0.131 MLCT(tmp)

¢'B, 60% (312, —> 25b,), 36% (9a,—> 17b,) 278 0.007 MLCT(CO, tmp)
A, 83% (15b, ——> 17b,), 12% (312, —> 32a,) 2.92 0.042 MLCT(tmp, CO)
a'B, 63% (98, ——> 25b,), 36% (15b, —> 32a,) 3.4 0.003 MLCT(CO)
d'A, 78% (9a,—> 11a,). 11% (8a,—> 10a,) 3.52 0.048 MLCT(tmp)
¢'A, 44% (82, ——> 10a,), 43% (14b, —> 16b,) 3.98 0.092 A+IL

“ Compositions of electronic transitions are expressed in terms of contributing excitation between ground-state Kohn—Sham molecular orbitals, see
Table 2 and Fig. 2. ® Transition energy from the a'A, ground state. © Oscillator strength. ¢ The ligand in parentheses denotes the direction of MLCT

transitions; IL = intraligand transition.

is employed. Spectra of both complexes show a group of weak
bands between 430 and 570 cm ™! due to »(CrC) and §(CrCO)
skeletal vibrations,*' a set of phen/tmp-localized vibrations
between 1100 and 1650 cm ! and a peak at ca. 2006 cm ™! due to
the in-phase A, v(CO) vibration.* The overall Raman spectral
pattern and shifts are very similar for [W(CO),(phen)] and
[W(CO),(tmp)]. The only major difference occurs for the
highest intraligand vibrations which are rather strong for phen
(1579, 1629 cm™") but very weak for tmp (1566, 1592 cm™).
The Raman shift values of the phen-localized vibrations are
similar to those reported ** for [Ru(phen);]*".

The relative enhancement of the v(CO) Raman peak with
respect to the most intense peaks due to phen and tmp
vibrations increases on going from 514.5 to 488 nm excitation.
It is also higher for tmp than for phen: For [W(CO),(phen)] the
intensity ratios between the v(CO) peak and those at 1449 and
1513 cm ™! increase from the respective values of 1.0 and 1.2 to
1.3 and 1.6:1, respectively, on changing the excitation wave-
length from 514.5 to 488 nm. For [W(CO),(tmp)] the intensity
ratios between the v(CO) peak and those at 1445 and 1520 cm ™!
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increase from 1.3 and 1.6:1 at 514.5 nm to 2.0 and 1.7:1 at 488
nm. Overall, the high resonance enhancements of the Raman
peaks corresponding to A,? v(CO) and intraligand vibrations
point to a highly localized W(CO),—~N,N MLCT character of
the resonant electronic transition for both complexes.**’

Time-resolved luminescence

[W(CO),(phen)] and [W(CO),(tmp)] in a 2-MeTHF glass at 80
K show broad, unstructured emission bands at ca. 648 and 608
nm, respectively, when excited at 440 nm. A very weak and
broad emission band was also observed in fluid toluene solution
at ca. 680 and 730 nm for phen and tmp, respectively. Based on
the band shape, energy and rigidochromism, this emission
is attributed to low-lying spin-triplet MLCT state(s). The emis-
sion decay at 80 K follows double-exponential kinetics with
lifetimes of 612 + 21, 2684 £ 93 ns for [W(CO),(tmp)] and
150 £ 4, 487 + 18 ns for [W(CO),(phen)]. The increase in life-
time on going from phen to tmp is in accordance with the
energy gap law, since there is a rise in emission energy of 1015
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Fig. 5 Resonance Raman spectra of [W(CO),(phen)] (top) and [W(CO),(tmp)] (bottom) measured in CH,Cl,, excited at 514.5 nm. *: Solvent peaks.
Principal peaks occur at 433, 484, 560, 1143, 1207, 1293, 1449, 1512, 1579, 1629 and 2007 cm ™! for [W(CO),(phen)] and at 437, 464, 487, 565, 1158,
1200, 1251, 1295, 1444, 1521, 1566vw, 1592vw and 2006 cm ™! for [W(CO),(tmp)].

cm ™', However, the 4-5 fold effect is too large to be accounted
for solely by this phenomenon. Apparently, it is, in part, caused
by the different contributions of individual orbital excitations
to the excited states involved.

Reduction: electrochemistry and spectroelectrochemistry

Cyclic voltammetry. The [M(CO),(N,N)] M=Cr or W;
N,N = phen or tmp) complexes undergo a one-electron reduc-
tion that is both chemically and electrochemically reversible
at modest scan rates in nPrCN or THF solutions at room
temperature. This reversibility shows that stable radical anions
[M(CO),(N,N)]"~ are produced. The corresponding half-wave
potentials measured in nPrCN vs. Fc-Fc* are: —2.04 (Cr/phen),
—2.21 (Cr/tmp), —1.87 (W/phen), and —2.09 V (W/tmp). The
potentials measured in THF are more negative by 60-80 mV.
Two more chemically irreversible reduction steps were observed
at more negative potentials.

IR spectroelectrochemistry. IR spectra of the [M(CO),-
(N,N)]"~ radical anions were measured in an OTTLE cell upon
controlled-potential reduction of [M(CO),(N,N)] at room
temperature in nPrCN solutions. The band intensities did not
change with time and the parent spectra were recovered by
re-oxidation at more positive potentials, confirming the
chemical stability of [M(CO),(N,N)]"". The IR spectral
patterns of the radical anions and the parent neutral complexes
are identical (see ESI), demonstrating their close structural
similarity. The wavenumbers of the v(CO) IR bands are
listed in Table 1. The shift to lower wavenumbers upon reduc-
tion is caused by a shift of electron density toward the CO
ligands.***?> Depending on the particular vibration, the magni-
tude of this shift is 2-10 cm™' smaller for tmp than phen
complexes.

UV-Vis spectroelectrochemistry. The UV-Vis spectra moni-
tored in the course of an electrochemical reduction of
[M(CO),(N,N)] in THF solution show an isosbestic conversion
of the [M(CO),(N,N)] spectral pattern into that characteristic
of phen”~ or tmp"~ radical anions, confirming the localization
of the reduction on the N,N ligand. These spectra are rather
similar for all four reduced complexes. They show a strong band
at 400-420 nm and a structured absorption band between 550

and 650 nm, which extends into the red (or even NIR) spectral
region, see the ESI.

DFT calculations. DFT calculations were performed on all
four radical anionic [M(CO),(N,N)]"~ complexes in order to
optimize their molecular geometries, understand their elec-
tronic structures and interpret the EPR spectra. The electronic
ground states of [M(CO),(phen)]"~ and [M(CO),(tmp)]"~ were
identified as ?B, and ?A,, respectively, regardless of the metal
atom: Cr or W. Accordingly, the unpaired electron occupies the
SOMO which has b; symmetry for the phen complexes and a,
for their tmp counterparts. The molecular orbital ordering
shown in Fig. 2 is valid also for the radical anions
[M(CO),(N,N)]"~. The composition of the relevant molecular
orbitals (Table 2) is, within 2%, the same for the neutral com-
plexes and the corresponding radical anions. The calculated
bond length changes due to reduction are different for the phen
and tmp complexes (ESI ). They reflect the bonding and anti-
bonding characters with respect to individual intraligand bonds
of the respective SOMOs, Fig. 3.

EPR spectra of [M(CO)(N,N)]'~. Table 5 lists hyperfine
splitting (hfs) constants calculated for each radical anionic
complex assuming the *B, as well as 2A, ground state. The pre-
dicted EPR patterns are distinctively different. The ?B, state is
characterized by a large hfs from the nitrogen donor atoms and
from two pairs of hydrogen atoms bound at the C3,8 and C4,7
positions. On the other hand, the %A, state is predicted to show
a small nitrogen hfs and large hfs from pairs of hydrogen atoms
at the positions C2.,9, C4,7 and C5,6. If any of these positions
bears a CH; group, large hfs are predicted for the correspond-
ing methyl protons. Hyperfine splitting from metal atoms was
calculated to be generally low, but much larger for the B, than
2A, state.

Experimental EPR spectra of electrogenerated radical anions
(Fig. 6) were obtained for all four [M(CO),(N,N)] complexes
at room temperature in nPrCN. For [Cr(CO),(tmp)] the
measurement was performed at —90 °C in order to get suf-
ficient spectral resolution. The spectra are typical for metal
complexes with radical ligands.®® The g factors (Table 5) are
slightly larger than the “free” ligand values:® 2.0027 for tmp*~
and 2.0030 for phen'~. The experimental hyperfine splitting
(hfs) constants were determined by computer fitting. They
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Fig. 6 EPR spectra of electrochemically generated [M(CO),(N,N)]"~
radical anions (M = Cr or W; N,N = phen or tmp). Measured in THF
at room temperature with the exception of [Cr(CO),(tmp)]" : —90 °C,
nPrCN.

are listed in Table 5. For each complex, two different fits
were performed, using starting sets of hfs constants corres-
ponding to a A, and 2B, ground state, respectively. The starting
sets were estimated from the DFT-calculated values (Table 5)
and from the hfs of free® phen’~ and tmp”~. It followed that
EPR spectra of [M(CO),(phen)]"~; M = Cr or W, can be fitted
only to the set of parameters typical for a 2B, state. The spectra
show large hfs from a pair of nitrogen atoms and from the two
pairs of protons bound at C3,8 and C4,7. On the other hand,
EPR spectra of [M(CO),(tmp)]"", M=Cr or W, can be
computer-fitted only under the assumption of an *A, ground
state. The spectra show large hfs from the C2,9 pair of 'H
nuclei and from six protons of one pair of CH; groups bound at
C4,7 positions. A moderate hfs due to 'H atoms at C5,6 posi-
tions and small nitrogen hfs also contribute. Metal (**Cr-
(9.54%), W (14.28%)) hfs is not apparent in any of the spectra
measured, due to insufficient resolution.

A reasonable qualitative agreement between experimental
and calculated hfs constants was achieved (Table 5). The
respective sets of EPR parameters corresponding to the %A, and
2B, states are sufficiently different to allow for an unequivocal
assignment of the ground state : 2B, for [M(CO),(phen)]"~ and
2A, for [M(CO),(tmp)]"~, M = Cr or W. It is expected that this
criterion can be used also for other radical-anionic complexes
of phen-type ligands.

Discussion
The energetic order of the two lowest-lying unoccupied m*
orbitals (by, a,) of the N,N ligand in [M(CO),(N,N)], M = Cr or

4330 J. Chem. Soc., Dalton Trans., 2000, 4323-4331

Table 5 Observed and calculated EPR parameters, measured in THF
at room temperature with the exception of [Cr(CO),(tmp)] :

—90 °C, nPrCN.
Experimental splitting DFT*(10*cm™)
Compound G 10*em™ B, A,
[Cr(CO) (phen)]  a(Cr) — — 0.57 0.21)
£=2.0022 aN)  3.68 344 472 (0.59)
aH2) — 021 (—5.51)
a(H3) 3.08 2.88 3.86 (0.85)
a(H4) 278 2.60 265  (—437)
a(H5) — 005  (—3.83)
[Cr(CO)(tmp)]  a(Cr) —  — (0.65) 0.18
g=2.0044 a(N) 088 0.82 @.71) 0.52
a(H2) 386 3.61 (0.06) 4.86
a(H3*) 0.08 0.07 (4.01) 0.90
a(H4*) 3.88  3.63 2.77) 3.88
a(H5) 339 3.7 (0.02) 3.85
[W(CO),(phen)] ~ a(W) —  — —254  (=0.10)
£=2.0049 aN) 323 3.02 459 (0.51)
aH2) — 006  (—587)
a(H3) 4.06  3.80 ~3.80 (0.95)
a(H4) 290 271 288  (—4.79)
aH5) —  — —0.05  (—3.98)
[W(CO)(tmp)]  a(W) —  — (-243)  —0.09
g=12.0049 a(N) 025 0.23 (4.50) 0.42
a(H2) 454 425 (-0.06)  —5.31
aH3*) —  — (3.77) 0.93
a(H4¥) 325 3.04 (2.83) 411
aH5) 171 1.60 0.02)  —4.02

Methyl protons are asterisked. “Splitting constants calculated for the
wrong ground state are shown in parentheses.

W; N,N = phen or tmp, changes on methylation of the phen
ligand from a, > b, to b, > a,. This means that phen and tmp
complexes have different LUMOs: b; and a,, respectively.
Although these two orbitals are close in energy and both are
predominantly N,N ligand-localized, their distributions over the
N,N ligand and the M(CO), fragment are very different, Fig. 3.
The b, orbital is partly delocalized over M(CO), via overlap
with the d,, orbital and the o—n* interaction*® with the axial
OC-M-CO moiety. On the other hand, the a, orbital is nearly
purely ligand-localized, virtually unable to accept any electron
density from the M(CO), fragment. Nevertheless, the effects of
b,/a, LUMO switching on the properties of neutral [M(CO),-
(N,N)] complexes are very small. The b,(LUMO + 1) of the
tmp complexes is a low-lying orbital which is still involved in a
M—-N,N n-back bonding, albeit to a slightly smaller extent
than for phen, see Table 2. Consequently, the v(CO) vibrational
frequencies are only a little lower for tmp than phen complexes.

Importantly, the visible absorption, resonance Raman and
luminescence spectra of phen and tmp complexes are very simi-
lar. Switching of the energetic order of the lowest unoccupied
b, and a, orbitals has no effect on the character and energy
order of the electronic transitions which give rise to the visible
MLCT absorption band, except for small changes in the relative
importance of the contributing orbital excitations. This is
because the principal contributor is not the HOMO —
LUMO transition but the a 'A;, —— b'A, transition which is
dominated by excitation between the metal and ligand orbitals
of b, symmetry which overlap well, whether the b,(phen or
tmp) orbital is the LUMO or not. Moreover, the transition ener-
gies are not simply the differences in energies of the orbitals
involved in the excitations. The LUMO switching thus does not
affect the energetic order of the transitions which contribute to
the optical absorption. The larger solvatochromism and relative
resonance enhancement of the w(CO) A,;> Raman peak
observed for tmp are due to the higher localization of the
b,(HOMO) and b,(LUMO or LUMO + 1) orbitals at the
M(CO), and N,N moieties.

By contrast with the neutral complexes, the differences



between phen and tmp complexes caused by the b,/a, LUMO
switching become prominent upon reduction to radical anions
[M(CO),(N,N)]"~". Now, the b, and a, orbitals are singly
occupied for N,N = phen and tmp, respectively. Hence, radical
anionic phen and tmp complexes have different respective
ground states, B, and 2A,, with very different molecular
structures and unpaired electron density distribution. This is
especially evident from the EPR spectra, which show
completely different hfs splitting patterns for phen and tmp
complexes (Table 5).

Further differences were observed in IR spectroelectro-
chemistry which shows a smaller decrease of v(CO) frequencies
on reduction for tmp complexes than those of phen. Moreover,
the difference between the reduction potentials of the com-
plexes and of the corresponding “free” ligands® are 40 (Cr) and
90 mV (W) larger for phen than tmp. Both these effects are
caused by the larger delocalization of electron density from the
reduced phen’~ ligand to the M(CO), moiety.

The change of the LUMO of 1,10-phenathroline complexes
from b; to a, is caused by placing electron-donating Me
substituents at the C(3,8) positions where the b, orbital, but not
a,, is heavily localized, see Figs. 1 and 3. One can expect the
same orbital switching upon attaching electron accepting
groups at the C(5,6) or C(2,9) positions, stabilizing a, relative to
b,. However, this hypothesis was not tested experimentally. By
contrast, the localization of both the b, and a, orbitals at C(4,7)
is similar. Hence, substitutents at these positions do not lead
to a LUMO switching. Accordingly, 4,7-Me,-phen has a ?B,
ground state.”®

In principle, LUMO switching could take place when
phen-type molecular fragments are incorporated into a supra-
molecular system. Based on the results discussed above, it can
be expected that b,/a, LUMO switching would be of little
relevance when building photonic molecular devices. On the
other hand, large effects are expected should a phen-containing
moiety be incorporated into redox switches or molecular wires.
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